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School of Mechanical and Power Engineering, East China University of Science and Technology, Shanghai, China

Rolling bearing is a kind of important part of mechanical equipment, and the noise of the
rolling bearing is also one of the important criteria for evaluating the quality of a rolling
bearing. In the past, researches on rolling bearings are mainly on bearing vibration when
people study the noise of bearings. Few studies have established rolling bearing’s noise
model. In this paper, a mathematical model for calculating the inner ring’s axis center
orbit and ball center’s trajectory of bearing is established based on the mechanics theory
with considering raceway waviness and ball size error. Combined with the acoustics
theory, a noise calculation model for deep grove ball bearing is established by taking
the bearing inner ring and rolling balls as cylindrical sound source and spherical sound
source respectively by using the single source compound method. The influences of
waviness wave number, waviness amplitude, bearing speed, bearing load, and ball size
errors on bearing noise at a fixed measuring point are studied by numerical calculation.
Results show that with the increase of the waviness wave number, the bearing SPL
(Sound Pressure Level) will change with irregular way. With the increase of waviness
amplitude, bearing speed, bearing load and ball size error band, the bearing SPL wiill
increase.

Keywords: deep groove ball bearing, waviness model, noise model, roller size error, numerical calculation

INTRODUCTION

Bearing noise is one of the important indicators for bearing quality. There are many factors that
affect the bearing noise. The raceway waviness and the random error of the roller size are major
causes of bearing noise.

Wardle deduced an equation of thrust ball bearing’s vibration force with considering raceway
waviness. Experiments were carried out to verify the accuracy of the vibration force calculation
method (Wardle, 1988a,b). Aktiirk established a bearing vibration model with considering bearing
waviness. This model only considered the bearing vibration, and the bearing noise are not studied
(Aktirk, 1999). Wang studied the bearing- rotor dynamics considering raceways waviness, roller
waviness and bearing clearance (Liqin et al., 2008). Jang and Jeong proposed a non-linear equation
to calculate ball bearing’s vibration with considering the bearing waviness, and Runge-Kutta
method was used to solve the nonlinear equation. The results were compared with the actual
results to prove the accuracy of the model (Jang and Jeong, 2002). Wang and Xu studied the
effects of bearing groove shape error and inner ring shape on the bearing noise. Results showed
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that the bearing noise increases with increase of waviness
amplitude (Wang and Xu, 2009). Patel et al. studied the influence
of single-point and multi-point errors of deep groove ball
bearing raceways on bearing dynamic performance. Numerical
calculating results showed that the existence of raceway errors
will lead to drastic vibration of the bearing (Patel et al,
2010). Xu and Li studied the effect of the bearing raceway
defects on the entire bearing system. It was found by taking
the crank connecting rod system as an example that local
imperfection will cause stage impact vibration, while the waviness
will cause continuous vibration (Xu and Li, 2015). Zhang and
Chen established the dynamic model of the bearing system
with considering nonlinear factors such as radial clearance and
raceway waviness. Results showed that the wave number has

FIGURE 1 | Mechanics analysis of deep groove ball bearing.

an obvious influence on bearing’s vibration (Zhang and Chen,
2008). Bouaziz and Fakhfakh studied the effect of the elastic
deformation of bearing pads on the acoustic performance of
oil lubricated journal bearing. The dynamic characteristics and
acoustic characteristics of the bearing are studied by analyzing
the pressure fluctuation in journal bearing (Bouaziz et al., 2012).
Bai and Wu used sub-source decomposition method to study the
radiation noise of angular contact bearing in high-speed electric
spindle. Experiments were carried out to verify the accuracy of
the method (Bai and Wu, 2017).

The above studies have made some researches on bearing
waviness, bearing raceway error, and bearing noise by using
different methods. However, most studies only focused on the
bearing vibration model with considering raceway waviness. The
bearing noise calculation model is not studied, especially when
considering raceway waviness and roller size error. The bearing
noise models are mostly based on experimental methods. Few
noise models established could be directly used to calculate the
specific noise of a rolling bearing.

In this paper, the sub-source decomposition method is used
to decompose the bearing into several sub-source structures.
A noise calculating model for deep groove ball bearing with
considering raceway waviness and roller size error is established
by using the acoustic theory and sound pressure superposition
method based on the noise calculation model of ideal deep groove
ball bearing.

MECHANICS ANALYSIS OF DEEP GROOVE
BALL BEARING

Mechanics Analysis Without Considering
Ball Size Error

Before the mechanics analysis of the bearing, the following
assumptions are introduced: (a) The outer ring is connected to
the bearing housing and remains fixed. (b) The inner ring and
the shaft are tight fitted. (c) Relative sliding doesn’t occur between
roller and raceway.

Figure1 shows the mechanics analysis of deep groove
ball bearing without considering ball size error. The inner

FIGURE 2 | Contact deformation. (A) Roller-raceway contact deformation. (B) Hertz contact deformation.
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ring will have a displacement due to the radial force F,.
a is the angle between the direction of the inner ring’s
maximum deformation and the direction of F;. B is the azimuth
angle of the ball. ¢ is the angle between two neighboring balls.

According to force balance, the load components of all balls in
the vertical direction and the radial force are equal:

Wy cos B+ Wycos(p — B) + Wacos(RQep — B) + - - -
+Wgcostkp — B) =F, (1)

In the same way, the components of all balls in the horizontal
direction should also be balanced:

Wy sin B + Wy sin(p — B) + W sin(Qp — ) + - - -
+Wysin(kp — ) =0 (2)

Figure 2A shows the roller-raceway contact deformation. The
inner ring and the rolling ball will deform under the action of
radial force, and the inner ring center moves from O to O/,
and the rolling ball center moves from O; to O;'. According to
Ji (2014), the contact between the rolling ball and the raceway is

FIGURE 3 | Mechanics analysis with considering ball size error.

Hertz contact as shown in Figure 2B. When two elastic bodies
touch each other, both bodies will have elastic deformation, and
the deformation is §; and 8, respectively.

According to Harris (1984), the calculation formula for the
elastic approach 6 is:

3)

Where Q is the contact force. E is the elastic modulus of the
material. k, is the first type of elliptic integral.  is the parameter
related to the contact curvature, ¥, is the sum of the principal
curvatures of the two contact bodies:

X, = p11 + p12 + p21 + P22 (4)

According to bearing’s material parameters (Junnami, 2001), the
calculation formula for the elastic approach can be simplified as:

§=esy (Zp) Q@ (©)

<Y
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O

v Y

FIGURE 5 | The bearing force chart with considering waviness and ball error.
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FIGURE 4 | Waviness model. (A) Raceways waviness model. (B) Sine curve.
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Where e; is a parameter of the contact curvature function which
can be obtained by looking up the table in Harris (1984). F(p) can

be calculated as: F(p) = w.

The total elastic approach is equal to the sum of §; and §;:

8 = (e5.iy] (Zp)W? + e5.0y] (Zp.0) W2) (6)

Mechanics Analysis With Considering Ball

Size Error

In the actual working process, the balls of the deep groove
ball bearing inevitably have random size errors due to the
machining problems. This error is one of the important reasons
that causes vibration and produces noise in the bearing. Figure 3
is the mechanics analysis of the deep groove ball bearing
with considering ball size error. Before analyzing, the following
assumptions are introduced: (a) The error exists only in ball
diameter, and ball remains spherical. (b) The balls distribute with

FIGURE 6 | Rolling bearing structure.

equal distances during the operation of the bearing. (c) Only
elastic deformation occurs between balls and raceways. Without
considering the raceways waviness, assuming that the diameter of
the ball is D,,, and the diameter of the off-sized ball is D,,;.. Where
k is the number of the ball.

In order to accurately analyze the contact deformation
between the ball and the raceways, it is necessary to compare
the values of the elastic approach §; = &, cos6 and the ball
size error Dy, — Dyk. When §,cos6 > (D, — D), which
means the elastic approach is larger than the ball size error at
this moment, and the rolling balls contact with the raceways at
this moment. The actual elastic approach at this time should be
8k = 6,cos0 — (Dy — Dyi). When §,cosb, < (Dy — Dyi)s
which means the elastic approach is smaller than the ball size
error. At this moment, the balls don’t contact with the inner
and outer rings, and the actual elastic approach of the ball is
8o = 0. The actual elastic approach of the rolling element should
be §; = 8, cos O — (D,, — D,,x). Where D, is the diameter of the
kthball and §; should be positive. 6y is the angle between the kth
ball and the inner ring center: 6y = k¢ — B —« . According to the
actual loading condition of the bearing, the relationship between
the elastic approach & of the ball and the radial displacement §,
of the inner ring can be obtained:

8 = [8, cos (kp — B — &) + (Dy, — Dwk)] (7)

According to equation (3), the relationship between the radial
displacement of the inner ring and the contact force of the ball
can be written as:

[8, cos (k¢ — B — a) —(Dy — Dy)]
38.1’\3/ (Ep.i) + es.0y) (E,o.o)

When the radial force Fr, the bearing type, and relevant material
parameters are given, the values of §, and « can be calculated
separately by substitute the contact force into the equations (1)
and (2). Through the coordinate transformation, the trajectory

Wy = (8)

extreme 1

balanced positio

extreme 10¢g

FIGURE 7 | Sound source model. (A) Cylindrical sound source model. (B) Spherical sound source model.
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Give the angle § between the initial steel ball and the load

v

‘ Calculate the raceway
waviness

Give parameters S 1 and a 1 for identification, and determine the
loading condition of each rolling element

Give the concrete form of the equilibrium
equation

Calculate 8 and a by
numerical solution

l Reassign 6 and o ‘

etermine whether the
force is balanced based on
e calculated 6 and

and o

The loading situation is in
line with reality, record &

v

Record the center position of the inner ring, and find the inner ring's
movement speed through discrete methods

Calculate the deformation and movement speed of steel
ball at this time and increase 3

Whether to
turn around

Calculate the sound pressure by acoustic model and calculate the
total sound pressure of the bearing

v

End. Get the axis trajectory, motion
trajectory and sound pressure image

FIGURE 8 | Calculation flow chart.

of the inner ring in the X and Y axis can be obtained respectively,
and the elastic approach of the rolling ball can be obtained by
equation (7).

Mechanics Analysis With Considering

Raceways Waviness
In order to accord with the actual working conditions, this paper
also considers the existence of bearing raceways waviness on

the base of considering ball size error. During machining, the
surface produced will has a certain periodicity of geometrical
irregularities and that is waviness. And the main difference
between the waviness and surface roughness is the difference
in pitch. In general, the pitch of the waviness is >1 mm and
<10 mm, while the pitch of the roughness is <1 mm. Since the
waviness has a certain periodicity, the Fourier series and the sine
curve can be used to represent the surface waviness. In this paper,
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in order to simplify the calculation, the first-order sine curve
is used as the expression formula of waviness. Figure 4A shows
the raceways waviness model of the deep groove ball bearing.

TABLE 1 | Bearing parameters.

The solid line represents that there is no waviness on the inner
and outer raceways. The dashed line represents that there exists
waviness on the raceways of the bearing. The sine function is
used to simulate the waviness model in this paper according to
the Zhang and Chen (2008) and the waviness definition of the
National Standard. Figure 4B shows the first-order of sine curve.

Parameters Value As shown in Figure 4A, the waviness value of the rolling ball
at some moment can be written as:
Number of elements Z 7
Ball diameter Dy, /mm 3.969 P A . [ 27s . N
inner ring r; /mm 2044 i = Ajmax SIN —)\ +06i),j=1,2,---Np 9)
Outer ring ro /mm 2.084
inner ring groove diameter F/mm 11.58 X is the average wavelength of the waviness:
Outer ring groove diameter £ /mm 19.562
Radial load F//kN 0.05 A = (27 R;)/Nw (10)
Clearance/mm 0.005 s = Rilgj (11)
3
A B _x10
360- ~
C 240 \"\
° £
E r - £
£ 120- / g >
ol
04 \’_@
, € - 0.01
x10° 10 0 '
0.01
y/mm -12 -0.01 x/imm
(& D 5
ZX10
0.01-~
8-
0.005 |
£ £ 9 -
£ 5
s 10~
% °
0.005 1
004 0.03 0.06 0.09 18 0.03 0.06 0.09
time/s time/s
E F
-4 5
15X10 5210
4 =
1 .
3 o
¢ 05- Q-
£ £ 2
£ £
3 0 s 1
8 3
8 20
w 05 (2]
Ak
s [ 2l
13 0.03 0.06 0.09 ¥ 0.03 0.06 0.09
time/s time/s
FIGURE 9 | Axis center orbit and velocity of the inner ring center. (A) Axis center orbit of the inner ring. (B) Axis center orbit of the inner ring in XOY plane. (C) Axis
center orbit of the inner ring in X direction. (D) Axis center orbit of the inner ring in Y direction. (E) Speed of the inner ring center in X direction. (F) Speed of the inner
ring center in'Y direction.
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FIGURE 10 | Trajectory of ball center. (A) Trajectory of ball center in X direction. (B) Trajectory of ball center in Y direction.
A 10* B
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FIGURE 11 | Velocity of the balls. (A) Velocity of the balls in X direction. (B) Velocity of the balls in Y direction.

Bj is the azimuth angle of the ball:

j—1) + (0 —w) t,j =1,2,-- Ny (12)

R;

P — 13
Ri+Ro ( )

We = Wj

Where A is the waviness value. Ajyqy is the amplitude of the
inner raceway waviness. 0 is the initial phase angle. s is the arc
length between the contact point and the reference point. Ny, is
the number of balls. N, is the wave number. R; is the inner ring
radius of the bearing, w, is the revolution speed of the ball. w;
is the inner ring angular velocity. R, is the radius of the outer
raceway.

Substituting Equations (10)~(13) into Equation (9), the first-
order waviness calculation formula of the inner raceway can be
obtained:

. 2.
P; = Ajmax sin {NW [ﬁ (i—1) + (wc — wi) t] +9,~},
b

j=1>2>"'Nb (14)

Similarly, the first-order waviness calculation formula of the
outer raceway can be obtained:

. 2.
P, = Aomax Sin {NW [ﬁ (] — 1) + a)ct:| + 90} ,
b

j=12---N,  (15)

where A,pqy is the amplitude of the outer raceway waviness, 6, is
the initial phase angle.

As shown in Figure 5, the inner and outer raceways waviness
and ball size error coexist in deep groove ball bearing. It can
be seen that with the effect of the radial force Fr, the inner ring
shifts down due to the asymmetrical distribution of the rolling
balls. Inner ring squeezes the rolling balls, resulting in contact
deformation. According to the analysis of the bearing waviness
model, the bearing inner raceway waviness is P;, and the bearing
outer raceway waviness isP,.

With considering ball size error and raceways waviness, the
elastic deformation of the contact point can be expressed as:
8k = [8; cos O — (Dy, — Dyyi) + Pk]+~

where 6y is the angle between the kth ball and the inner ring’s
maximum deformation direction: 6y = k¢ — B — a . Py is
the variation of the waviness of the inner and outer raceways:
Py = P; — P,. The subscript “+” indicates that the deformation
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FIGURE 12 | The SPL of the inner ring. (A) SPL of inner ring in X direction. (B) SPL of inner ring in Y direction. (C) Total SPL of the inner ring.
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FIGURE 13 | The SPL of the balls. (A) SPL of the balls in X direction. (B) SPL of the balls in Y direction. (C) Total SPL of balls.
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FIGURE 14 | The total SPL of the deep groove ball bearing at point A.

value is positive.

. 2 .
Py = P; — Py = Pjmax sin HNW [ﬁ (i—1)+ (o — a)i)t] + ei}
b

2
—Pymax sin{NW [—” Gi—1) —|—wct:| +90} (16)
Np
The actual deformation of the kth ball can be written as:
8k = [8y cos(kp — B — ) — (D — Dyi) + Pil (17)
The contact force of the kth ball can be written as:
%
[6;cos (k¢ — B —a) — (Dy, — Dyyi) + Pl
o (kg — B — ) w AP e

38.1‘\3/ (Epj) + €5.04) (Zp.u)

when the radial force Fr, the bearing type and relevant material
parameters are given, the deformation §, and « can be calculated
separately by substitute the contact force into the equations (1)
and (2). Through the coordinate transformation, the trajectory
of the inner ring in the X and Y axis can be obtained respectively,
and the elastic approach of the rolling ball can be obtained by
equation (17).

Noise Model for Deep Groove Ball Bearing
Before the establishment of the noise model, the following
assumptions should be introduced: (a) The noise concerned
is only the part caused by the inner ring and the rolling
balls during the movement. (b) The air is an ideal fluid. (c)
The air is a static continuous homogeneous medium. (d) The
air’s density, temperature, pressure, and other parameters are
constant.

According to Zhao (1992), the vibration is the source of the
noise, and the noise is the characterization of the vibration. In this
paper, there are two main sources of bearing noise in the working
process. One is the vibration generated by the inner ring, and
the other one is the vibration generated by each rolling ball. This

paper takes the sound pressure level as the judgment standard of
the noise. The volume of the noise generated during the working
process is calculated. Figure 6 shows the structure of the deep
groove ball bearing. The point A is taken as the measuring point.
The distance between the measuring point A and bearing center
is 10 mm.

Through the reference (Wu, 2011; Du, 2012), according to
the wave equation, the bearing geometry can be simplified to a
classical sound source model. On this basis, the sound pressure
can be calculated, and then the sound pressure level can be
obtained according to the sound pressure level equation. After
overlaying the sound pressure level, the total sound pressure level
will be got.

In this paper, the vibration of the inner ring is considered as a
cylindrical sound source model for calculation, and the vibration
of the rolling elements is considered as a pulsating sound source
model for calculation. Figure7A shows a cylindrical sound
source model and Figure 7B shows a pulsating sound source
model.

As is shown in Figure 7A, suppose the bearing inner ring
vibrates in the X direction at the velocity u,:u, (f) = o/t
between two extreme positions at one moment. According to Xia
(2015), the sound pressure can be obtained by equation (16):

pocotip(j cos wt — sin wt)
1 2 2
4 + (nkzaz)
kr

4 7wlk3alr
;

plr, ¢, t) = —

—[(

sinwt — (——5—
) (n2k3a2r

+

) cos wt] — cos ¢ (19)

mka?
Where py is the air density. ¢y is the sound velocity in the air, ug
is the maximum amplitude of the vibration, a is the radius of the
inner ring, r is the distance between the measuring point A and
bearing center.

Similarly, when the inner ring vibrates in Y direction, the same
equation can be used to obtain the sound pressure.

When the volume of the rolling ball changes during the
rotation, the pulsating ball source model is used to calculate the
sound pressure. As shown in Figure 7B, suppose the vibration
speed of the rolling ball at a certain moment is u = u(?).
According to the acoustic theory, the wave equation can be
obtained:

%p 1ap 10% (20)
arr " ror G or
And the general solution of this equation is:
p= ?ej(wt—kr) + %ej(wt-&-kr) (21)

Where A and B are two constants.

According to the acoustics theory, the first term of Equation
(21) represents outward radiation, and the second term
represents inward radiation. Since this paper consider space
radiation, so B = 0, and then:

p= éej(wt—kr) (22)
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According to the relationship between the speed and the sound  where # = arctan LU . 19 is the radius of the ball.

. (kr
pressure, the sound pressure of the rolling element can be The deep-groove ball bearing has several rolling balls, so the
obtained as follows:

sound pressure of rolling balls should be:

2
_ /)()Cokt’ou 0 N
p= — ¢ (23) p:Zpi(iz 1,2,....) (24)
1+ (kro) r Py
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FIGURE 15 | (A) Bearing SPL with 5 waves. (B) Bearing SPL with 6 waves. (C) Bearing SPL with 8 waves. (D) Bearing SPL with 9 waves.
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FIGURE 16 | Effect of wave number on bearing noise. (A) Effect of wave number on bearing SPL. (B) Effect of wave number on average bearing SPL.
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Where p; is the sound pressure of each rolling ball.
According to Equations (17) and (18), the total sound pressure
Pg generated by rolling balls can be obtained:

The total sound pressure of the bearing is:

(26)

N 3
(kro) uq
2
pe = poco—l (k) + 1 (25) _
P 2(kr) Where p; is the sound pressure generated by each sound source.
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FIGURE 17 | The relationship between the amplitude of the waviness and the sound pressure. (A) Effect of waviness amplitude on SPL. (B) Effect of waviness
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FIGURE 20 | The relationship between ball errors and bearing SPL. (A) Ball errors distribution. (B) Roller error range is 1 um. (C) Ball size error band is 1.5 um. (D)
Ball size error band is 2 um. (E) Ball size error band is 2.5 um. (F) Ball size error band is 3 um. (G) Effect of ball errors on bearing SPL. (H) Effect of ball errors on
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According to Du (2012), the SPL can be obtained by taking the
logarithm of the effective value of the sound pressure to indicate
the strength of the sound. The formula of the deep groove ball
bearing sound pressure level is:

SPL = 201g 2¢ (4B)
Pref

(27)

Where p.is the effective value of the sound pressure. p is
the reference sound pressure, (in general p,,;f = 2 x 10~°Pa).
The effect of radiation impedance on sound pressure P is not
v 7 oT prdt.

Thus, the sound pressure level of the deep groove ball bearing
can be obtained by equation (24).

Figure 8 shows the calculation flow chart of the bearing force
and sound pressure level.

considered. p, is the effective sound pressure: p,

EXAMPLE ANALYSIS

The C&U 608 deep groove ball bearing is studied as an example.
The specific bearing parameters are shown in Table 1.

Figure 9 shows the axis center orbit of deep groove ball
bearing’s inner ring when the rotating speed of the bearing is
720 rpm and the radial load is 0.05 kN. It can be seen from
Figures 9A,B that the axis center orbit of the inner ring is an
irregular curve. Figures 9C,D are the trajectories of the inner
ring center in X and Y directions. It can be seen that the inner
ring center vibrates within a certain region in X and Y directions.
Figures 9E,F are the velocity of the inner ring center in X and Y
directions.

Figure 10 shows the trajectory of ball center in X and Y
directions. It can be seen that the maximum elastic deformation
of rolling balls is about 0.01 mm. Figure 11 shows the velocity of
the balls in X and Y directions. It can be seen that in one cycle,
the velocity of each ball changes all the time, and all balls’ velocity
have the same change trend.

Figure 12 shows the sound pressure which is generated by the
bearing inner ring at point A. It can be seen that the SPL of the
inner ring is 20-30 dB for most of the time. Sudden change of
the SPL only occurs at several time points. It can be seen from
Figure 13 that the SPL of the balls is around 20 dB for most of
the time in one cycle. Sudden change of the SPL only occurs at
several time points.

Figure 14 is the total SPL of the deep groove ball bearing
at point A. It can be seen that the average sound pressure
value of the deep groove ball bearing is 29.832 dB. According
to the results in Su et al. (2009) and Yan (2009), the same
kind of bearing noises obtained by similar conditions and
similar measurement modes are 27.8 and 29.4 dB. Because
the bearing studied in this paper only considers the influences
of the inner and outer ring waviness of the bearing and
the size of the roller, and does not consider the influence
of the bearing cage vibration and the bearing lubrication
performance on the bearing sound pressure level, so the
results has a little bit different with the two references.
However the magnitude of the sound pressure level are very
similar.

In order to study the effect of wave number on the bearing
noise, keeping the other parameters constant, the bearing noise
will change with the change of wave number. Figure 14 shows the
total SPL of the deep groove ball bearing when the wave number
is 7. Figure 15 shows the total SPL of the bearing when the wave
number is 5, 6, 8, and 9 respectively. It can be seen that as the
wave number increases, the SPL of the bearing noise changes
non-linearly with irregular ways. Figure 16A is the curve of the
noise sound pressure value with wave number changing from
5 to 9. It can be seen that the changes of the noise cannot be
observed obviously. Figure 16B shows the effect of wave number
on the average bearing SPL with wave number changing from 5
to9.

In order to study the effect of waviness amplitude on
the bearing noise, keeping the other parameters constant,
the bearing noise will change with the change of waviness
amplitude. As shown in Figure 17, with the increase of
the initial waviness amplitude, the bearing sound pressure
value will also change. It can be seen that as the waviness
amplitude increases, the sound pressure generated by the bearing
increases.

In order to study the influence of the bearing rotating
speed on the bearing noise, keeping the other parameters
constant, the bearing noise will change with the change of
rotating speed. Figure 18A is the total change about the
bearing sound pressure value within one cycle. Figure 18B
shows the change of the average sound pressure value. It can
be seen that the bearing sound pressure value will change
with the change of rotating speed. As the bearing rotating
speed increases, the sound pressure generated by the bearing
increases.

Figure 19 shows the relationship between the bearing load
and bearing SPL. As shown in Figure 19A, the SPL of the bearing
noise will change with the bearing load. Figure 19B shows the
average bearing SPL with different bearing loads. It can be
seen that as the bearing load increases, the average bearing SPL
increases.

The SPL of bearing noise will change with the change of ball
size errors. This paper uses random function of MATLAB to
generate ball errors. Figure 20 shows the relationship between
ball errors and bearing SPL. Figure 20A shows the errors of all
balls. Figures 20B-F show the changes of bearing SPL when the
ball size error band is 1, 1.5, 2, 2.5, and 3 pm. When these images
are merged together as shown in Figures 20G,H, it can be seen
that as the ball size error band increases, the bearing SPL also
increases.

CONCLUSIONS

(1) Based on the force analysis of the deep groove ball
bearing with considering the ball size errors and the raceways
waviness, a mechanical model for calculating inner ring’s
axis center orbit and ball center’s trajectory is established.
Based on this model, through the basic acoustic model, the
inner ring of the bearing is considered as the cylindrical
sound source, and the rolling ball is considered as the
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spherical sound source, a noise calculating model for the
inner ring and rolling elements of deep groove ball bearing is
established.

(2) Take the C&U 608 bearing as an calculating example.
The effects of waviness amplitude and waviness wave number
on the bearings SPL at one fixed measuring point are studied
by using MATLAB. Results show that with the increase of the
bearing waviness amplitude, the bearing SPL at the measuring
point will also increase, and the increasing trend is roughly
linear. With the increase of the waviness wave number, the
bearing SPL at the measurement point will change, and the
change trend is within the study scope. There is no necessary
relationship between the wave number and bearing SPL. With
the increase of bearing speed, bearing load and ball size
error band, the bearing SPL at the measuring point will also
increase.
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APPENDIX

Notation

A, waviness amplitude(um)

Ajmax, maximum amplitude of the inner ring waviness (um)
A, max> maximum amplitude of the outer ring waviness (um)
o , The angle between the inner ring offset and the radial force (°)
B, The angle between the force and the rolling element (°)
co, air sound velocity (m/s)

D,,, Standard roller diameter (mm)

D,,, kth roller diameter(mm),

E, Elastic modulus (Pa)

Y, Main curvature

es, Contact curvature

F,, Radial load (kN)

k, The number of the ball

ke, The first type of elliptic integral

Ny, bearing rolling element quantity

N,,, wave number

P;, amplitude of the inner ring waviness (um)

P,, amplitude of the outer ring waviness (um)

Py, variation of the waviness of the inner and outer rings (um)
Pzi> sound pressure generated by each sound source (Pa)

pi> sound pressure level of each rolling element (Pa)
De> effective value of the sound pressure (Pa)

Dref> reference sound pressure (Pa)

Pz the total sound pressure (Pa)

Pg> roller’s total sound pressure (Pa)

D> single roller’s sound pressure(Pa)

o, air density

Q, Contact load (kN)

ri, inner ring radius(mm)

1o, outer ring radius(mm)

ug, amplitude of the vibration (m)

Wiy, kth Contact force (kN)

w, rolling element revolution velocity (rad/s)

w;, inner ring angular velocity (rad/s)

w,, outer ring angular velocity (rad/s)

¢ , The angle between the two rolling elements (°)
8 normal elastic deformation of roller-raceway contact (mm)
8, inner ring radial displacement (mm)

8 roller radial displacement(mm)

i , Parameter related to the contact curvature

O, the angle between the k ball and the inner ring center offset
direction
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