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Abstract In this paper, the dynamic behavior of rolling

element bearings with localized faults on the inner and

outer rings is investigated. A nonlinear mathematical

model is developed with five degrees of freedom consid-

ering rotor unbalance. In this bearing model, the

nonlinearity is caused by the Hertzian contact forces and

the radial internal clearance. The fourth-order Runge–Kutta

technique is used to solve the coupled nonlinear equations

of motion numerically. Nonlinear vibration response of the

rotor and bearing housing can be obtained in both time and

frequency domains. An experimental verification of the

numerical model is presented where experimental mea-

surements for defective ball bearings are compared with

the numerical results. Envelope spectra of the numerical

results show similar behavior to that of the measured

experimental signals. A parametric analysis is conducted to

investigate the effect of system parameters on the nonlinear

dynamic response using time waveforms, orbit plots, fre-

quency spectra and bifurcation diagrams. The presented

results demonstrate that the dynamic response shows

periodic, quasi-periodic and chaotic motions because of

varying rotational speeds and defect width. The proposed

model contributes toward improved design and better

health monitoring of bearings in practice.

Keywords Fault diagnosis � Rolling element bearings �
Localized bearing defects � Nonlinear dynamic model �
Vibration response � Envelope analysis

List of symbols

Ch : Equivalent viscous damping of housing, N-s /m

Cs : Equivalent viscous damping of shaft, N-s /m

Cr : Equivalent viscous damping of unit resonator, N-s

/m

C : Clearance in radial direction, m

D Bearing pitch diameter, m

d Diameter of ball, m

e : Radius of mass unbalance, m

Fx : The bearing’s nonlinear contact force in the

horizontal direction, N

Fy : The bearing’s nonlinear contact force in vertical

direction, N

Fun : The unbalance force, N

K Contact stiffness of the bearing, N/m3=2

Kh : Equivalent stiffness of housing, N/m

Ks : Equivalent stiffness damping of shaft, N/m

Kr : Equivalent stiffness damping of unit resonator, N/

m

Mh : The total mass of the housing, including mass of

the outer ring, kg

Ms : The total mass of the shaft, including mass of the

inner ring, kg

Mr : Total mass of unit resonator, kg

mun : Unbalance mass, kg

Nb : Number of rolling elements

Q Contact force at any ball position

t Time, s

X,Y Deflection along the axes, m

xc : The angular velocity of the cage, rad/s
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xs : Shaft rotational speed, rad/s

a Angle of contact relative to the X-axis, rad

D : Deflection of the ball center in the defective zone,

m

d Contact deflection in the radial direction, m

h Whirling angle of the shaft around its axis, rad

u : Ball angular location, rad

uo : Angle between two balls, rad

w : Angular displacement of shaft, rad

Introduction

Rolling element bearings are crucial machine components

that are widely employed in rotating machinery. Bearing

faults directly affect machine performance and may cause

production losses and decreased machine service life, or

even may lead to catastrophic failures. Singh and Al

Kazzaz [1] indicated that bearing fault is the most common

mechanical fault in induction motors and can be the root

cause of other mechanical faults such as eccentricity and

rotor–stator rubbing. Hence, early detection and diagnosis

of defects in rolling bearings is essential in order to avoid

unexpected failures and to ensure safe operation of

machinery.

In the past decades, much attention has been given to

developing techniques for early detection and diagnosis of

bearing faults which have been well documented in several

reviews [2–6]. Bearing damage may arise from manufac-

turing imperfections or assembly errors but sometimes it

may occur due to harsh operating conditions causing

increased stresses on the bearing. Defects in rolling ele-

ment bearings can be categorized into local defects such as

pits, spalls and cracks in the rings or rolling elements, and

distributed defects such as surface roughness, waviness and

misaligned rings [7–9]. This gives rise to significant

changes in the bearing vibration response. There are two

research pathways to investigate bearing response to

defects. The first is conducting experimental studies whe-

ther seeded laboratory tests or monitoring real bearings in

industrial equipment. In most cases, signal processing

techniques are applied to extract bearing defect features

from the measured vibration signals [10–15]. The second

approach is to build precise mathematical models that

accurately replicate the actual rotor-bearing systems and

investigate the influence of defects on the response. The

results of such models play a crucial role in developing

better understanding of the phenomena associated with

bearing failure.

Extensive research studies were conducted to develop

mathematical models that investigate the vibration

response of rolling element bearings with localized defects.

When a local defect starts to develop within a ball bearing,

a sudden change in the contact force between the ring and

the ball will occur [16]. McFadden and Smith [17] intro-

duced a simple bearing model that represented the impact

between a single point defect and bearing surface as an

impulse. Hence, the resulting vibration signal can be rep-

resented as a series of periodic impulses that may excite

resonances in the bearing. The period of these impulses

depends on the location of the defect, whether it is on the

outer ring, inner ring or on the rolling element. In [18],

McFadden and Smith extended their model to study mul-

tiple point defects. Tandon and Choudhury [19] presented

an analytical model bearing vibration response due to local

defects on the inner ring, outer ring or a rolling element

considering different pulse forms. Patil et al. [20] modeled

the defect as a half sinusoid and predicted the vibration

characteristics in time and frequency domains. The effect

of defect size, load and speed was investigated, and the

theoretical results were validated experimentally showing

good agreement in predicting the frequency components.

Changqing and Qingyu [21] studied the effect of surface

waviness and clearance between the balls and rings on the

dynamic stability and vibration response of a rotor bearing

system. Recently, Zhang et al. [22] studied numerically and

experimentally the dynamics of compound bearing fault in

rolling element and outer ring.

Most of the studies modeled the nonlinear contact forces

using the Hertzian contact theory for point contact such as

[23–26]. Liqin et al. [23] conducted a bifurcation analysis

to study the effects of various parameters such as rotational

speed, radial force, damping, clearance, unbalance and

waviness on the nonlinear dynamic behavior of a roller

bearing system. Arslan and Akturk [24] investigated the

vibrations of an angular contact ball bearing with and

without defects in both time and frequency domains.

Kankar et al. [25] focused on the analysis of bearing

responses to localized faults for accurate performance

prediction. Rafsanjani et al. [26] studied the stability of a

rolling bearing system with localized surface defects.

Ideally, the bearing response will show periodic

impulses with the evolution of bearing characteristic fre-

quencies (BCFs) that indicate bearing fault [16]. However,

unpredictable dynamic behavior of rotor-bearing systems

has been recorded in literature and documented in several

experimental case studies due to the nonlinear phenomena

associated with these systems [3]. The influence of bearing

nonlinearities such as Hertzian contact force, bearing

clearance and varying compliance on the bearing nonlinear

dynamic response has been investigated. Various nonlinear

responses were observed such as quasi-periodic and chaotic

motions. Tiwari et al. [27] studied the effect of radial

internal clearance on the bearing response and showed that

the increase in bearing clearance will widen the
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unstable and chaotic regions in the bearing response.

Harsha [28] studied analytically the nonlinear response of

an unbalanced rotor supported on roller bearings and

observed the routes to chaos to be intermittency regimes

and period doubling. Ghafari et al. [29] showed experi-

mentally the occurrence of chaos in the bearing response

and presented a numerical analysis of the chaotic vibrations

due to different localized faults in the bearing. Gupta et al.

[30] investigated the effect of rotating unbalance and

bearing clearance on the stability, chaos and quasi-periodic

response of a rotor-bearing system.

Many attempts have been made by researchers to

improve bearing models to better describe contact at the

defect interface and to investigate the effect of different

system parameters on the response of defective bearings.

Tadina and Boltežar [31] presented an improved model of

the defect geometry in which the local defects on the rings

are represented by an impressed ellipsoid and as a flattened

sphere for the balls. The improved bearing model is then

coupled with the FE model of the housing to get the

vibration response during run up. Cong et al. [32] presented

a bearing model based on the analysis of defect load on the

surface of the bearing and investigated its effect on the

envelope spectrum. Pandya et al. [33] studied the effect of

combined localized defects on the vibration response of

high speed ball bearings. Cui et al. [34] presented an

improved fault model by considering the variation of

deformation according to the size ratio of the defect and the

ball and the ratio of defect length to width. Cui et al. [35]

developed a nonlinear vibration model that helps in iden-

tifying the impact points from the vibration signal which

contributes to fault severity assessment. Mishra et al. [36]

evaluated three different bearing models by extracting

frequency domain features from vibration signal under

different bearing faults and comparing with experiments.

Kappaganthu and Nataraj [37] presented a nonlinear

bearing model that focuses on the effect of clearance taking

into account the offset between the centerlines of the inner

and outer rings. Rehab et al. [38] studied the effect of

internal bearing clearances that occur during bearing ser-

vice life due to wear. Kong et al. [16] proposed a vibration

bearing model based on the Hertzian contact stress distri-

bution that focuses on the analysis of the contact between

ball and defect. It was shown that the sinking depth of the

balls and the geometry at the contact, not only depends on

defect width and ball radius, but also on the bearing load.

Wang et al. [39] presented an improved nonlinear model to

accurately obtain deformations at contact considering

preloading, load distribution analysis, Hertzian contact,

rotor eccentricity, elastohydrodynamic lubrication and

surface waviness. Kong et al. [40] studied the influence of

damping on the nonlinear response of defective bearings by

considering different levels of viscosity of grease. Wang

et al. [41] developed a bearing model with improved

dynamic load distribution to monitor bearing clearance.

Recently, Liang et al. [42] introduced a finite element

model to study the effect of rolling bearing parameters on

the vibration response of an offset rotor without faults.

In this paper, a nonlinear dynamic model of a rolling

element bearing with localized surface defects on the inner

and outer rings is developed. The contact forces are mod-

eled using the nonlinear Hertzian contact theory. The

coupled nonlinear equations are solved using Runge–Kutta

algorithm. The model is verified experimentally for both

time and frequency domains. Furthermore, a detailed

parametric study is conducted to explore the effect of

system parameters on the nonlinear response, namely

rotational speed and defect width. The outline of the rest of

the paper is organized as follows: Sect. ‘‘Modeling Rolling

Bearings with Local Defects’’ presents the nonlinear model

of the bearing system. The experimental setup is described

in Sect. ‘‘Experimental Setup’’. The experimental verifi-

cation is given in Sect. ‘‘Experimental Verification’’ where

the numerical results are compared with experimentally

acquired signals from defective bearings. The effect of

bearing system parameters on the vibration response is

demonstrated in detail in Sect. ‘‘Parametric Study’’.

Finally, the main conclusions are summarized in

Sect. ‘‘Conclusions’’.

Fig. 1 Lumped parameter of a mathematical model of the rolling

bearing-shaft-housing system
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Modeling Rolling Bearings with Local Defects

Rolling Element Bearing Model

In this section, a mathematical model of the rolling bear-

ing-shaft-housing system is introduced. Figure 1 shows the

lumped parameter model of the rolling bearing system. A

five-degrees-of-freedom (DOF) model is assumed where

the fifth degree of freedom represents a unit resonator with

small mass and high stiffness and damping to enable

simulating high-frequency resonant response in the vertical

direction [35, 38]. The shaft-housing system under con-

sideration is represented by Ms which represents the shaft’s

mass including the mass of the inner ring, Mh that denotes

the mass of the housing including mass of the outer ring,

andMr which represents the mass of the unit resonator. The

balls’ masses are assumed to be negligible because their

mass is considered small in comparison with other bearing

components. The balls are assumed to be positioned

equidistantly around the shaft center without touching each

other and no slip occurs while rolling over the ring surface.

All damping is linearly viscous damping where lubrication

damping is not considered in this model.

The governing equations of motion describing dis-

placements of the mass of the shaft, housing and unit

resonator can be derived based on the abovementioned

assumptions and considerations. As illustrated in Fig. 1,

the governing equations of motion in X and Y axes are

written as follows [35, 38]:

• For the shaft:

Ms
€Xs þ Cs

_XS þ KsXs þ Fx ¼ FuncosðwÞ ðEq 1Þ

Ms
€Ys þ Cs

_YS þ KsYs þ Fy ¼ Funsin wð Þ �Msg ðEq 2Þ

• For the housing:

Mh
€Xh þ Ch

_Xh þ KhXh � Fx ¼ 0 ðEq 3Þ

Mh
€Yh þ ðCh þ CrÞ _Yh þ ðKh þ KrÞYh � Cr

_Yb þ KrYb

� Fy

¼ 0

ðEq 4Þ

• For the unit resonator:

Mr
€Yb þ Cr

_ðYb � _YhÞ þ KrðYb � YhÞ ¼ 0 ðEq 5Þ

where Ms, Cs, Ks, Mh,Ch, Kh, Mr; Cr and Kr represent the

mass, damping and stiffness of inner ring, outer ring and

unit resonator, respectively. The displacements Xs,Ys, Xh,

Yh and Yb describe the displacements of inner ring, outer

ring in horizontal and vertical directions, and vertical dis-

placement of the unit resonator, respectively. The

unbalance force Fun that results due to unbalance mass

[9, 40] can be defined as:

Fun ¼ munex
2
s ðEq 6Þ

where mun is the unbalance mass, e is the eccentricity and

xs is the rotational speed of the shaft, while w is the

angular displacement of shaft and equals xst for constant

speed rotors. The nonlinear contact forces of the bearing in

Ball in defect

location

Ball after passing

defect location

Ball before passing

defect location

Wdefect

Ddefect

Φball

Δ

Y

O
X

Φball

Δ

Ddefect

αin

αout

(a) (b)

(c)

Fig. 2 Description of the faults and deflections: (a) graphical location of the faults, (b) additional deflection of the ball related to defect on inner

ring and (c) additional deflection of the ball related to defect on outer ring [43]
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the horizontal and vertical directions are represented by Fx

and Fy, respectively.

Nonlinear Contact Forces

Nonlinear Hertzian contact deformations are considered for

interactions between balls and rings. The nonlinear contact

forces are determined by adding the restoring forces pro-

duced from each individual rolling element in the X and Y

directions, as shown in Eqs 7 and 8 [38]:

Fx ¼
XNb

i¼1

k di½ �
3
2cosui ðEq 7Þ

Fy ¼
XNb

i¼1

k di½ �
3
2sinui ðEq 8Þ

where Nb is the number of rolling elements, k is the

Hertzian contact stiffness, d is the contact deformation, and

ui is the ball angular location.

Equation 9 can be used to describe the total contact

deformation d for the ith ball which is given as a function of
the shaft movement relative to the housing in the X and Y

axes, the radial clearance C and the ball angular position

ui. The term D represents additional deflection that results

from the short-duration pulse which occurs when the roll-

ing element gets in contact with the defect.

Fig. 3 PT500 test rig used for experimental work

Table 1 Dimensions of test rig components

Component Parameter Detail

Shaft Shaft length 0.5 m

Shaft diameter 0.02 m

Bearing span 0.35 m

Modulus of elasticity of shaft material 2 N�1011/m2

Density 7850 kg/m3

Disk Disk outer diameter 0.15 m

Disk inner diameter 0.02 m

Disk thickness 0.01122 m

Mass of disk 1.52 kg

Mass unbalance, mun 0.009158 kg

Radius of mass unbalance 0.06 m

Bearing Type Single deep groove ball bearing Type SKF 6004-2ZR

Table 2 The rolling element bearing’s geometrical and physical

features

Parameter Detail

Rolling elements number,Nb 9

Rolling element diameter, d 0.0066 m

Pitch diameter, D 0.031 m

Angle of contact, a 0

Clearance in radial direction, C 0.000005 m

Contact stiffness, k 9.62127 N�109/m3=2

Stiffness of outer ring Kh 18 N�106/m

Stiffness of the shaft Ks 2.79262 N�105/m

Stiffness of unit resonator Kr 9 N�109/m

Damping of the outer ring Ch 1000 N-s/m

Damping of the shaft Cs 317.4 -s/m

Damping of unit resonator Cr 9000 N-s/m

Mass of unit resonator,Mr 0.057 kg

Mass of the inner ring,Ms 2.836 kg

Mass of the outer ring,Mh 0.806 kg

Width of defect, W 0.0005 m
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di ¼ Xs � Xhð Þcosui þ Ys � Yhð Þsinui � C � D ðEq 9Þ

The springs must only function in compression

conditions because Hertzian forces occur only when there

is a loaded contact. In other words, when the instantaneous

spring length is less than the unstressed length, the

appropriate spring force is produced with a positive value

of the deflection d. Instead, when the ball and the ring

separate, the restoring force is reset to zero. As a result,

Eq 10 can be used to describe the contact force Q at any

ball position [35]:

Q ¼ k di½ �3=2 d[ 0

0 d� 0

�
ðEq 10Þ

The angular location ui of the rolling elements can be

described as a function in the cage speed xc, initial angular

position of the bearing cage u0 and time t. Equation 11 is

used to define the ball angular location [43]:

ui ¼
2pði� 1Þ

Nb
þ xct þ u0 ðEq 11Þ

The angular velocity of the shaft xs is used to describe

the angular velocity of the cage xc as follows [43]:

Fig. 4 Numerical results of the vibration response at the housing of

defective bearing with defective inner ring at shaft speed of 1500 rpm

(a) time record in horizontal direction, (b) envelope spectrum in

horizontal direction, (c) time record in vertical direction and (d)
envelope spectrum in vertical direction
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xc ¼ 1� d

D

� �
xs

2
ðEq 12Þ

where d is the rolling element diameter and D is the pitch

diameter.

Simulation of Localized Defects

Defects on rings are shown schematically in Fig. 2.

Inner Ring faults

When the fault occurs in the inner ring, it is observed that

the fault location on the inner ring doesn’t stay stationary,

because the inner ring and the shaft rotate with each other

at the same speed xs. As a result, the angle of the inner ring

fault ain is described as {xst � ð fault width / diÞg. The
deflection di of the ith ball changes depending on whether

the rolling ball approaching the fault is in the loaded or

unloaded zone. The fault width can be used to describe the

additional deflection Dj of the ball as it passes through the

fault as follows [43]:

Dj ¼
d

2
� 0:5 � d � cosð0:5 � UballÞ

� �
ðEq 13Þ

where Uball is the fault width of jth fault divided by radius

of the ball. Hence, the location of the ith ball in the fault

loaded zone can be described as [43]:

Fig. 5 Experimental vibration response at the housing of bearing

with defective inner ring at shaft speed of 1500 rpm (a) time record in

horizontal direction, (b) envelope spectrum in horizontal direction, (c)

time record in vertical direction and (d) envelope spectrum in vertical

direction
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xst �
fault width

din

� �
�ui � xst þ

fault width

din

� �

ðEq 14Þ

Outer Ring Fault

In contrast to the inner ring fault, the location fault in the

case of the outer ring defect is typically seen in the bearing

loaded zone. Furthermore, when the shaft rotates, the

location of the fault remains stationary and does not vary.

When the ith ball reaches the faulty zone of the outer ring,

its deflection varies. Thus, Eq. 15 can be used to describe

the location of the ith ball in the fault loaded zone [43]:

ðaout �
fault width

dout
Þ�ui �ðaout þ

fault width

dout
Þ ðEq 15Þ

Experimental Setup

For validating the proposed mathematical model, measured

signals for defective bearings are used. The measured

vibration signals were adopted from [44] in which various

defects were artificially created on a machinery fault

Fig. 6 Numerical results of the vibration response at the housing of

bearing with defective outer ring at shaft speed of 1500 rpm (a) time

record in horizontal direction, (b) envelope spectrum in horizontal

direction, (c) time record in vertical direction and (d) envelope

spectrum in vertical direction
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demonstrator (PT 500) produced by G.U.N.T. located at the

Faculty of Engineering-Mataria. The fault demonstrator as

illustrated in Fig. 3 includes a steel shaft that carries one

disk at its mid-span fastened using a taper lock. The shaft is

supported by two deep groove ball bearings (SKF 6004)

and coupled to an electric motor (0.37 kW) through a jaw

coupling. Table 1 gives the physical details of the PT 500

rotor. The signals were sampled at a rate of 4000 Hz, for a

total of 40,000 samples. Accelerometers were used to

measure vibration signals in both horizontal and vertical

directions.

Fig. 7 Experimental response at the housing of defective bearing

with defective outer ring at shaft speed of 1500 rpm (a) time record in

horizontal direction, (b) Envelope spectrum in horizontal direction,

(c) time record in vertical direction and (d) envelope spectrum in

vertical direction

Table 3 Comparison of BPFI and BPFI obtained from the simulated model, using experiments and theoretical values

Speed
2000 rpm 2500 rpm

Model Experimental Theoretical Model Experimental Theoretical

1X 33.4 Hz 33.5 Hz 33.33 Hz 41.67 Hz 41.8 Hz 41.66 Hz

BPFI 182 Hz 181.9 Hz 181.9 Hz 228 Hz 227.2 Hz 227.41 Hz

BPFO 118.3 Hz 119.8 Hz 118.06 Hz 147.8 Hz 149.8 Hz 147.6 Hz
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Experimental Verification

In this section, the numerical and experimental results of a

bearing having localized faults on the surfaces of the inner

and outer rings are compared and analyzed. The rolling

element bearing TYPE 6004 is used for the current study.

The dimensions of the bearing can be approximately cal-

culated by the expressions in [45]. The mass of the shaft,

housing and sensor is found by weighing these elements

using a precision scale. The stiffness and damping of the

shaft are calculated by using free-free experimental mea-

surements performed on the shaft. The values of the mass

and stiffness of the unit resonator are selected such that

typical high-frequency resonant response of the bearing is

simulated [46]. Table 2 shows the bearing characteristics as

well as the fault parameters.

Defect on Inner Ring

Figure 4 shows the numerically computed vibration

response of the bearing housing with a localized fault on

the inner ring at a shaft rotational speed of 1500 rpm. The

time domain in the horizontal and vertical directions is

shown in Fig. 4a and c, respectively. The impulses created

during the interaction of the balls and the faults are hard to

Fig. 8 Bifurcation diagram of the vertical displacement as a function of shaft speed (a) at width defect of 0.5 mm and (b) at width defect of

2 mm

Fig. 9 Bifurcation diagram of the vertical displacement as a function of shaft speed (a) at width defect of 0.5 mm and (b) at width defect of

2 mm
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distinguish in time domain because they are immersed in

the noise caused by the dynamic load. As a result, for

meaningful analysis, the vibration signal is better analyzed

in the frequency domain. The theoretical characteristic

defect frequency for a rotational speed equal to 1500 rpm

(25 Hz) (the ball pass frequency for inner ring

ðBPFIÞ ¼ Nb
2
� ðNs=60Þ � 1þ d

D

� �
) is computed as

136.45 Hz.

The envelope spectra based on the Hilbert transform of

the signal in the horizontal and vertical directions at the

shaft rotational speed of 1500 rpm are shown in Fig. 4b

and d, respectively. The inner ring fault indicators in the

envelope spectra can be clearly seen. The peaks at the shaft

rotational frequency (1X), BPFI and a series of harmonics

of BPFI with sidebands spaced at shaft speed around BPFI

and its harmonics, as well as harmonics of the shaft speed,

are shown in Fig. 4b and d. At shaft rotational speed

1500 rpm, the BPFI peak is identified at 136 Hz, which is

close to the predicted value of BPFI (136.45 Hz).

To more effectively determine the validity of the sim-

ulation model of faulty inner ring rolling element bearings,

experimental data from a defective 6004 bearing with a

fault in its inner ring are employed. Figure 5a and c

illustrates the experimental vibration spectrum at the

housing of the bearing with inner ring defect at the shaft’s

rotational speed of 1500 rpm in both horizontal and verti-

cal directions, respectively. Figure 5b and d shows the

envelope spectrum at the housing of the bearing at the

shaft’s rotational speed of 1500 rpm in both horizontal and

vertical directions, respectively. Figure 5b and d shows a

series of harmonics of BPFI. In the vertical envelope

spectrum, side bands are masked by the background noise.

Fig. 10 Dynamic horizontal response of the bearing with inner ring fault at 1000 rpm (a) time waveform, (b) frequency spectrum, (c) orbit plot
and (d) angular displacement showing backward whirling
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The BPFI peaks are found at 136.1 Hz, which is very close

to the theoretical value of BPFI (136.45 Hz) and the cal-

culated value from the proposed model (136 Hz). This

small variation in frequency may be attributed to a small

variation in shaft speed.

Defect on Outer Ring

Figure 6 shows the computed results of the vibration time

responses and envelope spectra at the housing of the

bearing having localized defect on the surface of the outer

ring in both horizontal and vertical directions, respectively,

at the shaft rotational speed of 1500 rpm. Figure 6b and d

shows the envelope spectrum at the housing of the bearing

at the shaft’s rotational speed of 1500 rpm in both hori-

zontal and vertical directions, respectively. Figure 6b and d

shows the peaks at shaft rotation frequency (1X), har-

monics of 1X, BPFO and a series of harmonics of BPFO.

Sidebands spaced at shaft speed can be obviously seen

around each harmonic in the vertical envelope spectra. The

BPFO peak is found at 89 Hz at the shaft rotational speed

of 1500 rpm which is close to the theoretical value of

BPFO (89.5 Hz).

Figure 7 demonstrates the experimental vibration spec-

trum at the housing of the bearing with outer ring defect in

the bearing at the shaft rotational speed of 1500 rpm in

horizontal and vertical directions, respectively. Similar

results to the numerical results can be seen; however, the

side bands are obvious in both horizontal and vertical

envelope spectra as shown in Figs. 7b and d. The BPFO

peak is detected at 89.6 Hz, which is close to the theoret-

ical BPFO value (89.5 Hz) and the calculated value from

proposed model (89 Hz).

Fig. 11 Dynamic horizontal response of the bearing with inner ring fault at 4000 rpm (a) time waveform, (b) frequency spectrum, (c) orbit plot
and (d) angular displacement showing forward whirling
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Comparison between Experimental Results

and Numerical Results

A comparison between experimental results and numerical

results for inner ring fault and outer ring fault at different

speeds is summarized in Table 3. The results show very

good agreement between numerical and experimental

analysis. Hence, the proposed model is shown to yield

accurate results when compared with experimental results.

Parametric study

The Effect of the Fault Width

Figure 8 shows the effect of the defect width on the rotor

response, where the bearing is having a localized defect on

the surface of the inner ring at two different values of

defect width: 0.5 and 2 mm at different shaft rotational

speeds. The results are displayed as a bifurcation diagram

of the vertical displacement of the shaft. Figure 8a shows

the vertical displacement at defect width 0.5 mm. The

response amplitude is shown to increase gradually with the

increase in shaft speed until reaching the maximum at the

critical speed (20,600 rpm) and then decreases gradually.

Figure 8b shows the vertical displacement at defect width

2 mm, with the increase in the width of the defect, and it

was found that the response shows chaotic motion when

the shaft speed increases to higher than 6400 rpm.

Figure 9 illustrates the influence of fault width on rotor

behavior in a bearing with a localized fault on the outer

ring surface at two different defect widths of 0.5 and 2 mm

at two different shaft rotational speeds. The results are

shown as a bifurcation diagram of the vertical displacement

Fig. 12 Dynamic horizontal response of the bearing with inner ring fault at 9000 rpm (a) time waveform, (b) frequency spectrum, (c) orbit plot
and (d) angular displacement showing forward whirling
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of shaft versus the rotational speed. Figure 9a shows the

vertical displacement at a defect width of 0.5 mm. The

response amplitude increases with shaft speed until it

reaches its maximum at the critical speed (20,600 rpm),

after which it gradually decreases. Figure 9b shows the

vertical displacement at defect width 2 mm. With the

increase in the width of the defect, it was found that the

response becomes chaotic above shaft speed of

10,000 rpm.

Effect of Rotational Shaft Speed

Figure 10 shows the frequency spectrum in horizontal

direction and the orbit plots for the shaft center at different

rotational shaft speeds. The bearing has a localized defect

on the surface of the inner ring. At 1000 rpm, noise in the

frequency spectrum in Fig. 10b is a strong indication of the

chaotic nature of the response. Figure 10c and d shows a

chaotic orbit with backward whirling.

With increasing speed, the noise intensity decreased,

and the system vibration behavior becomes quasi-periodic.

Figure 11b shows the frequency spectrum at 4000 rpm.

Figure 11c and d shows a quasi-periodic orbit with forward

whirling.

As speed is increased, the orbit shape changes to form a

semi-elliptical shape at higher speed (at 9000 rpm),

because the increased unbalance force causes the 1X

component to dominate over the varying compliance and

subharmonic frequencies. Hence, the system vibration

behavior transforms to periodic motion with forward

whirling as shown in Fig. 12c and d.

Figure 13 shows the horizontal frequency spectrum and

orbit plots for the shaft center at various rotational speeds

Fig. 13 Dynamic horizontal response of the bearing with outer ring fault at 500 rpm (a) time waveform, (b) frequency spectrum, (c) orbit plot
and (d) angular displacement showing backward whirling
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for the case of outer ring fault. Noise in the frequency

spectrum at 500 rpm (Fig. 13b) is clear evidence of the

chaotic nature of the system, and a chaotic orbit with

backward whirling is shown in Fig. 13c and d.

As the speed increases (at 5000 rpm), the noise level is

reduced (Fig. 14b), and the system vibration behavior

becomes quasi-periodic. Figure 14c shows a quasi-periodic

orbit with forward whirling at this speed.

At 10,000 rpm, periodic forward orbit is shown in

Fig. 15c and d.

Conclusions

The nonlinear dynamic response of a rolling element

bearing with localized defects on the inner ring and outer

ring is investigated. First, the numerical model is validated

against experimental results. The envelope spectra of the

simulated signals are shown to have the characteristic

vibration patterns of bearing faults as the envelope spectra

of the measured signals. Furthermore, a parametric study is

presented to show the effect of varying the rotational speed

and the defect size on the bearing response. Both the nature

of response and the direction of whirling are studied. Based

on the presented results, the following conclusions may be

drawn:

The rotational speed is shown to have a crucial effect on

the bearing response. At lower speeds, the response is

mainly chaotic with backward whirling. Increasing speed

will cause forward whirling and the response changes to

quasi-periodic and then reaches periodic motion at higher

speeds. This is observed for both inner ring and outer ring

faults. However, the defect width increase is shown to

cause dominant chaotic motion even at high speeds. The

Fig. 14 Dynamic horizontal response of the bearing with outer ring fault at 5000 rpm (a) time waveform, (b) frequency spectrum, (c) orbit plot
and (d) angular displacement showing forward whirling
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onset of chaos is observed to occur for the inner ring fault

at lower speed in comparison with the outer ring fault. For

the bearing considered in this study, the impulses due to

defects were clearly noticed in the time waveform at lower

speeds for the early stage of the defects. The good agree-

ment between the simulated numerical results and the

measured results suggests that the presented model can

efficiently predict the nonlinear response of bearing with

localized defects.
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