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Abstract: Mechanical failure prevention and condition monitoring have been one o f the mechanical engineers’ concerns in 

recent years due to the personal safety, reliability, failure cost, and equipment downtime issues. Proper system failure 

prevention process helps to reduce the possibility of the system malfunction, identification of source causes, and 

troubleshooting. The use of novel sensors such as an Air-coupled ultrasonic transducer, Eddy current, Piezo electric ultrasonic 

transducer as diagnostic tools for detection of bearing faults has been investigated. A series of experiments were carried out in 

a laboratory environment. Localized defects with different sizes were created intentionally on the test bearing components 

simulating evolving cracks or other related faults. Four different signal processing techniques were applied to extract the 

signal features.The resulting data for different bearing speed and load showed that the sensors are capable of detecting 

different types of defects located on the bearing components. 

 

Keywords: Bearing, Novel Sensors, Air-Coupled Ultrasonic Transducer, Eddy Current, Piezo Electric ultrasonic Transducer. 

 

I. INTRODUCTION 

Bearing Failure Types and Fault Signatures 

The causes of bearing failures, their probable effects, methods which can be used to reduce bearing failures and a review of 

processes involved in the generation of vibration from a defective bearing will be addressed. 

1. Failure Causes 

Bearing failure can cause not only personal injury but also unscheduled replacement or repairs, which lead to high maintenance 

costs in rotating machinery. To list, all the known types and causes of bearing damage is beyond the scope of this thesis and for 

this reason, only the most common bearing failure causes are mentioned. Wear, crack, fatigue, corrosion, and brinelling are the 

most important failure means, which cause localized defects on bearings. The other types of failures which cause distributed 

defects generally originate from inadequate maintenance, improper disassembling or assembling; and harsh operating conditions 

such as insufficient lubrication or very high speed or acceleration and. the performance characteristics of a defective bearing can 

be monitored by a variety of measurement instrumentations through processes such as vibration or temperature analyses. At the 

first signs of the bearing damage, the causes and effects should be analyzed so that the steps to avoid the further damage can be 

taken. 

 

1.1 Wear Damage 

Wear is a frequent cause of bearing damage. Wear occurs mainly due to dirt and foreign particles entering the bearing through 

inadequate sealing or contaminated lubrication, which result in an increase in friction between metal contacts, and changes of the 

raceway profile. The exposed bearing to the wear damage would gradually deteriorate leading to a loss of dimensions and 

associated problems. 

 

1.2 Fatigue Damage 

After a certain running time, a bearing that is subjected to loading fails due to fatigue of the material. If a bearing is also 

destructively preloaded or overstressed, after a shorter operating time, it will also stop working due to fatigue damage. A fatigue 

crack begins below the surface and propagates towards the surface as loading continues, until a piece of metal breaks away 

leaving a pit in the contact area. Fatigue grows faster if the bearing is overloaded, over speeding, or oil starving.  
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These conditions severely reduce the service life of bearings and they are normal occurrences in all bearings. If a bearing fails due 

to fatigue sooner than its predicted time, the failure can generally trace to either overloading or bad installation or maintenance. 

 

1.3 Corrosion Damage 

The rust pits caused by corrosion on a bearing element results in excessive noise during operation. The rust generates when the 

bearing is exposed to water, acid, acidic lubrication, or exposure to elements due to incorrect storage. Condensation is another 

cause of corrosion on a bearing. Condensation is caused by sudden cooling of the bearing from operating temperature in humid 

air. Condensation may even damage bearings prior to installation. 

 

1.4 Brinelling 

Permanent indention created by rolling element overload is called brinelling. The indentions may result from static loading, which 

leads to observable plastic deformation of the raceways. Similar damage may occur while a stationary rolling bearing is exposed 

to vibration and shock loads. When the lubricant is derived out of a loaded or vibrated region, the indentions and wear appear to 

mimics brinelling. Brinelling is evident in the raceways through the indents or wear and can increase bearing noise and vibration, 

leading to premature bearing failure. 

 

2. Fault Detection 

Detecting mechanical faults in bearings has been recognized for some time as an important aspect of preventing catastrophic 

failure and planning effective maintenance. There are several approaches used to diagnose faults in a bearing system including 

thermal analysis, oil debris analysis, and vibration analysis. 

 

2.1 Thermal Analysis 

Thermal analysis is defined as a tool used to generate warnings about the overheating of the bearing system. The thermocouples or 

other temperature monitoring devices usually employed at the inlet and outlet of the test chamber indicate two points of interest to 

study any temperature gradient of the bearing component. However, thermal analysis cannot be used to identify the type and size 

of the defects in a bearing system. 

 

2.2 Oil Debris Analysis 

Lubrication of a bearing may be provided in liquid, grease, or solid form and the type of lubrication is generally chosen depending 

on the operating conditions. Debris analysis does have a rare application on grease or solid form but generally used with oil 

lubricants. Bearing failures in some machines such as helicopter transmissions and aircraft turbine engines generate significant 

debris in their oil systems. Oil analysis program on a bearing consists of oil sampling, analytical tests, and data interpretation. 

There is number of oil debris analysis techniques such as elementary spectroscopy, wear particle analysis, fine particulates 

analysis, molecular analysis, and electrochemical chemistry used to diagnose a failure on a bearing. These oil debris analyses 

provide information on quantity, form, and size distribution o f the debris, which can lead to damage type detection. 

 

2.3 Vibration Analysis 

Each rotating machine has its own vibration signature as a result of the rotation of shafts, gears, and bearings. Rolling bearing 

elements, an essential part o f rotating machinery, are known to play a significant role in machine vibrations. First, a structural 

element of the bearing acts as a spring and also adds some mass to a system. As such, bearings define, in part, the vibration 

response of the system to external time-varying forces. Secondly, bearings act as excitation forces, producing time-varying forces 

that cause system vibration. This excitation is natural in the design of rolling bearings. However, these forces can be greatly 

amplified as a result of imperfections or defects on the bearing components. Detection of progressive bearing deterioration during 

operation by vibration measurements has been in use for a long time and this technique has become more economical and reliable 

in recent years. The overall level of vibration indicates 

 

2.4 On-line Monitoring and Health Management 

On-line or continuous monitoring systems are generally used to continuously monitor the potential bearing failures. By upgrading 

a rotary machine with a fault prediction system, the machine can continue performing within acceptable parameters and be 

repaired at the time most economically convenient to the plant. Adding prediction capability to the monitoring system is the 

difference between simply saving the machine itself and saving the production schedule as well. Protection of the bearings in 

rotary machines through on-line monitoring systems offers machine operators the ability to reduce maintenance costs, increase 

machinery availability (lower downtime) and avoid catastrophic failure. To provide on-line (computerized) analysis of the bearing 

health, portable multiple data acquisition collectors are used to gather data with variety o f sensors from different points on the 

system. The advanced diagnostic software help operators to identify fault signature before bearings reach a predictable alarm. 

 

2.5 Fault Signatures and Characteristic Frequencies 

When a single component o f a bearing is defected because of one of mentioned failure causes, it is simple to identify the fault 

signature generated by the bearing. Each time one of the rollers (balls) rolls over the defect, an impulsive force occurs that causes 

the whole system of the bearing to vibrate. The bearing responds by “ringing” at its natural frequency, a response that decays 

quickly because of damping in the structural system. This response happens each time one of the rollers rolls over the defect. 

Therefore, the fundamental frequency of the response waveforms is the rate at which the component rolls over the defect and this 

frequency is o f interest in the detection of bearing faults. Each defect is characterized by a specific defect frequency or 

characteristic frequency, depending on which bearing component the defect occurs, the bearing geometry, and the speeds at which 

the inner and outer races rotate. 
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 Different frequencies are generally obtained for defects on an outer race, inner race, on one of the rollers. The equations for ball 

passing frequencies, ball spinning frequency, and cage frequency give the characteristic bearing frequencies (Berry, 1991). These 

equations do not account for skidding, which is neglected at low speeds and in cases of high loads. 

 

2.5.1 Cage Frequency 

The velocity of a rolling element due to rotation about its own axis is equal and opposite at the point of the contact with the inner 

and outer races. Hence, the axes of the rolling elements and the cage holding the rolling elements must move with a velocity equal 

to the mean of the velocities of the inner and outer races in order to maintain the races without the sliding. 

 

 

          
 

Where Vca is the tangential velocity at the pitch circle and V, and V0 is the velocity of the inner and outer race respectively. To 

convert the equation (2-1) to rotational frequency based on the geometry of the bearing (Figure (2-1)): 

 

 

 
 

Where: 

f0 - The outer race frequency, 

f1 - The inner race operating frequency 

While, the relationship between the inner race and outer race diameter with the pitch circle diameters the rolling element diameter, 

d, and contact angle, a area follows  

 
 

 
 

Figure 2.1 Geometry of a Bearing 
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To substitute equations (2-3) and (2-4) into equation (2-2), the rotational frequency of cage can be calculated by considering races 

diameter, pitch angle and rolling element diameter as follows: 

 

 
 

2.5.2 Outer/Inner Race Ball Pass Frequency 

The inner and outer races of a bearing are attached to another component. Usually, the inner race is attached to the shaft and thus 

has the same rotational speed as the shaft and the outer race is stationary. The inner and outer race defect frequencies are referred 

to as ball pass frequencies. The ball pass frequencies of the inner race and outer race can be calculated with the following 

equations. 

 

 

 
Where, 

z - The number of rollers (ball elements). 

 

2.5.3 Ball Spin Frequency 

The ball defect frequency is usually referred to as the ball spin frequency. Ball spin frequency is the frequency at which the roller 

(ball element) makes contact with one of the races. The ball spin frequency equation is calculated based on the equal time that a 

roller (ball element) takes to go across a distance equal to its diameter, d along with the inner or outer race. 

 

 
 

It should be noted that equations (2-6), (2-7), and (2-9) do not account for skidding of the rollers in the bearing with Assuming 

fixed outer race, moving inner race with shaft speed, f s , and no slippage for the rolling, equations of (2-6), (2-7), and (2-9) are as 

follows: 
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SUMMARY 

In this chapter, the failure modes of rolling bearing elements, the causes, and the commonly used techniques to diagnose the 

defect on the bearings were reviewed. Vibration analysis has been shown to be the most effective tool among the available 

techniques to analyze bearing failure. The role of the characteristic frequency in vibration analysis has been examined. In the next 

chapter, the experimental set up to simulate a failure mode of the rolling bearing elements, applied instrumentations, and the test 

procedures to detect the defect on the bearing will be explained in detail. 

 

II. LITERATURE REVIEW 

The early practical works on vibration diagnostics were based on the commercial real-time spectral analyzers. Then, various 

attempts have been made to analyze vibration resulting from faults on machines using the spectral analyses methodologies (White 

(1972) and Swansson (1984)). By the end of the 1980s, the vibration analyses of faulty rotating machines were based on either the 

time domain analyses or frequency domain analyses. Forrest (1989) showed the nonstationary nature of the signals extracted from 

a defective rotating component and the capability of the joint time-frequency technique to detect the defects. In addition, Cohen 

(1989) reviewed the time-frequency techniques and their applications. An excellent literature review that highlights several 

techniques and vibration sensors for fault diagnosis and condition monitoring of localized bearing faults was written by Howard 

(1994). In his report, he explains the different modes of failure, described kinematics and dynamics in rolling bearings and 

summarizes the available signal processing techniques at the time of publication. Dadouche and Bird (2005) provide an overview 

o f techniques and sensors applied for rolling bearing diagnosis, over the last decade. They also showed that, although the 

literature is not lacking in the identification of applied techniques, there is still a void in examining a number of signal processing 

techniques on some of the more novel and useful sensors. However, a practical widely applicable mechanical bearing monitoring 

system is still to be developed and accomplishment of such a system requires new ideas as well as new implementation concepts 

to increase the system sensitivity and achieve true prognosis capability. 

Bearing distributed defects generate excessive heat in the rotating components.  Monitoring the temperature of a bearing housing 

or lubricant is the simplest method for fault detection in rotary machines. In wear debris analysis, the presence of metallic particles 

in the lubricant is detected by sensitive sensors. Furthermore, the analysis of the different metallic elements in the lubricant can 

facilitate the location of the fault.  The operating conditions of a machine can also be monitored by analyzing the spectrum of the 

motor current. The changes in the electric signals are associated with the changes in the mechanical components of the machine; 

therefore, bearing faults can be detected by using the motor current related signal processing techniques. 

 

III. EXPERIMENTAL DETAIL 

The design of the test rig and construction of the test rig carry out experiments on rolling element bearings. This proof of concept 

design of the test rig allows a range of moderate radial loads to be applied to rotating roller bearings with and without defects in 

order to establish a correlation for the fault growths on a bearing. This test rig is a very useful tool because it has integrated 

sensors to measure bearing operating conditions and it has the ability to incorporate variety o f external sensors that can be used 

perform bearing health-monitoring based on various fault detection techniques. For the purpose of this study, only sensors that 

were used to detect bearing defect signatures based on vibration are presented, since the other sensors and techniques dealing with 

temperature, torque measurements and oil debris monitoring methods are generally unable to provide any information on the kind 

of the defect and its growth signature. The test rig functionality and the motivation behind the design of the major rig components 

will also be explained. 

 

3.1 Test Rig Design 

In order to allow the use of test bearings of various sizes, it was decided to use a modular design for the test rig. This type of 

design was chosen because of its ability to be disassembled without removing slave bearings, thereby allowing the test bearing to 

be regularly inspected throughout the test program. Furthermore, it allowed efficient assembly of the defective components with 

minimal disruption to the test rig as shown in Figure 3.1, the test rig comprises four major parts: the frame assembly, test bearing 

assembly, belt drive assembly and the load application assembly. 

 

 
 

Figure 3.1 Bearing Test Rig with Various Assemblies 

file:///C:/Users/omak/Downloads/www.IJARIIT.com


Gill Ankur, International Journal of Advance Research, Ideas and Innovations in Technology. 

 

 

    © 2017, www.IJARIIT.com All Rights Reserved                                                                                                        Page | 801 

3.1.1 Frame Assembly 

The frame is a welded assembly consisting wall structural steel tubing. The mount pads are made from cold-rolled steel. After 

welding the tubes and the mount pads, the bottom surface of the mount pads was machined in order to establish a flat mount 

plane. This was done to ensure that no unpredicted forces applied to the frame as a result of being fixed to a flat surface exist. The 

base of the rig was designed in order to allow all components to be securely mounted to avoid undesired vibration. 

 

3.1.2 Test Bearing Assembly 

The test bearing assembly has been designed in such a way that it can be switched from one test bearing to another and it 

facilitates the variation of the shaft speed as well as the applied load. The primary components of the test bearing assembly shown 

in Figure 3.2 are composed of the support bearing, test bearing, outer bearing housing and inner race adapter. A deep groove ball 

bearing was selected as the support bearing because it generates less vibration than other type bearings. The test bearing used for 

this study was the normal radial clearance, roller bearing SKF 210EC as shown in Figure 3.3. The test bearing was placed inside a 

housing, which covers the test outer race bearing. The test bearing basic dimensions shown in Table 3.1 were used to design the 

outer bearing housing, which was machined from AL 6061T6. The bearing housing was made of Aluminum because of its mach 

inability and cost. The housing inner diameter allows a transitional fit with the bearing outer diameter. 

 

 

Figure 3.2 Test Bearing Assembly 

 

 

Figure 3.3 Roller Bearing SKF 210EC 
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3.2 Localized Defect Simulation 

Researchers in this field generally use two approaches for creating localized defects on bearings. One approach is to make 

intentionally the defect on it, measure the response and compare it with a healthy bearing response. The other approach is to run 

the bearing until failure by monitoring the changes using the output of the sensor (Nishio et al (1979) and Rief et al (1998)). In 

this type o f studies, the bearing failure is generally accelerated though overloading or shock loading of the tested bearing. 

However, the latter approach is time-consuming and very expensive to implement. For this study, the Electro Discharge 

Machining (EDM) technique was employed to create grooves with widths of 0.2, 0.5, 1.0, 1.5, and 2 mm on the roller, inner, and 

outer races separately, simulating damage from fatigue cracks or other related defects (see Chapter 2). Figure 3.4 shows the 

formed fault using the EDM technique with a constant length of 1 mm on the roller and the races. For each defect size on each 

part, this study investigated the effect of variation in the shaft speed and the applied load. 

 

 

Figure 3.4 Created Bearing Defects, Length of 10mm and width of 1mm 

 

3.3 Instrumentation 

There are a number of available vibration measurement sensors, such as accelerometers, velocity pick-ups, vibrometers, and 

proximity probes, to name a few. In order to ensure that vibration measurements are accurate, several aspects must be satisfied. 

For instance, the measurement instrument must be calibrated, the frequency and dynamic range of the sensor should be higher 

than the test system, the sensor mass should not change the dynamic characteristic of the tested object. In order to correlate 

vibration measurements from several sensors, it is important to insure that they are always collected at the same location and 

sometimes even at the same instant of time 

 

file:///C:/Users/omak/Downloads/www.IJARIIT.com


Gill Ankur, International Journal of Advance Research, Ideas and Innovations in Technology. 

 

 

    © 2017, www.IJARIIT.com All Rights Reserved                                                                                                        Page | 803 

To simulate realistic diagnostic conditions, the timing of data acquisition was randomly selected within a 5-minute test period. It 

was felt that this approach was representative of the method to be employed at 9 operational conditions tested. Recorded files 

were then loaded into MATLAB to perform the post analysis using its signal processing toolbox. 

 

3.3.1 Accelerometer 

Piezoceramic accelerometers have a microscopic crystal structure that produces a voltage output proportional due to the 

acceleration forces applied. The existing methods of the bearing vibration analyses that are generally based on accelerometers 

have presented good performance. Shiroushi et al (1997) showed that the accelerometer was able to detect defects on a bearing as 

small as 15.4pm. The accelerometers used in this study were two PCB PIEZOTRONICS Model 352C22, having sensitivity o f 

9.75mV/g and 8.7mV/g for radial and axial installation, respectively. The measurement range of these accelerometers was the 

±500g peak, and a frequency response range was up to 20 kHz with an internal resonant frequency greater than 50 kHz. A signal 

conditioner PCB PIEZOTRONICS model 482A18 with the maximum voltage gain of 1:100 was connected to these 

accelerometers to amplify the signals prior to the data recorder. During the tests, the accelerometers were bonded on the top of the 

test bearing. 

The accelerometers used in this study were two PCB PIEZOTRONICS Model 352C22, having sensitivity o f 9.75mV/g and 

8.7mV/g for radial and axial installation, respectively. The measurement range of these accelerometers was the ±500g peak, and a 

frequency response range was up to 20 kHz with an internal resonant frequency greater than 50 kHz. A signal conditioner PCB 

PIEZOTRONICS model 482A18 with the maximum voltage gain of 1:100 was connected to these accelerometers to amplify the 

signals prior to the data recorder. 

It was found that the accelerometer located on the top of the housing (radial direction) provided the better results. Therefore, this 

radial accelerometer was used to monitor and compare the accuracy of the other sensors. The outputs of all other sensors were 

recorded simultaneously for the off-line signal analysis. 

 

Table 3.3 Instrument Conditions 

 
 

3.3.2 Air Coupled Ultrasonic Transducer 

Air Coupled Ultrasonic Transducer (ACUT) is a non-contact measurement device that has become increasingly common for 

ultrasonic testing. In this method, air acts as a coupling medium between the ultrasonic transducer and the examined object. 

Hence, in contrast to contact measurements, no coupling gel or immersion in water or liquid is required to perform measurements 

using ACUT. Therefore, this device can be an important tool for condition monitoring through nondestructive testing. 
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Figure 3.5 (a) ACUT Set up for Test Bearing, (b) and (c) The Capacitive Ultrasonic Transducer 

 

3.3.3 Piezoelectric Ultrasonic Transducer 

The primary element of an ultrasonic sensor is the active element that converts the electrical energy to acoustic energy, and vice 

versa. The active element o f Piezo Ultrasonic Transducer (PUT) generally consists of a piece of polarized piezoelectric material 

where parts of the molecule structure are positively charged, while other parts are negatively charged by the electrodes attached. 

By applying an electric field, the polarized molecules align with the electric field, resulting in induced dipoles within the 

molecular and crystal structure of the material. This alignment of molecules causes the material to change dimensions. This 

phenomenon is known as electrostriction. 

 

 
Figure 3.6 Internal View of PUT 

 

3.3.4 Eddy Current Sensor 

Eddy current inspection is one of the several NDT methods that use the principles of electromagnetism as the basis for conducting 

examinations. Eddy current sensors are widely used for non-contact position, displacement, and proximity measurements. 

Operating on the principle of magnetic induction, these detectors can precisely measure the position of a metallic target. 

Movement of the target or any change in the characteristics of the target (crack, different material, etc.) is measured as an 

impedance change by the Eddy current sensor. It can be then measured by an impedance meter or an oscilloscope device. 
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Figure 3.9 Eddy Current Probe and Zetek Unit 

 

3.4 Defective Outer Race Analysis 

As mentioned earlier, an accelerometer was used in this study as a reference sensor for comparison purposes with the ACUT, 

Eddy current probe, and PUT. A collection of the accelerometer (radial), ACUT, Eddy current and PUT time signatures with a 

noise background of undamaged and damaged outer race is shown in Figures 3.6 to 3.7. The signals show little information on the 

effect of the damage size. For example, as the simulated damage grows, there is an increase in overall signal amplitude and noise 

floor. The time history of the axial accelerometer is very similar to the one of the radial accelerometer. 

 

 
 

Figure 3.6 Typical Radial Accelerometer Signal for Outer Race, 1800rpm, 5001bf 
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Figure 3.7 Typical ACUT signal for outer race, 1800rpm, 5001bf 

 

IV. CONCLUSIONS  

1. A review of failure modes of rolling elements bearings, the consequences of failures, the procedures that could be used to 

detect these faults and the fault signatures was conducted. A general model of faulty bearing vibration was developed.  

2. The available signal analysis techniques for bearing defect detection were reviewed and analyzed. The review showed 

that techniques based on time - frequency (especially wavelet analysis) and frequency analysis are the most appropriate 

diagnosis techniques for faulty bearings, respectively. 

3. The vibration and acoustic (ACUT) time domain features (RMS and peak values) identify the fault on the outer race 

more prominently as load, speed and/or defect size increase. Except for the crest factor, all other parameters were 

sensitive to the progress of the defect size in the inner race and roller with vibration and acoustic (ACUT) signatures. In 

general, eddy current probe and PUT were unable to track the progress of the defect size using time domain attributes. 

4. PUT was the only sensor, which could detect the defect as small as 0.2mm on the outer race with the Fourier series bases 

spectrum. 

5. The HFRT technique applied to vibration, acoustic (ACUT), eddy current and strain gage signals provided reliable fault 

diagnosis on the faulty bearing and the amplitudes o f the fault frequency were significantly higher than those obtained 

from the healthy bearing. However, for the defective inner race, the interpretation of the results was, sometimes, 

confusing and could be misleading especially for smaller defects. 

6. In the time-frequency distributions, the presence of background noise while increasing the shaft speed was clearly 

identified. However, the influence of the load on the radial vibration and acoustic distribution were not very significant. 
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