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Abstract

This paper deals with the effect of faults and shaft unbalances on the rolling element bearings'
(REBs) vibro-acoustic behavior. In addition, the vibro-acoustic behavior of the bearing is in-
vestigated from the perspective of human visual and auditory senses. First, a dynamic model
for an SKF 6205 bearing is considered. This dynamic model includes a shaft, inner ring, outer
ring, and bearing pedestal that includes six degrees of freedom (DOF). The nonlinear contact
between the bearing balls and the inner/outer rings of the REB is considered using the Hertzian
contact theory. To find the displacement and velocity of the inner ring, outer ring, and bearing
pedestal, one can solve six nonlinear partial differential equations with the Range-Kutta
method. The results show a 4.65% error in the peak-to-peak time response value compared
with the reference experimental results, which is a good agreement. The sound pressure level
(SPL) in the far field can be calculated assuming the REB three components as cylindrical
sound sources. It is very interesting to know the fault detection capability of the human being
without using auxiliary tools. By comparing the results, it is shown that sound is a better meas-
ure for humans than observing the vibration of the bearing pedestal. Also, without the use of
auxiliary tools, humans cannot detect incipient faults either through the sound or vibration of
the REBs. It is very clear for humans to identify the shaft eccentricity with both ears and eyes.
In addition, in this article, the nonlinear behavior of the dynamic model with increasing fault
severity has also been investigated.

Keywords: Rolling element bearing; Bearing fault modeling; Vibro-Acoustic model.

1. Introduction

REBs are a type of bearing whose working is based on the rolling principle. The REBs, which com-
prise balls or rollers, an inner ring, an outer ring, and a cage, are always susceptible to failure. The
reason for the failure, besides the environment and working conditions, is the transfer of significant
dynamic forces from the rotating parts of the system to the stationary portion. Another reason for the
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REBs’ failure is its non-predictable motion of it. Therefore, fault detection and diagnosis of them is
of interest to both researchers and industrial technicians.

Fault diagnosis of rotating machinery is one of the most essential issues in various industries. Be-
cause every component after a while needs to be repaired and replaced. Studying faults in rotating
machines through modeling helps experts understand their behavior better. Bearings are one of the
most cru-cial components of rotating machinery systems. Sometimes, only after a certain period of
operation of the bearings, they are replaced according to a specific schedule. But this will cause the
healthy bearing that could have worked for a longer period to be replaced unnecessarily. Therefore,
it is very common that the industrial experts notice the fault in the bearings after hearing the working
noise and send reports to replace it as soon as it is possible. The REB structure, component precision,
and lubrication status influence the way it performs and the noises it makes. Hence, exploring dy-
namic and bearing radiation noise modeling presents an intriguing area of investigation for compre-
hending fault behavior.

Many studies have been performed on the vibration and dynamic behavior of REBs. Most of the
papers have investigated the nonlinear dynamic behavior of bearings. Some papers model bearings
or rotor-bearing systems as multi-DOF systems [1]-[4] and others model the bearings especially
REBs as multi-body systems [5], [6]. Also, certain studies have introduced a technique for generating
defective signals from the REBs [7], [8]. In addition, a new bearing system has been introduced by a
group of papers to reduce REB vibrations by floating it in oil [9], [10]

However, there are a few studies about sound radiated from a faulty REB. The noise resulting from
the working of a faulty REB is usually due to the vibration of the surfaces of its components. For
instance, consider an REB with a crack on its inner ring. An impact force is produced as each ball
passes the crack location on the inner raceway. Then, the balls, inner race, outer race, cage, and ped-
estal vibrate because of this fault when the shaft is rotating. Vibratory surfaces make air molecules
oscillate, generating sound waves that lead to the generation of radiated noise, which can be heard by
the fault diagnosis expert. The literature on bearing research has scanty reports on REBs’ acoustic
performance. For instance, by examining the SPL of the oil film, which included the rotor imbalance
and elastic deformation of the bearing liner, [11], [12] studied the acoustic properties of a hydrody-
namic journal bearing. REB noise mechanism and distribution characteristics have not been analyzed.
Accordingly, a method to compute noise in high-speed ceramic angular contact ball bearings was
proposed by Yan et al. [13]. This method uses both vibration differential equations and multiple sound
source features.

In this paper, using a 6-DOF dynamic model, the vibration behavior of a shaft-bearing-pedestal sys-
tem is investigated. In this model, the three components of REB, the pedestal, inner ring, and outer
ring, are considered. To reveal how much noise the REB and its pedestal make, a cylindrical sound
model added up the surface velocities in two directions (x and y). Then using multi sound source
principle, the total SPL of the REB is calculated.

2. Methodology

In this research, two dynamic and acoustic models were used, which will be explained in the
next two sections. The REB model's speed is used to calculate the SPL emitted by its parts in the
acoustic model.

2.1 Dynamic model

In this study, a shaft-bearing-pedestal dynamic model is considered as in [14]. The fault called shaft
current damage is common in wind power and subway motors, and scholars are interested in how it
affects the shaft-bearing-pedestal (SBP) system. The dynamic model of the system with the fault is
illustrated in Figure 1.
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Figure 1: The REB and fault model characteristics; (a) the REB model geometrical parameter, (b) fault geo-
metrical parameters, and (c) parameters related to the behaviour of the balls crossing the fault location [14].

The equations of motion of the REB are as follow:

mpxp+cpxxp—cox(xo —Xp)+kpxxp —kox(xo—xp):o,

mpyp +pryp _Coy(yO - yp)+kpyyp _koy (yo - yp): 0,

m% +F, +¢, (% —%,)=0, 0
1

mi yl + I:iy +Cb (y| - YO) = I:unbalance1

M, %, + Ko (X =X, )= Foy + Coy (% =%, ) =G, (% = %,) =0,

moyo+k0y(yo_yp)_Foy+Coy(YO_yp)_cb(Yi _YO):O’

where xp(t), Xo(t), and xi(t) are the displacement of the pedestal, the outer, and the inner ring on the x-
axis, and, yp(t), yo(t), and yi(t) are the displacement of the pedestal, the outer ring and the inner ring
on the y-axis. Note that mp, ms, and mo are the mass of the pedestal, the ring and shaft, and the outer
ring, respectively. Also, Cpx, kpx, Coy and kpy are the damping coefficient and stiffness of the pedestal
on the x- and y-axis, respectively. In addition, Cox, Kox, Coy, Koy, and ¢y are the damping coefficient and
stiffness between the outer ring and the pedestal on the x- and y-axis, and the damping coefficient of
the ball, respectively.

Using Hertzian contact theory [15], one can expressed the contact forces includes Fix(t), the contact
force between the ball and the inner ring on the x-axis, Fiy(t), the contact force between the ball and
the inner ring on the y-axis, Fox(t), the contact force between the ball and the outer ring on the x-axis,
and Foy(t) is the contact force between the ball and the outer ring on the y-axis, as follows:

F =3 ka¥H (e, )oos(z, )
j=1

F

= M= IlM=

y kba?/ZH (aj)sin(z'j)
(2)
F =

X

kot ?H (; )cos ;)

Fy = Zkba?/ZH (ocj )sin (Tj)
j=1

where, M is the number of the balls, ky is the contact stiffness of the ball, ¢;(t) is the total deformation,
H[e;(t)] is Heaviside function, and zj(t) is the position angle of the j-th ball.
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The position angle of the j-th ball is given by [16]:

t,(t)=ot+27(j-1)/M, j=12,..M 3)
The total deformation can be calculated as:
. C
a; (t) =[x —x,]cos(z;)+[y; - ¥, ]sin(z, )—?r—ﬂj (4)
where, c; is the radial clearance, and gj(t) is the additional displacement as shown in Eq. (5).
2 2
G % L sin(z[mod(q), 277)—8]]; e<mod(p,27)<e¢ + X
Bi(t)=4| 2 |4 4co32(ﬂ_aj y 2 (5
2
0: else.

Where db, L, &, &, y, and ¢ are the ball diameter (Figure 1-a), the length of the fault, the inclination
angle, the initial angular offset of fault of the j-th ball (Figure 1-b), the damage angle corresponding
to the displacement I, and the raceway contact angle (Figure 1-c), respectively.

If aj(t), the contact deformation is positive, the contact force could be calculated using the Hertzian
contact theory; otherwise no load is transmitted. It is defined by Heaviside function as [14]:

0; a,(t)<0
Hla. )= ! 6
() {1; a,(t)>0 ©
The external force on the inner ring of the y-axis comes from unbalance of the rotor and can be
calculated as:
unbalance — — 1 ea)z sin ((Ot) (7)
where e, and w are the eccentricity of the shaft, and rotational speed of shaft.
Solve Eqg. (1) with the Runge-Kutta method using ODE 45 in Matlab software results in state vectors
which include pedestal, inner, and outer ring velocities. Using these components’ velocities, the ra-
diated noise from the REB can be obtained in the next section.

To have an indicator for the displacements of the inner ring, outer ring, and bearing pedestal, one can
define the total displacements as:

D, =X +Vy:, j=i0,p

2.2 Acoustic model

There are four components to the REBs: the inner ring, the outer ring, the rolling elements (balls or
rollers), and the cage and they are placed in a bearing pedestal. The system which study in this paper
only considers the dynamics of the inner ring, the outer ring and the pedestal of the bearing. Vibration
and shock will cause friction and impact noise in the bearing components during operation. To ana-
lyse the noise characteristics of the REB system, the noise produced by each component of the system
investigated. The bearing's total radiation noise is the combination of the noise from these three com-
ponents. There are some assumptions on the medium around the bearing in order to calculate the
radiation noise:

e The sound wave propagates through a perfect fluid with no energy loss.

e In the absence of any sound disturbance, the medium is uniform and continuous.

e The medium and its vicinity remain adiabatic during sound wave propagation [13].
In the proposed dynamic model of REB, the DOFs are defined in the radial direction of the REB.
REB components in the proposed model move cylindrical during vibration, leading to the use of a
cylindrical sound source for measuring radiation noise.
The wave equation for the propagation of the small-amplitude wave in a perfect fluid is [17]:
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16
Vip- 5o =0 (®)
Where, p, ¢, and t are sound pressure, sound velocity in the medium, and the time.
However, for the cylindrical wave sources, it is better to expand Eqg. (8) in cylindrical coordinate.
Therefore, one can express Eq. (8) as Eq. (9). It is assumed that the x-axis coincides with the cylin-
drical axis. Thus, the sound pressure p is independent of the X coordinate.
2 2

PR _2P ©

or® ror c° ot
Where r is the distance between observation point and cylinder centre. The far-field and out-of-cyl-
inder solution for Eq. (9) is given by [18]:

il wt—kr—tan 1<
P(r,e,t):A.U.\/BZ+C2eJ(tkt 3 (10)

Where;
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N L
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The surface velocity, U, of Eq. (10) is obtained from vibration analysis of the bearing from the pre-
vious section.

U, =% +y2, j=i,0,p (11)
The SPL of a certain sound source is measured by assuming a continuous time interval at a certain
fixed position. It is also called the sound pressure RMS-value or the effective sound pressure and can

be obtained as follow [11]:

1 eT
Prms :\’?J‘o pzdt (12)

where prvs denotes the RMS of the sound pressure; p, the instantaneous sound pressure, and T, the
sampling time. The effective sound pressure level of i-th sound source at the measurement point can
be calculated by following expression:

i P
L', =20log,, —* (13)

ref

where, p_ .= 2x10° Pa is the SPL reference value. Eq. (13) calculates the overall SPL of the REB

noise at a certain measuring point, based on the principle of sound field superposition [13].
L

B
SPL =10log,, 21010 (14)
i=1

where N is the number of sound sources.

3. Results

In this section, first the correctness of the results obtained is validated in sub-section 3.1. Then,
in sub-section 3.2, the vibro-acoustic behavior of REB is investigated.
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3.1 Verification results

It is necessary to validate the model of the shaft-bearing-pedestal model results. The model specifi-
cation is stated in Table 1. For all the results given in this section, the values in Table 1 were used
unless it is mentioned in the description. The time responses of the system are shown in Figure 2. The
time response of the presented model in Figure 2-a is like the simulation model and experimental
system in Figure 2-b and -c from reference [14]. The peak-to-peak values of the presented model and
those of the simulation and experimental system are 78.8 m/s?, 78.8 m/s?, and 82.63 m/s?, respec-
tively. The simulation results of [14] and the presented model have a modeling error of 4.63%, which
is acceptable compared to the experimental results.

Table 1: The specification of the shaft-bearing-pedestal system.

Parameter [Notation/ unit] Value Parameter [Notation/ unit] Value
Shaft and inner ring mass [mi/ kg] 4,960 The angle of the defect[/degree] 60
Outer ring mass [mo/ kg] 0.048  The length of the defect [/mm] 0.975
Pedestal mass [mp] 8.560  Ball-rings Contact stiffness [ke/ MN.m %] 93.9
Radial clearance [c// um] 16 Damping coefficient of the ball [c,/ N.s.m™] 300
Inner ring radius [r/ mm] 15.547  Pedestal-Outer ring stiffness in x-direction [kex/ MIN.m] 20.4
Outer ring radius [R/ mm] 23.493  Pedestal-Outer ring stiffness in y-direction [ky,/ MN.m] 20.4
Ball diameter [dy/ mm] 7.938  Outer-Inner ring stiffness in x-direction [Kox/ MN.m™] 13.3
Number of the balls 9 Outer-Inner ring stiffness in y-direction [Ko,/ MN.m] 11.6
Rotational speed [rpm] 3000  Pedestal-Outer ring damping in x- and y-direction [cpx/ N.s.m™] 200
Eccentricity of the shaft [e/ mm] 0.6 Outer-Inner ring damping in x- and y-direction [cox/ N.s.m™] 600
50 30

Pedestal acceleration in y-direction (m/sZ)

Simulation value _—>(3.23,40.25) Experimental value (5.30, 41.64)<—;

0

[
[
W

)
G
!
)
G

Vibration acceleration j;, /m-s?
(=}

Vibration acceleration j7, /m-s”
S

> (3.28,-38.55)
(4.30, -40.99)«—

1 2 3 4 5 6 1 2 3 4 5
Time /s Time #/s

15 2 25 3 3.5 4 4.5 5 55 6
Time(s)

(a) (b) (©)

Figure 2: The comparison between the time responses of (a) the presented model, (b) the simulation model
of [14], and (c) the experimental sensors of [14].

3.2 Effect of radial distance of the microphone from the bearing

The effect of microphone location in the radial direction of the REB center on the SPL measured by
it is investigated. As it is evident from Figure 3, by moving the microphone away from the REB, the
SPL decreases exponentially. The specialized acoustic literature for acoustic sources has experimen-
tally proven this behavior. Notice that the acoustic model presented in this paper is only valid for far
field.
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Figure 3: Effect of microphone location in the radius direction of the REB on the SPL emitted from it.

3.3 Effect of fault severity on the vibro-acoustic behaviour of the REB

The experts' comments indicate that it is better to identify the faulty bearing in working condition by
listening to its sound than by observing the vibrations of its pedestal, for a rapid decision by human
capabilities. In this sub-section, the effect of fault severity (in the means of fault length) on the vibro-
acoustic behavior of the REB is investigated in detail. To have a good comparison, the effect of the
amount of eccentricity of the shaft on the REB behavior is also investigated. The results are given in
this sub-section for inner and outer ring faults separately.

Table 2 shows that the SPL of the healthy REB and the REB with severe fault on the outer ring are
different by 2.88 dB. The SPL difference for the REB with severe fault on its inner ring is 2.96 dB
(Table 3). In the meantime, the differences between displacement of the pedestal for the healthy and
faults on the inner and outer ring are 0.0063 and 0.0068 mm, respectively.

Table 2: Effect of the different outer ring fault severities on the vibro-acoustic behaviour of the REB.
Length of the fault  Withoutfault 1mm 3mm 6.5mm

SPL (dB) 62.09 62.17 6289 6497
Dy (mm) 0.1671 0.1678 0.1702  0.1797
Do (mm) 0.0406 0.0407 0.0410  0.0450
Dp (mm) 0.0270 0.0272 0.0277  0.0333

Table 3: Effect of the different inner ring fault severities on the vibro-acoustic behaviour of the REB.
Length of the fault  Withoutfault 1mm 3mm 6.5mm

SPL (dB) 62.09 6222 6327  65.05
Dy (mm) 0.1671 0.1685 0.1703  0.1798
Do (mm) 0.0406 0.0409 0.0413  0.0453
Dp (mm) 0.0270 0.0273 0.0282  0.0338

3.4 Effect of eccentricity on the vibro-acoustic behaviour of REB

The default fault for a majority of rotating machines is the unbalanced fault, which is also taken
into account in the presented shaft-bearing-pedestal model. To examine the effect of the eccentricity
of the shaft on the SPL and vibration of the REB pedestal, a study was done. The results are reported
in Table 4 and the SPL increased from 53.42 dB to 68.15 dB (+ 14.73 dB) as the eccentricity of the
shaft increased from 0.1 mm to 1.5 mm.

Table 4: Vibro-acoustic behaviour of the REB with inner ring fault and different shaft eccentricities.

Eccentricity of theshaft 0.1mm 03mm 0.6mm 09mm 12mm 15mm

SPL (dB) 53.42 58.49 62.21 67.11 67.61 68.15
Dy (mm) 0.0593 0.1087 0.1686 0.2331 0.2768 0.3211
Do (mm) 0.0090 0.0222 0.0409 0.0670 0.0818 0.0982
Dp (mm) 0.0061 0.0148 0.0273 0.0470 0.0559 0.0659
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3.5 Chaotic behaviour of the system by increasing the fault severity

The nonlinear behaviour of the REBs is also of interest for many researchers and was investigated in
this study. A phase plot looks complicated is a sign of chaotic motion. It is possible for motion with
a complicated-looking motion to be fully predictable and non-chaotic. The phase plot of a linear
system with 1,000 DOF, for instance, may appear complicated, even though it is non-chaotic [19].
In Figure 4 the phase portraits are indicated for different fault severity. Therefore, the complicated-
looking motion is due to the growing of the fault. In addition, the inner and outer ring faults are based
on nonlinear contact theory and by growing the share of the nonlinear force in the equations, the
phase portraits becomes more complicated and it is an indicator for chaotic motion.

Phase portrait of the pedestal in y-direction Phase portrait of the pedestal in y-direction Phase portrait of the pedestal in y-direction

~
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w
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Figure 4: Phase portraits of the pedestal in y-direction for different fault severities.

4. Conclusion

The effect of the bearing faults and unbalanced shaft was investigated on the vibro-acoustic behavior
of an SKF 6205 REB. To model the bearing inner and outer ring faults, the nonlinear contact between
the bearing balls and the rings was considered using the Hertzian contact theory. The velocity and
displacement of the REB model’s three components, including the inner ring, outer ring, and bearing
pedestal, were obtained by solving the nonlinear partial differential equations. The results showed a
small 4.65% error compared with the reference experimental results. By assuming cylindrical sound
sources for the three REB model components and having their velocities, the SPL in the far field was
computed. It is fascinating to learn how humans can recognize faults with just their eyes or ears. The
study concluded that sound is a better measure than vibration for humans. At 6.5 mm fault length,
SPL changed by 3 dB, and pedestal displacement changed by 0.0068 mm, which were audible and
invisible changes, respectively. For a fault length of 1 mm, compared to the condition without bearing
faults, the SPL and bearing pedestal displacement were changed by 0.08 dB and 0.0002 mm, respec-
tively. Therefore, without auxiliary tools, humans cannot detect incipient faults through both sound
and vibration. Humans can easily detect shaft eccentricity using their ears and eyes. It is because the
SPL was changed by 14.73 dB when eccentricity became 6.5 mm and the pedestal displacement be-
came 0.0659 mm from 0.0061 mm. In addition, in this article, the nonlinear behavior of the dynamic
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model with increasing fault severity has also been studied. The more severe the fault, the more com-
plicated the phase portraits and chaotic motion observed. Therefore, it can be concluded that the faults
lead to chaotic and non-predictable motion of REBs and the reason for sudden failures in REBs.
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