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1. ABSTRACT

A change in audible acoustics signals is known to oceur prior to failure in machine
components. However, little literature is available on the use of such signals for defect-
detection and diagnostics purposes. This paper reports on a study carried out on the
application of sound intensity and sound pressure level for detection of defect and diagnesis in
rolling element bearings. The limitations and advantages of using such signals are identified. A
simultaneous study using vibration analysis is also carried out for comparison. The strength
and Timitations of the use of the Fourier transform method and the use of cepstrum analysis to
study the data obtained are also presented in the investigation.

The results indicate that the presence of the bearing defect frequency can be seen clearly using
the cepstrum analysis method. However, use of sound intensity signals can only reveal the
defect frequency when the shaft speed is higher than 1000rpm.

2. INTRODUCTION

The application of vibration signals for machine condition monitoring has been established
since late 1960's [1,2]. The number of research literature published on the usage of audio
acoustic signal for defect detection in machine components is however very limited. A change
in audible -acoustic (sound) signal has been known to occur prior to failure in a machine
component, Thus, it is possible to use such a signal to detect the presence of defects and any
malfunction characteristics in a machine component. This is most appropriate especially where
‘the application of vibration method is not possible.

The most attractive features of using audible-acoustics signals are the non-contact and non-
intrusive nature of the transducer. In many cases acoustics analysis is also relatively easier to
do than vibration analysis. Moreover, it is much faster to make the readings using a sound
pressure microphone when compared to an accelerometer.

The applications of sound pressure signals and sound intensity signal to detect defects in rolling
element bearing have been studied by previous researches [3,4). However, the analysis were
limited to the use of the sound pressure spectrum and sound intensity spectrum to identify
different types of defect in tolling element bearing, 1n addition, acoustics signals have also

Proc.l.O.A. Vol 17 Part 4 (1995) 285




Proceedings of the Institute of Acoustics

UTILISATION OF AUDIO-ACOUSTIC SIGNALS

been used to study the condition of gear boxes and transmissions [5], and the study
performance of diesel valves engine [6].

In this paper the advantages as well as the limitations of using sound pressure signals and
sound intensity signals will be tested and clarified. The results from using vibration signals will
also be presented for comparison purposes. In addition to using frequency spectrum, other
signal analysis methods such as cepstrum analysis and side band analysis are also used. One
main advantage of using sound intensity method is its vector characteristic. It is found that this
can be utilised to improve the signal-to-noise ratio for the analysis.

3. SIGNAL ANALYSIS METHODS

The sources of vibration and noise in rolling element bearings are often caused by -
manufacturing inaccuracies and improper instalflation of maintenance. A major excitation of
noise is a pulse type due to the small displacement of bearing parts caused by deviation from
circularity. The external parameters that have direct effect on the emission of noise in bearings
have been identified to be the speed, load and the lubrication condition of the bearing [7,8].

In this paper the signal obtained will be analysed using frequency-based analysis, such as
spectrum analysis, cepstrum analysis and side band analysis.

2.1 Spectrum Analysis
The time history of acoustic and vibration signals can be transformed and manipulated in the
frequency domain with the Fourier transform method. The fast Fourier transform (FET)

algorithm is currently the standard method-used to perform spectral analysis for digital acoustic
and vibration data. The Fourier transform of a time based signal can be represented as

(@)= r.., x(t) e dt . )]

where x(t) is a continuous function in time domain and x(w} is the Fourier transformed
function. For a real discrete-time signal, :

x(w)= ix(n) glen @

The amplitude frequency and content of a time domain derived signal from equation (1) and {(2)
is called the signal spectrum. '

266 Proc.l.0.A. Vol 17 Part 4 {1995)




Proceedings of the Institute of Acoustics

UTILISATION OF AUDIO-ACOUSTIC SIGNALS

2.2 Cepstrum Analysis

In general, the response signal measured is the result of the canvolution of the input signal and
the impulse response of the total system. Thus, the signal available from the measurement, is
also obscured by the transmission medium through which it passes. Cepstrum analysis can be
used to separate the excitation spectrum from the transfer-function component. This is
presented in the following equation:

y(t)= [ ht- (s 3)
Therefore, the Fourier transform of the output signal y(1) can be presented as
Y(@) = H(w)X(w) (4)

From a property of logarithms, the logarithm of the spectrum is used to separate the two
components.

log Y{w) = log H{w)+log X(o) 5

The logged spectrum is transformed again to obtain
S[log Y(m)]: ‘J[log H(w)]+3[!og X(m)] (6)

Where J is the Fourier transform of the frequency based functions. The above process is
known as the cepstrum analysis and shows the signal in quefrency domain, measured in units of
time [9]. An intensity result of cepstrum analysis is that it can be considered as a spectrum of a
logarithmic amplitude spectrum. Therefore, it can be used for detection of any periodic
component in a spectrum [10]. '

23 Side Band Analysis

The Foutier transform of a repetitive impulse function can be derived using the Poisson sum
[10].
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Eé' (- nT)— Zej““’" (7N

e T

where @, T=2x. The Fourier transform of equation (7) gives

{za (- nr} 1)
=T§¢5 (@-kw,) 3

Equation (8) reveals that the frequency spectrum of a repetitive impulse function will also show
a repetitive frequency comnponent with the frequency-difference equal to the rate of
repetitiveness of the impulse function. Thus, the presence of repetitive impulse in the time
domain can be detected easily in the frequency domain using the side band analysis.

40 FORMULATION OF DEFECT FREQUENCIES

41 Bearing defect frequencies

The formulae to calculate the different types of bearing defect frequencies have been presented
by several researches [11, 12, 13, 14]. Basically, the formula for calculating defect frequencies
on the outer race, inner race, and rolling element can be summarised as follows:

r
f, IZO[I_E cosf ) (9a)
t“-“=E 1+ L cos ) (9b)
120 R
9
fe 60r 1 COSﬂ ] (9¢)
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where

N = shaft rotational speed (rev/min}
r= radius of roller

R = pitch circle radius for the roller
n = number of rolling element

3= contact angle

The type of bearing used for these sets of investigations is the cylindrical roller bearing
NSK NF209K with the dimension of r = 32.5mm and n = 14.

42  Signals from other moving components on the rig test apparatus

A schematic diagram showing the general Jayout of the test rig is presented in Figure 1. The
moving components are identified to be the motor, the drive-shaft and the toothed-belt
connecting the motor and the drive-shaft. The mean diameter of the motor-sprocket is 290mm
and it has 73 teeth on its circumference. On the other hand, the mean diameter of the shaft-
sprocket is 70mm and it has 18 teeth on it. Pulse frequencies generated by the shaft-sprocket
and the motor-sprocket due to the passage of the toothed-belt are

n N

fo=—2— 10a
® 60 (10a)
o N nN D

£f,,=—D_M__THM -5 10b

PMT60 60 D, (10)
where

Ny, = no. of teeth on the motor sprocket

n = no. of tecth on the shaft sprocket

N,, = rotational speed of motor sprocket
D,, = mean diameter of motor sprocket
N = rotational speed of shaft

D, = mean diameter of shaft sprocket
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Equations (9} and (10) are used to calculate the bearing defect frequencies and also the
frequencies obtained from moving components of the rig and the results are presented in Table
1.

The test-bearings are cleaned using 1.1.1 Trichloroethane and the lubrication for each
experiment is maintained at 10ml using universal oil. The minimum load required in rolling
element bearing is 2% of the dynamic load rating to ensure ideal behaviour of the roller [16].
Thus, during the study the radial load is maintained at 1.5KN. The overall features of the test-
rig is shown in Figure 1.

50  ANALYSIS OF RESULTS

To identify defect signals from a simple inspection of frequency spectrum is often a very
difficult task 1o do. This is in part due to the many variables that affect the spectrum analysis,
such as the transfer function of the transporting medium, the resonance characteristics of the
mechanical structure, and the effect of other sources. An example of such a signal is given in
Figure 2 where the first diagram shows the frequency spectrum of sound intensity signal
emitted by a small screw attached to the circumference of a rotating shaft. Every time the shaft
rotates the screw will hit a mass spring system to produce a repetitive impulsive sound. When
the shaft rotates at 430rpm (7.2Hz) the frequency spectrum does not show the fundamental
frequency of the signal. However, the cepstrum diagram clearly indicates the presence of a
repetitive signal at the exact frequency expected. Figures 3, 4, 5, and 6 show similar results
whereby cepstrum analysis offer better attempts at indicating the presence of defects in rolling
element bearing compared to the spectrum analysis obtained using vibration and sound
intensity signals. A summary of the results obtained are presented in Table 2 and 3.

The results obtained using sound pressure signals are found to be similar to the results obtained
using sound intensity signals when operated under favourable faboratory conditions. However,
sound intensity measurement can offer better results when there is a background noise present
up to the level almost as high as the sound signal to be studied. This is illustrated in Figure 7.
Thus, sound intensity signals can offer advantages in obtaining a better signal-to-noise ratio
when used in the field where less favourable conditions exist.

One of the limitations of using sound intensity signals found is that it is unable to indicate the
presence of defect signals at shaft-speeds lower than 1000 rpm. This is shown in Figure 8.
However, the results from the use of vibration signals is also not very clear at 500rpm as
shown in Figure 9. Further detailed study is being carried out to identify the parameters that
affect the detection of defect signal for low shaft-speeds.
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Side band analysis as described previously, can also be used to detect the repetitive defect
signal from a frequency spectrum. This is shown in Figure 3 (e), 4 (e), and 5 (e).

In a parallel study, sound intensity signal has been found to fail to detect a missing roller in a
bearing compared to vibration signal. This is clearly indicated in Figure 10

6.0  CONCLUSION AND RECOMMENDATIONS

This paper represents some results of a study in the use of vibration, sound intensity and sound
pressure signals to detect defect signals from a rolling element bearing. It shows that the sound
intensity signal can be used to detect defect in the bearing when the shaft-speed is higher than
1000rpm. A detailed study to identify the parameters that limit the applicability of sound
intensity signal for low speed shaft is currently in progress.

The results obtained in this study show that sound intensity can offer signals with better signal-
to-noise ratio in the presence of high background noise when compared with the use of sound
pressure signals.

However, it is also found that in one particular case a sound intensity signal not capable of
indicating a missing roller when this is detected to the result obtained using vibration signals
under the same conditions.

Cepstrum analysis has been successfully used to indicate the presence of defect frequencies
which are very close to the theoretical values calculated from formulae established by other
researchers. On the othe: hand, spectrum analysis sometimes failed to display the presence of
the fundamental defect frequencies. The presence of a repetitive impact signal can aften be
identitied from a frequency spectrum using side band analysis.
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Table 1. Calculated defect-frequencies from bearing and moving components of the test-rig
Shaft Speed | Outer race Inner race Rolling Pulse Freq. | Pulse Freq.
Defect Defect element of Motor- of Shaft-
Freq. (Hz) Freq. (Hz) Defect Freq. sprocket Sprocket
(Hz) (Hz) (Hz)
500 49.3 67.3 52.9 144.8 150
1000 98.7 134.6 105.8 289.7 300
3000 296.1 . 403.8 3173 867.0 900
5000 493.6 673.0 528.9 1448.3 1500
Table 2. Summary of results obtained using cepstrum analysis of vibration signals.
Speed of shaft Delect Type* Quefrency {(s) | Defect freq. (Hz) Amplitude
{rpm) [ 1 ) (dB)
Quef. p-p
500 DLE 0.02125 47 0.05
500 DOL 0.02273 44 0.16
1000 DLE 0.00984 102 0.074
1000 DOL 0.010625 94 0.242
3000 DLE 0.003125 320 0.14
3000 DOL 0.003438 291 0.15
5000 DLE 0.00188 533 0.13
5000 DOL 0.00203 493 0.17

where *DOL = outer ring line defect
DLE = rolling element line defect

Table 3. Summary of results obtained using epstrum analysis of sound intensity signals
Spreed of shaft Defect Type* Quefrency (s) | Defect freq. (Hz) Amplitude
(rpm) [ 1 {dB)
Quef. PP

500 DLE 0.0228 44 0.075

500 DOL 0.0228 44 0.084

1000 DLE 0.01013 99 0.036

1000 DOL 0.01076 93 0.054

3000 DLE 0.00316 316 0.025

3000 DOL 0.00332 301 0.023

5000 DLE 0.00190 527 0.20

5000 DOL 0.00206 486 0.14
where *DOL = outer ring line defect

DLE = rolling element line defect
Proc.l.O.A; Vol 17 Part 4 (1995) 293
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inclusion of background naise from a bearing ruaning ak 3000rpm.
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[c] Freguency spectrum of the signal with
line defect on one ¢f the roller.

(d) Cepstrum analyais of the sigual with
line defect oun one of the roller.

Figure 9. Analysis of vibration signal from a bearing running alt 500rpm.

$211SN0JY JO ansu| ayy Jo sbujpaasosd



(S66L) ¥ Med £L 1OA ¥ O°1'00.d

£0€

W2 Frequency specinum

W4d: Cepstrun andysis

6064
2. 0- 5664Hz
< 4,04
0.0
0.0  2000.0 4Q00.0
Hertz

a

6- 0003125s => 320k
.4

d
o o © 0 O

:ELM_A/

0.000 0.015 O.030 O.045
Sec

{a) Frequency spectrum of
vibration signal.

{b) Cepatrum analysis of
vibration signal.

WZ: Frequency gpectnm

W4 Cepstrun andysis

0. 06D
0. 0504  000Bs => 526Hz
. O 0. 040 -
-0 M-NM 0. 030 0,00364s =»> 275Hz
= .0 B 5. oz0- /
.0 0. 01 o~]‘,
) 0. 000 - WM
1001 ——————— -0 ——
500. 0 2500. 0 4500.0 0. DO 0. 020 0. 040
 Herts Sec
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Sound intensity signal.

Figure 10, Analysis of vibration and gpound intensity signals to detect a missing roller in a

bearing running at 3000cpm.
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