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Pointed at the problem of increased wear of rolling bodies (RBs) in a bearing under starved
lubrication as well as abnormal vibration and increased noise of the bearing after occurence
of wear fault, a fault dynamics model was proposed to simulate the interaction between
components by quantifying the degree of rolling bodies wear. The results indicated that the
bearing exhibited an uneven load bearing effect after the wear fault. The fractional multiple
of the rotation frequency of the cage could be used as the basis for monitoring wear fault
of rolling bodies. The research provides a reference for the diagnosis of wear fault in rolling
bodies.
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1. Introduction

Ball bearings play an important role in modern industrial fields and are also a key link in the
health monitoring and diagnosis of mechanical systems. The importance of their health status to
the entire system cannot be ignored (Cao et al., 2019; Visnadi and de Castro, 2019). Lubrication
is an important factor affecting the performance of ball bearings during operation. In many cases,
such as deterioration or reduction of the lubricant caused by extreme working conditions such
as aircraft engines, the lubrication state of the bearing will transition to starved lubrication.
The contact roughness between RBs and raceways will increase, and friction between internal
components of will increase, thereby accelerating bearing wear. The levels of vibration and noise
of the system are greatly grown, shortening the service life of the equipment (Wang et al., 2018;
Wen et al., 2023). Therefore, for ensuring healthy and stable operation of the system, it is crucial
to obtain accurate wear characteristics of RBs for the bearing condition monitoring.

The dynamic model is an important method to obtain various fault characteristics of bear-
ings, it clarifies the fault mechanism, and establishes the mapping relationship between the fault
excitation and characteristic frequency. Jiang et al. (2019) explored vibration mutation caused by
contact force changes, Bai et al. (2021) explored the trend of outer ring fault frequency changes
using temperature field thermal deformation theory, and for the study of RB fault, Zhang et
al. (2021) established a dynamic model of the outer ring — RB composite faults to obtain fault
characteristics. Cheng et al. (2019) set a local defect on the surface of RB and obtained the
relationship between the geometric shape of the defect and deformation, the occurrence of lo-
cal defect on RB significantly increased vibration of the bearing system. However, a wear fault
cannot directly trigger impact forces like surface defects, so the local fault dynamics modeling
method cannot be directly applied, but should be studied based on changes in size or spheri-
cal roundness. The above research clearly has low applicability. In addition, when conducting
research on bearing dynamics, in order to reduce computational complexity, the bearings are
generally considered to be in dry friction or a fully lubricated state (Liu et al., 2020).
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However, in actual use of bearings, it is almost impossible to achieve ideal lubrication con-
ditions, and due to the influence of extreme working conditions, most bearings are in a state of
starved lubrication (Maruyama and Saitoh, 2015). Bian et al. (2021) considered the influence of
insufficient lubrication conditions on the bearing performance, and showed that when the lubri-
cant oil supply was insufficient, the bearing was in the starved lubrication state, and the bearing
bearing capacity of the oil film was reduced, which easily led to bearing wear. Regarding friction
and wear behavior of RBs, Shi et al. (2022) developed a friction dynamics analysis model, which
can be used to evaluate the lubrication and wear status of bearings, becoming the theoretical
basis for establishing a friction lubrication model in this paper. Tu (2021) developed a dynamic
model for sliding of cylindrical roller bearings. The most direct consequence of RB wear is a
decrease in ball diameter. Regarding the difference in ball diameter, Bai et al. (2019) established
a dynamic model suitable for full ceramic ball bearing considering RB size errors. Shi and Bai
(2020) pointed out that the non-uniform loading situation varies with the diameter tolerance and
arrangement of the RB, and the characteristic frequency of the RB raceway contact shifts from
fe to fl,2f! and 3f.. By relying on the idea of ball diameter difference, this paper evaluates the
phenomenon of uniform wear of RBs, and provides valuable materials for the study of dynamic
models of RB wear.

From the above analysis, it can be seen that it is necessary to establish a dynamic model with
RBs wear fault considering starved lubrication and obtain the corresponding vibration response
of the fault. Therefore, the difference in ball diameter to simulate RBs wear fault was used in this
paper, and based on the theory of friction-lubrication, the frequency characteristics of RBs wear
fault under starved lubrication was obtained. The research results provide a sufficient reference
for bearing wear fault monitoring in practical situations.

2. Establishment of the dynamic model for RB wear fault under starved
lubrication

As shown in Fig. 1, O;Y;Z; represents the center of mass coordinate system of the inner ring,
and O;Y;Z; represents the center of mass coordinate system of the j-th RB. The RB revolves
around the outer ring axis at an angular velocity of w,,;, while the cage rotates around the outer
ring axis at w.. ¢; is the azimuth angle of the j-th RB in the coordinate system O;Y;Z;, and
1j is the azimuth angle of the j-th RB in the coordinate system OY Z.
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Fig. 1. Schematic of the rolling bearing
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The azimuth v; of the j-th RB can be expressed as

2r(j — 1)

Vj = wm;t + 9]‘ + N,

(2.1)

The diameter of the RB decreases after wear, and its load-bearing performance changes. D; is
the diameter of the RB, therefore, the relationship between ¢; and 1; is

R2+ R? — Dj(R, — R;) +0.5D7 — ¢
2R,R; + Dj(R, — R;) — 0.5D3

1 = pj + arccos (2.2)

where e is the eccentricity.
The deformation and force relationship between the RB and the raceway are as follows

. 1
d; = [y cos p; + zsinp; — 5)\ —(Dj — Db)Lr (2.3)

where “+” indicates that the equation takes only positive values. The contact force can be
expressed as

Qij = KB,/6} Qoj = KB3\/63 +my Ripwiy; (2.4)
where K is the equivalent contact stiffness (Wang et al., 2022); 3 is the switching function, it
takes 1 when d; > 0, otherwise it is 0.

Set the bearing area to cover the lower 1/3 symmetrical part of the bearing, as shown in
Fig. 2. Due to wear on the RB, there is a difference between the actual ball diameter and the

nominal diameter of the RB. Therefore, when the RB comes into contact with both the inner
and outer rings, it is considered a load-bearing RB.

N/
a
\ Load P U )
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Fig. 2. Schematic of the bearing bearing area

When there is wear on the RB, that is, when there is a difference in the ball diameter of the
RB, the ball diameter of the RB satisfies

where A; is the diameter coefficient corresponding to the j-th RB, and ¢ is the amplitude of the
diameter difference.
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When the j-th RB passes through the bearing area and D, is given, the critical value for
determining whether the RB is loaded can be obtained
e? + R2 — R? — 2eR,(vj — )

Ro + Rz - e(wj - we)

where ), is the eccentricity angle of the inner ring, when D; > Djjiy, the j-th RB bears the
load.

Djiim = (2.6)

2.1. The traction force between RB and raceway under starved lubrication

When the RB and raceway are in the starved condition, due to the existence of micro-asperity
contact friction between the two surfaces, the force relationship between the two contact surfaces
will be affected, and one will need to calculate the oil film thickness and traction force under
the starved condition, as shown in Fig. 3.

Inner ring

AXAK Roling
Lubricant body
/"“‘// —__"\\\\)’< 7 3 \ Z: k

Outer ring

Fig. 3. Schematic of the contact surface between the RB and the raceway

The oil film thickness and traction force under the starved condition are calculated as

h. — 3.672R, W —0-045x%1% r70.663k%925 ~0.502-0%4
c — . Y

. (1 + 0.02551'248V0'119W_0'133U_0'884G_0'977/€0'081)(1 _ 0'5736—0.745) (2'7)
and
N m
(he) starved = (1 — 15610849 =021 x=1- m—; (2.8)

where h, is the film thickness in fully EHL, (h¢)starved is the film thickness in the state of starved
lubrication, W is the dimensionless load, U is the dimensionless speed, G is the dimensionless
material number, and V' denotes the dimensionless hardness number, x is the ellipticity coef-
ficient, x denotes the degree of starvation, 7, and 7y is the lubricant mass flow rate under
starved conditions and fully EHL conditions, respectively.

The asperity contact ratio L, stareq Of the micro-convex body between the RB and the
raceway is calculated as

La—starved — 10W—0.083U0.143G0.314 In (1 + (1 _ X)_7'32654'689VO'SOQW_0'501U_Z'QG_2'87)
(2.9)

After quantifying the asperity contact ratio, the pressure distribution between the RB-raceway
can be further determined

L,_ L,_
Pa = 'max . 1§8TU6d Ph = Pmax<1 - = 1?;(6TUEd) (210)
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where Pp,q; is the maximum contact pressure between the RB and the raceway contact surface,
P, is the contact pressure borne by the micro-asperity body, P}, is the contact pressure borne
by the oil film.

Therefore, the traction force between the RB and the raceway can be calculated as

n(@',y)AV
(hc)stamed/
Fijoj = || v(@',y/) da’ dy

aAPh} +cha

(2, y) = min[
(2.11)

where 7(2/,y') is the oil film shear stress, n(2’,4’) is the lubricant viscosity, AV is the sliding
velocity between the RB and the raceway, A is the ultimate shear stress coefficient, and f. denotes
the roughness friction coefficient.

2.1.1. FEstablishment of bearing motion model

According to the Hertz theory and the geometric model of the bearing in Fig. 1, motion of
the inner ring can be described as

Ny de dy
Wy - Z(QU COS @5 — Ej sin ng) — mZW = CE
=1 (2.12)
M . d?z dz
W, = (Qijsinp; + Fyj cos @) — My = Oy
i=1
where c is damping.
Motion of the RB can be described as
dwim
Ej - Foj - ch — My g COS ¢j —myRy, d;n] =0
(2.13)
2 o dwrj
(Ej + Foj)Rr — ermwijr — err at =0
where w,,; is the circumferential angular velocity of the j-th RB
dej
= 2.14
“mi = T (2.14)
Motion of the cage can be described as
Ny
dw
L e (2.15)
i=1

where J. is the moment of inertia of the cage.

3. Numerical simulation

The 6304 deep groove ball bearing is taken as an example for the study, and the parameters
of the bearing and the performance parameters of the lubricant are shown in Table 1. The
operating temperature is 40°C, radial load W = 100 N, inner ring speed w; = 4000 r/min.
When the bearing area is uniformly loaded, the number of loaded RBs N = N,,/3, and the
number of RBs in the bearing studied in this paper is N, = 7. Based on Fig. 2, it can be seen
that the number of loaded RBs in the bearing area varies between 2 and 3 without considering
the difference in ball diameter. This paper introduces wear in three RBs, assuming the radii of
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Table 1. Main parameters of rolling bearing

‘ Parameters ‘Value| Parameters ‘ Value ‘
Outer raceway radius R, [mm] 22.77 | Raceway surface roughness oy [pm]| 0.028
Inner raceway radius R; [mm] 13.24 | Surface roughness of ball o9 [um] | 0.042
Bearing pitch circle radius R, [mm]| 18 |Material cypress pine ratio v 0.3
RB radius R, [mm|] 4.76 | Density of lubricant p [Kg/m?] 826
Number of RBs N, 7 | Lubricant in viscosity 1o [Pa-s] 0.04
Radial clearance £ [mm] 10e-5 | Ultimate shear stress coefficient A |0.0434

the three worn RBs are 4.71 mm, 4.71 mm and 4.70 mm, respectively. The analysis of the sliding
effect and force is based on the worn RB. Using a fixed time step (At = 5-1e-4), the fourth-order
Runge-Kutta algorithm in Matlab is incorporated to solve differential equation systems.

The above analysis indicates that there may be 1-3 load-bearing RBs in the bearing area, as
shown in Fig. 4. Figure 4 shows the situation of different numbers of load-bearing RBs or worn
RBs in the bearing area, where the worn RBs are represented by dashed lines. The solid line
represents healthy RBs.

(@) > (b) () (d) o (e) > (f) 5
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Fig. 4. Different bearing conditions

Numerical simulation methods are used to solve the model, as shown in Fig. 5. In Fig. 5a, the
RB enters the contact zone when the azimuth angle is around ¢; = 300°, and it can be observed
that the oil film thickness between the RB and the raceway decreases with an increase of the
starved lubrication degree. The reason for this phenomenon is that the supply of the lubricant
is insufficient, and the rotating pair cannot stimulate enough lubricant to form an oil film. In
the load area, due to the effect of gravity and load, the oil film is compressed, and thickness of
the oil film is much lower than that in the non loaded area.

An increase in the degree of starved lubrication leads to an increase in friction between the
RB-raceway, which drives the RB to rotate around the center of the bearing at an increased rate,
i.e., the rotational speed of the RB and cage increases with the increase in the degree of starved
lubrication, as shown in Figs. 5b and 5c. In Fig. 5b, the dashed line represents the rotational
speed of the RB experiencing wear failure, which is lower than the healthy RB under the same
lubrication conditions. Figure 5d shows the RB-raceway slip velocity, in the contact zone the RB
is subjected to the radial load, so the slip velocity decreases rapidly. In addition it can be clearly
observed that the slip rate decreases rapidly with an increase of the starved degree within one
week of RB rotation.

Figure 6a shows the contact forces between the RBs and the raceway of the ball bearing
without considering wear of the RBs, and the contact forces of each RB in the load zone are
almost equal. Figures 6b-6d show the bearing capacity of each RB under the initial condition
x = 0. Figure 6b corresponds to Fig. 4a, where the contact force of RBs 1, 2 and 7 is significantly
lower than that of other RBs, exhibiting a significant uneven bearing effect. The 6th and 3rd RBs
adjacent to the 7th and 2nd RBs have the highest contact force. This is because the diameter of
the 1st, 2nd and 7th RBs is small, and according to the Hertz theory, the Hertz force generated
is small. Therefore, the contact force is distributed to the 6th and 3rd RBs. Figures 6¢ and 6d
are consistent with this description principle, where the RB with smaller diameter bears less
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Fig. 5. Related calculation results: (a) the influence of starved lubrication on oil film thickness,
(b) revolution speed of RB, (c) cage speed, (d) sliding speed of RB to raceway

pressure, while the adjacent RBs have a greater contact force, resulting in a significant uneven
bearing effect.

Figure 7 shows variation of rhe contact force between each RB and the raceway at different
x values of 0, 0.1, 0.2 and 0.3. Figure 7 more intuitively reflects that the contact force of RBs 1,
2 and 7 is significantly lower than the others. And the 1st RB is adjacent to both the 7th and
2nd RBs, so a portion of the contact force from the 7th and 2nd RBs is shared on the 1st RB.
In addition, as the degree of starved lubrication increases, the thickness of the oil film inside the
bearing decreases, the contact stiffness K increases, resulting in an overall upward trend in the
contact force (Wang et al., 2022).

Equation (3.1) provides the calculation method for the friction torque between the RB and
the raceway. Figure 8 shows variation of the friction torque for different degrees of starved
lubrication. The curves A, B, C and D represent the depleted oil conditions at y = 0, 0.1, 0.2
and 0.3, respectively. After the wear of the RBs, as the degree of starved lubrication increases,
the friction torque increases. In addition, changes in the friction torque can affect the degree of
bearing sliding. According to Tu et al. (2021), the more sufficient friction between the RB and
the raceway, the greater the driving force provided for the RB and the cage, thereby suppressing
bearing sliding. With an increase of x, that is an increase of the friction torque, the slip effect
is reduced, verifying a decrease in slip velocity, which is consistent with Tu’s research results.
Meanwhile, this also confirms the conclusion in Fig. 5 that the sliding effect is suppressed as the
degree of starved lubrication increases after the wear of the RB

Ny
My average = AVERAGE{Z(FJ-RJ- + FORO)] (3.1)
j=1
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Fig. 7. The bearing capacity of each RB under different degrees of starved lubrication

The spectrum of Fig. 9 was obtained by solving the differential equation. N f, is the rotational
frequency, where n f.4 p,c,p correspond to the rotational frequency and doubling frequency of the
cage under four lubrication states, while fy,4 B,c,p correspond to the characteristic frequencies
of RB wear faults. According to Shi’s research (Shi et al., 2019), when uneven load bearing
effects occur inside the bearing, a fractional multiple of the cage frequency fe, few = 3f¢/N,
appears in the spectrum. The above formula provides the characteristic frequency when there is
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Fig. 8. Friction torque between the RB and raceways under different degrees of starved lubrication
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Fig. 9. Vibration spectrum of bearing dynamics model simulation: (a) A, (b) B, (c¢) C, (d) D

only one loaded RB in the bearing area, and when there is 2,3, ..., N/3 in the bearing area, the
corresponding characteristic frequencies are 2fcw, 3 few, - - -, N foy/3- For the bearings selected in
this article, there are 7 RBs, and there may be 1,2,3 loaded RBs simultaneously in the bearing
area. When the worn RBs enter the bearing area, there are 2 loaded RBs in that area, and the
corresponding characteristic frequency in the spectrum is 2f.,. After the worn RB leaves the
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bearing area, there are three loaded RBs in that area. At this time, 3f., > f., and the load-
bearing characteristics of bearings after RB wear will appear as f. and its harmonic components.

As the degree of starved lubrication, the friction torque between the RB and the raceway
increases, and the sliding effect is suppressed. This is manifested by an increase in the rotational
frequency f. and its harmonic component nf. of the cage, but still lower than the theoretical
value in ideal conditions. The spectrum shows an increase in f.4, f.B, fec and f.p, corresponding

to an increase in the RB wear frequency frwa, fowB, fowe and fpwp, as shown in Fig. 9 and
Table 2.

Table 2. Characteristic frequencies at different degrees of starved lubrication

‘ Item ‘X=0‘X=0.1‘X=O.2‘X=O.3‘Changerate‘
fe [Hz] | 23.83 | 23.95 24.19 24.32 1.9%
few [Hz] | 20.19 | 20.38 20.80 20.92 3.5%

4. Experimental study

For verifying the correctness of the model proposed in this paper and detect the bearing vibration
characteristics of RB wear fault under starved lubrication, an experimental setup as shown in
Fig. 10 was established in this Section. In Fig. 10, the speed was controlled by a speed controller,
and the motor output speed was from 0 to 5000 r/min. The vibration signal was obtained by a
contact type acceleration sensor arranged on the bearing seat and further processed by a data
collector, with a sampling frequency of 5000 Hz. The selected bearings were consistent with those
in the simulation in the previous Section. Through special customization and procurement, the
RB had a radius of 4.70 mm, the radius of the two RBs is 4.71, while the other RBs had the
radius of 4.76 mm. This paper designed three sets of experiments P,  and R. By manually
adding or removing lubricants, the lubricants in the bearing cavity during the three sets of
experiments were 0%, 33% and 75% of the cavity volume, respectively, to simulate changes in
the degrees of starved lubrication.

[(—r——— |

i Speed control device

Fig. 10. Experimental testing system

Set the motor output speed to 4000 r/min, collect vibration data after the speed stabilizes,
and perform Fourier transform on the vibration signal to obtain the spectrum of the right bearing
as shown in Fig. 11. In the spectrum, it is clear to see changes in the characteristic frequencies
fewp,Q,r of RB wear caused by changes in lubricant supply, while the rotational frequency f, and
its harmonic components related to input speed remain unchanged. In the P, @ and R tests,
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the corresponding RB wear characteristic frequencies were 10.02 Hz, 10.24 Hz and 10.78 Hz,
respectively. The corresponding double wear characteristic frequencies are approximately in the
range of 20 Hz-22 Hz, which is consistent with the simulation results. The corresponding cage
rotation frequency and its harmonic components were also excited. However, due to frequency
modulation and mutual influence, the amplitude of the first harmonic frequency f.p g, r of the
cage rotation was relatively low, which may be submerged in background noise in practice.
However, the RB wear characteristic frequencies still vary significantly.
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Fig. 11. Frequency curve of experimental data

Compared with simulation, it is difficult to accurately simulate the increase and decrease of
lubricants. However, this experiment still verified the hypothesis that the characteristic frequency
changed with the degrees of starved lubrication, and quantified the characteristics of RB wear
fault under different degrees of starved lubrication, proving the correctness of the theoretical
model and calculation.

5. Conclusion

This paper quantified the wear failure of ball bearings under starved lubrication based on the
idea of ball diameter difference of RBs, and the mechanism of fault characteristics was analyzed
by contact-friction theory. The main conclusions are as follows:

(1) RB wear failure is the cause of an uneven bearing load. Specifically, the contact force
between the worn RB and the ring is small, while the adjacent healthy RBs experience a
greater contact force.

(2) Deterioration of lubrication conditions will exacerbate the wear failure of RB. Specifically,
as the degrees of starved lubrication increases, the same RB will experience greater contact
and friction forces, leading to wear faults quickly radiating to healthy RBs.

(3) At the same lubrication level, the worn RB speed is slightly lower than healthy RBs.
Specifically, due to wear of RB, it experiences a lower contact force and lower frictional
driving force than healthy RB, resulting in a decrease in orbital speed.

(4) The fractional multiple of the rotation frequency of the cage can be used as an indicator
for monitoring the RB wear fault. Specifically, considering the total number of RBs, the
number of RBs loaded within the load zone, and the number of RBs experiencing wear
and tear fault, relevant frequency components can be found in the spectrum.
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(5) A change in the lubrication state will have an impact on the characteristic frequency of

wear fault. In the actual monitoring of the ball bearing wear fault, lubrication conditions
should be fully considered to effectively distinguish characteristic frequencies and ensure
the accuracy of fault monitoring.

In the future, we will focus on the temperature rise phenomenon caused by bearing oper-
ation heating, fully consider the influence of temperature rise on lubrication conditions, radial
clearance, and component dimensions, and incorporate the wear phenomenon of raceways into
our research. We will establish a more detailed, comprehensive, and applicable bearing wear
dynamic model to improve the theory of bearing fault dynamics.
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