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A method to pinpoint the rubbing location in a rotor-bearing system is presented. This
method is based on the data sampled by acoustic emission (AE) sensors placed at different
bearing supports. Usually, the point where rubbing occurs cannot be detected using the
method of cross-correlation directly to the data, due to the noise produced during rubbing
and the structure resonance of the signal. Through wavelet transform (WT), signals are
decomposed into a series of time-domain signals, each of which covers a specific octave
frequency band. Then the method of cross-correlation is applied to the decomposed signals
to detect the rubbing location. This method is found to be very effective.

© 2001 Academic Press

1. INTRODUCTION

The requirement of high efficiency and compactness has made the operation clearance of
modern rotating machinery become smaller and smaller, which will increase the probability
of rubbing between stationary and rotational parts and thus may cause serious
malfunctions. Therefore, the fault diagnosis of rubbing is very important for the safe
operation of rotating machinery. A comprehensive research has been performed on the
vibration of a rub-impact rotor system. Muszynska’s literature survey [1] gave a list of
previous papers on the rub-related vibration phenomena during rubbing. Beatty [2]
proposed a mathematical model for rubbing forces with piecewise linear form of stiffness
and discussed some important points for diagnosing this fault. Choy and Podavan [3]
analyzed the effects of different system parameters on rubbing forces and transient
responses while Chu and Zhang [4] discussed periodic, quasi-periodic and chaotic
vibrations of the system. Based on their research, rub is not so difficult to detect, with some
dynamic characteristics such as orbital presentation of shaft motion and the existence of
strong higher harmonics. But the determination of the rubbing location, however, is rather
difficult, and little research work has been done.

Armor and Graham [5] described the form of acoustic emission signals from turbines
and discussed the material characterization tests in the light of this data. They “suggested”
that AE appeared to be a viable technique for the detection and location of blade rubbing in
their paper. Shao and Zhang [6] developed an on-line monitoring instrument with four
channels of AE signal and four channels of vibration signal, which could locate the rubbing
fault approximately based on the AE signals. The disadvantage of this instrument is that
only if the rubbing is in the vicinity of an AE sensor, can the position be detected. Therefore,
this method is not desirable if the rotor is very long and/or unsuitable to mount many
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sensors. Oks et al. [ 7] proposed a method to detect the point where rubbing occurred based
on the analysis of the non-linear vibration caused by rubbing. A particular feature of the
non-linear vibration is that the amplitude of higher harmonics in the response becomes
large in the vicinity of the point where rubbing occurs. The point can thus be detected by
investigating the distribution of the amplitude of higher harmonics included in the response
along the rotor. However, the distribution of the amplitude of higher harmonics is usually
non-homogeneous in a practical rotor unit, and if the rubbing is not strong enough to
change the original distribution, the method will generally not give a good result.

A simple method to pinpoint the rubbing location is presented in this paper based on the
rubbing experiments. Here two useful tools are used, i.e., the acoustic emission (AE)
technique mentioned above and the wavelet transform (WT). One of the major advantages
of using acoustic emission to detect the condition of the rub-impact is that the frequency
range of the acoustic emission signal is much higher than that of the machine vibration and
environmental noise. Therefore, a relatively uncontaminated signal can be easily obtained
by the use of a high-pass filter [8]. Another distinct advantage of AE technique is
the possibility to calculate the spatial source location based on the arrival time difference
between a number of sensors. In this way, the use of two sensors allows for a linear source
location [9]. But, the situation of the rubbing in the multisupported rotor system is much
complex, and the structural resonances of the rotor system also pose another problem. In
fact, the rubbing location can seldom be accurately detected with the experimental data.
Thus, another tool named wavelet transform is used, which has been used for several years
in such areas as seismic technique, image compression, acoustics, and mechanical vibrations
[10]. It is shown that, with the help of WT, the detection of the point where rubbing occurs
is much more accurate.

2. EXPERIMENTAL SET-UP

The experimental set-up consists of the rotor kit with four supports and four discs, as
shown in Figure 1, and a set of data acquisition system including AE sensors. The four
bearings are hydrodynamic lubricating bearings with identical inner diameters of 31 mm.
The length of the bearing housing in the axial direction is 40 mm. The four identical discs
are approximately symmetric along the solid coupling, and the mass of each disc is 2-205 kg.
The diameter of the axle is 12 mm.
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Figure 1. Rotor kit: 1, motor; 2, flexible coupling; 3, first bearing housing; 4, discs; 5, keyphasor; 6, second
bearing housing; 7, solid coupling; 8, third bearing housing; 9, rub screw; 10, fourth bearing housing.
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The rotor kit was impulse tested to obtain its natural frequencies. The lowest and the
second natural frequencies are 56 and 61 Hz respectively. The third and the fourth natural
frequencies are 154 and 195 Hz respectively. The rated speed of the 120 W motor is
4000 r.p.m. The rotor is running at a speed of about 4000/60 = 66:7 Hz, between the second
and the third natural frequencies.

The material of the rubbing screw is copper and the material of the axle is steel. There are
two points where the rubbing screw can be screwed down and fastened, but not
simultaneously.

The acoustic emission equipment used for the rubbing diagnosis is named BUAA AE
testing system. Three AE probes, two of which are used to pinpoint the rubbing location
and the third as a reference, are placed on the side of the bearing housings in the radial
direction. The positions of the AE probes are variable. Not only can they be placed on
different bearing housings, but they can also be placed on the two sides of the same bearing
housing. The band-pass filtered (20 kHz ~ 1-5 MHz) output signal of the sensors was sent
to a high-speed 16-bit A/D converter for data sampling at a variable frequency (highest
18181-8 Hz).

3. ACOUSTIC EMISSION TECHNIQUE

Acoustic emission (AE) for the detection of defect growth was pioneered in the late 1940s
by Josef Kaiser, who found that engineering materials emitted low-amplitude clicks of
sound when they were stressed. In addition to AE sources associated with defect growth (i.e.,
plastic deformation and crack extension), AE sensors were also found to be sensitive to
a plethora of other energy loss mechanisms such as impacts, friction, turbulence, cavitation,
spalling, material reduction, etc. [11]. Now, AE technique has become a main-stream
non-destructive testing (NDT) method.

Different from vibration signal, the AE signal is converted from sound produced when
rubbing occurs. Therefore, it is more related to the condition of the rubbing other than the
vibration behaviors of the rotor. If no rubbing between rotor and stator occurs, the sensors
usually have no response to such influences as imbalance and misalignment, which are
difficult to be removed and will induce higher harmonics in the analysis of vibration signals
of a multisupport rotor system. Therefore, AE technique is especially suitable for the
multisupport rotor systems, such as steam turbines [ 12]. But this does not mean that only
the AE sensors are enough, because in NDT, one method often cannot provide the whole
solution. For cost effectiveness, technical adequacy, or both, it is better to use a combination
of different methods [13].

The BUAA AE testing system used in the experiment employs a new feature extraction by
the analysis of AE envelope signals, instead of the classical AE characteristic parameters,
such as counts, amplitude, energy, duration, and others [ 12]. Thus, the waveform of the AE
signal can be described and compared with that of the vibration signal, as shown in
Figures 2 and 3(a). Though the waveform of AE envelope signals is similar to that of
vibration signals, the mechanisms are different. The rotor comes in contact with the stator
once per revolution and the resulting shaft motion is a truncation of the synchronous
response (Figure 2 is the assumed shaft motion and reference [2] also gives the
experimental ones). The waveform also seems to be truncated in Figure 3, but, it is not
because of the contact, it is because there is no rubbing between the rotor and the stator.
The FFT plot of the AE signal is also similar to that of the vibration signal if rubbing
occurs. But if the rubbing does not occur, there are usually no distinct harmonics, which will
occur in the FFT plot of vibration signals.
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Figure 2. Assumed shaft motion.
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Figure 3. (a) AE signal, (b) FFT plot for AE signal.

4. DIRECT CROSS-CORRELATION METHOD

4.1. THE CROSS-CORRELATION METHOD

The cross-correlation is a conventional method for position pinpointing and AE sensors
are usually used to locate the fault point. A common example is the location of the leakage
area, as shown in Figure 4. With equation (1), the position can be calculated as

_L—VTO

S 7

1)

where S is the distance between the leakage point and sensor A4, L is the distance between
sensors A and B, V is the velocity of sound propagation in the structure, and 7, is the gap
between the arrival times of the two sensors.

In equation (1), L can be measured directly. 7, is usually calculated with the
cross-correlation function R,,(tr), but to compare the sampled data separately, the
normalized cross-correlation coefficient p,, is used as in

R, ,(7) — mm
pxy = ¥7 (2)

040,

where m, and m, are the mean values of the two signals respectively, o, and o, are the r.m.s.
of the two signals respectively. When p,, reaches its maximum value, the corresponding
T 18 Tg.
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Figure 4. Locating of the leakage area.

Another important parameter is V. Sound can propagate as transversal wave,
longitudinal wave or surface wave. Due to the situation of the placement of the sensors, the
velocity for transversal wave in long rod is used [14]:

V=\/n7f‘ﬁ, (3)

where r is the radius of the axle, f is the frequency of sound (here the geometrical mean of
the lowest and the highest frequencies of the band pass is used, 50 kHz), E is Young’s
modulus, and p is the density of steel. Finally, V' can be obtained as 2224-2 m/s.

4.2. INSUFFICIENCY OF THE DIRECT CROSS-CORRELATION METHOD

Though the cross-correlation is very useful in position pinpointing for cases such as
structural defects, when it is applied directly to the data of rubbing, it seems incapable. The
insufficiency of the direct cross-correlation method (DC method) to the data of rubbing is
tested by the following example.

The experiment was carried out using the rotor kit shown in Figure 1. The right rubbing
screw was used to cause rubbing. The actual S was defined as the distance between the
rubbing point and the middle of the fourth bearing housing, that is, 655 mm. Sensors A and
B were on the third and fourth bearing housings respectively. The sampling frequency was
18181-8 Hz, and the length of each datum is N = 2048 points.

The sampled data are shown in Figure 5, with the form of the time-domain signals and
FFT plots. Estimation of the normalized cross-correlation functions for the AE signals is
shown in Figure 6. The cross-correlation sequence contains 4095 points (i.e., 2N — 1 points)
and the middle of the sequence represents the zeroth time lag between the signals from
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Figure 5. (a), (b) Signal and FFT of signal from sensor A; (c), (d) Signal and FFT of signal from sensor B.
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Figure 6. Cross-correlation of sensors A and B.

sensors A and B. The maximum correlation, p,..., is 0:8962 and the corresponding 7, is
0-0020. Then S can be calculated with equation (1) and gives the result as S = — 801 mm.
Obviously, this value does not agree with the actual S.

There may be four reasons for the discrepancy discussed above. Firstly, dynamic
phenomena occur during rubbing, such as friction, impacting, stiffening and coupling
effects, which makes the original signal more complicated. Secondly, the structural
characteristics of the rotor system are rather complex, which may influence the propagation
of sound. Actually, the form of the initial wave changes profoundly during propagation
through the medium, and the signal emerging from the sensor has little resemblance to the
original pulse [15]. Therefore, the path as well as the material is an important factor.
Thirdly, the influence of oil film on the propagation of sound seems very little since the film
is usually very thin. But whether there is sound produced in the film and what the influence
is need more research. Fourthly, a big difference between rubbing and other types of fault
such as cavitation is that rubbing will induce vibration in both the rotor and the stator
simultaneously, and both parts, which will go through different paths, contribute to the
energy received by AE sensors.

Due to various influences including the four reasons mentioned above, the method of
direct cross-correlation could seldom produce the right answer. If some of the influences can
be removed from the signals, maybe better results can be achieved. Suppose that from the
viewpoint of frequency domain, there are some frequency bands where there are no or slight
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noises, then the influences mentioned above could be removed to a great extent if the
“uncontaminated” band of signal could be picked out. The wavelet transform is just such
a useful tool to decompose the frequency domain, and thus makes it convenient to pick out
the right band of signal.

5. WAVELET TRANSFORM CROSS-CORRELATION METHOD

5.1. WAVELET TRANSFORM

Wavelet theory was initially proposed by a geophysicist J. Morlet and a theoretical
physicist A. Grossmann. Initially, wavelets were very much in the realm of pure
mathematics and, as such, concentrated more on the theory than the application. The two
America-based researchers Daubechies and Mallat changed this by defining the connection
between wavelets and digital signal processing [16].

Wavelets have been applied to a number of areas, including data compression, image
processing and time—-frequency spectral estimation. This paper, however, concentrates upon
the application of WT to decompose the signals.

Wavelet analysis provides a method for decomposing a signal into one of different
possible families of orthogonal local basis functions called wavelets, as shown in the
equation

f(x) = aodp(x) + ay(x) + -+ + ar Y(2x — k) + -, 4
where

+

do= | fewaxava =2 [ e b 5

with ¢ being the scaling function, and y the wavelet function. The coefficients aq, a,, ...,
represent the amplitudes of each of the contributing wavelets in a similar manner that the
Fourier series coefficients are the amplitudes of the various sine and cosine terms in the
classical Fourier analysis.

The discrete wavelet transform (DWT) is an algorithm for finding the coefficients in
equation (6). Mallat’s pyramid algorithm [17], as shown in Figure 7, solves for the
coefficients without finding the scaling and wavelet functions directly and is very efficient
computationally. The h(n) or g(n) in Figure 7 is quadrature mirror filter (QMF), and

Cizzciilﬁn*Zka dizch:lg_n—zk (k=0,1,2,...,N —1). (6)
g +2 I »dl
S
g +2 » d2
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h V2
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Figure 7. Discrete wavelet transform.
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When a signal is decomposed into j levels with DWT, there are totally j + 1 wavelet
components at level j as a result, i.e., in the frequency domain, 0 ~ f,,.. is decomposed
equally into

1 1 1 1
0~ Ejfmam?fmax ~ F fmaxa 55 fmax meax-

If the width of the bands of higher frequency is not “slender” enough, the wavelet packet
transform can be used. The difference between DWT and wavelet packet is that DWT
decomposes only the approximation C;~ ' while wavelet packet transform decomposes both
the approximation and the detailed signal, as described in the equation

Uan(X) = Z hic pa(2x — k), Uan+1(X) = Z kln(2x — k), (7)

where py(x) = ¢(x) and p;(x) = Y (x). Thus, when a signal is decomposed into j levels using
wavelet packet, 0 ~ f,,.. is decomposed equally into

1 1 2 27— 1
0~ 2_jfmax9?fmux ~ Efmaxr 9T fmax meaxa

totally 2/ wavelet components.

5.2. WAVELET TRANSFORM-—CROSS-CORRELATION METHOD

The effect of the wavelet transform will be illustrated by the following example of
the simulated signals. First, the signals are decomposed using wavelet packets, then the
concerned bands are picked out and the cross-correlation method is used, and finally, the
results are analyzed.

Signals x and y are defined as in equation (8), and their waveforms are illustrated in
Figure 8. The sampling frequency is 2048 Hz. Obviously, the phase differences of the three
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Figure 8. (a), (b) Signal x and its FFT plot; (c), (d) Signal y and its FFT plot.
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Figure 9. Wavelet transform of signals x and y.

sine waves are 20, 0, — 10 respectively. The result of the DC method is p,,,. = 0:8925 and
To = — 7:

o n +si n+ 10 +si n-+20
X = Sin 50 Sin 16 Sin 8 .
—sin n+ 20 +sin n+ 10 4 sin n+ 10
y= 50 16 g )

Three frequencies of the two signals can be calculated from equation (8). They are 6-:5190,
20-3718 and 40-7437 Hz, as shown in Figures 8(b) and §(d). The signals are decomposed into
six levels with wavelet packet, i.e., the width of each frequency band is 16 Hz. Thus each
frequency is in a separated band from other frequencies. The first three bands, which
contain the frequencies of the two signals, are shown in Figure 9. Then the cross-correlation
method can be used in Figures 9(a, b), 9(c, d) and 9(e, f) respectively. Three results are given
as pg, = 09970, pg = 0:9956, p.r = 09903, and 1, is 20, 0, — 10 respectively.

Compared with the result of the DC method, the merit of decomposition can be seen: not
only the two signals are more related for frequencies in these bands, but also the phase
differences are accurate. Similarly, if this method is applied to the experimental data, a more
accurate 7o, and thus the position, can be expected. However, there are totally 2/ answers of
70 if the signals are decomposed into j levels using wavelet packets, and only one 7, should
be right with the experimental data. The right 7, should be picked out from others. With the
assumption that only the sound waves coming from the same source will be the most
similar, the 79 can be picked out according to the maximum cross-correlation coefficient
Pmax and S can thus be calculated. The whole process can be called the wavelet transform
cross-correlation (WTC) method.

n=1,2,3,...,2048. (8)
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TaBLE 1

Positions of sensors and sources of sound’

Distance between SS
and sensors (mm)

Experiment No. BH1 BH2 BH3 BH4 D1 D2
1 S1, S2 113 113
2 S1, S2 767 767
3 S1 S2 113 767
4 S2 S1 767 113
5 S1, S2 87 87
6 S1 S2 655 3115
7 S2 S1 3115 655
8 S1 S2 87 793

TNote: BH is the bearing housing, S the sensor, SS the source of sound (rub point or excitation point), D1 the
distance between SS and sensor 1, and D2 the distance between SS and sensor 2.

6. EXPERIMENTAL RESULT AND DISCUSSION

A series of experiments have been performed, while only eight of them are chosen to
illustrate the power of the method proposed in this paper. In these experiments, the
positions of the sensors were changed frequently from the side of one bearing housing to
another, and sometimes both sensors were placed on the different sides of one bearing
housing. In Table 1, the positions of sensors in the experiments are shown. These
experiments were also carried out under different running conditions. Experiments 1-4
were done when the rotor was stationary, and experiments 5-8 were done when the rotor
was running at the rated speed.

When the rotor was stationary, an excitation source, which could produce pulses of
40 Hz, was used to produce vibration. The force (smaller than 0-1 N) produced by the
excitation source was in the axial direction and through the point on the left-most disc. In
the experiments when the rotor was running, rub screws were used at different positions to
produce rub. The positions of rub screws and the excitation point are also shown in Table 1
in terms of distances between them and sensors.

The band of the low-pass filter of the data acquisition system is set to O ~ 300 Hz. The
length of each datum is 2048. The wavelet used is db20 (Daubechies series with N = 20). The
decomposition level is 8 and thus 0 ~ f,... (fax 1 the sampling frequency) is decomposed
equally into 256 bands. With the sampling frequency of 18181.8 Hz and the velocity of the
sound calculated with equation (3), the resolution of location can be calculated as
AS = 612 mm. This resolution is a little big, mainly due to the limit of the sampling
frequency of the data acquisition system, but it is not a big problem for us to estimate the
proposed method.

Experiments 1 and 2 were used to check if there was any inherent difference between the
two sensors when they were mounted to measure the vibration of the rotor. Therefore, they
were placed as close as possible, expecting to receive sound wave at the same point, but it
could not be the real same point because there was always a small gap between the two
sensors. Consequently, the sound waves received by the two sensors might still be quite
different. This can explain why the cross-correlation coefficient p,,,,’s were not equal to 1-0,
when the DC method was applied to the data of experiments 1 and 2, as shown in Table 2. It
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TABLE 2
The results of DC and W TC methods in experiments 1, 2 and 57

DC method WTC method Distance
Experiment Actual AT Dbetween SS and
no. Domax AT (107 35) Dmax AT (1073s) (107 35s) sensors (mm)
1 0-9811 0 09921 0 0 113
2 0-8901 67 0-9850 0 0 767
5 09118 67 0-9940 0 0 87

TNote: AT is the time difference between the two sensors in receiving the sound wave from the same source.

can also be seen from results of experiments 1 and 2 that the larger the distance between
sensors and the source of sound, the smaller the p,,,,. This is reasonable because the form of
the initial wave keeps changing during the propagation through the medium and a longer
distance will cause more change. But when the rotor was running, some factors other than
the distance seem to play a more important role in effecting the similarity of the sound
waves received by the two sensors, as shown in experiment 5.

For experiment 1, it could be reasonable to assume that the excitation point is the only
source of sound generated by the excitation force, since the force was too small to make the
whole axle move and frictionize with the bearings to produce sound (notice that no oil film
was present between the rotor and the bearing when the rotor was stationary). Different
from the simple case in experiment 1, the situation in experiment 5 was more complex, as
mentioned in section 4.2. Besides the rub, the noise could be generated from oil film, the
motor or the rotor. The transmitting paths could be through rotor or the stator. Different
paths can lead to a big difference in the transmitting of the sound. The speed of sound in the
rotor is 2224-2 m/s, as calculated in section 4, while the speed of sound in the stator can be

calculated as
E
\/: = 5249 m/s,
0

where E and p are defined in the same way as in equation (3). Therefore, if sound waves
transmit through both ways and merge eventually at the sensors, they will be much less
similar to the original ones. So far, these influences could only be analyzed approximately,
and more research work needs to be done.

The results of the other five experiments are shown in Table 3. Experiments 3 and 4 could
be used to calibrate the speed of sound in the rotor. It can be seen that the S in
experiments 3 and 4 are a little bigger than their true values. In equation (1), S and L are
easy to measure with little error, 7o can be obtained with the sampled data, and V is
calculated with equation (3). If the sampled data are fairly good (which means that 7, is
measured with enough accuracy), there must be some error in the calculation of the velocity.
Most probably, this error came from the frequency of the sound. The filter band of the
sensor is 20 kHz ~ 1-5 MHz and the frequency used in the calculation is 50 kHz. A slightly
smaller frequency should be used in the calculation of the velocity.

Experiments 6 ~ 8 were three examples that were used to locate the rubbing location.
Apparently, the results of experiments 6 and 7 calculated with the DC method are too far
from the actual values. The only difference between experiment 5, whose result is acceptable,
and experiment 6 or 7 is the positions of the sensors. Therefore, different positions (thus
different distances), combining different paths (thus different speeds) should be one of the
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TaBLE 3
The results of DC and W TC methods®

DC method WTC method

Experiment Actual
no. Pmax N (mm) Pmax N (mm) N (mm)

3 0-7558 275 09116 214 113

4 0-7075 807 0-9082 807 767
6 0-9064 — 1708 09719 657 655
7 0-8962 — 555 09719 3114 3115

8 0-9087 162 09722 40 87

TNote: S is the distance between source of sound (rub point or excitation point) and sensor 1.

reasons. Another reason may be that when the rubbing screw was screwed down, rubbing
may have occurred between the bearing and the shaft due to the pressure of the screw and
thus there were multi-sources of rubbing. Although this kind of situation should have been
avoided, it may have occurred.

Comparing the values of p,,, with different methods, it is obvious that with the WTC
method, the p,,.,.’s are much closer to 1-0. It can also be seen that the signals are highly
correlated for the relatively low frequencies (from experiments 1 to 8, the maximum
correlated frequency bands are second, first, first, second, third, third, third, first in the total
256 bands). More importantly, S’s are much closer to the real value. Therefore, the WTC
method is useful in finding the more similar part of the signals and removing the influence of
the noise and wave changes during propagation through the medium.

7. CONCLUDING REMARKS

Monitoring of rubbing and detection of the rubbing location with AE technique is
a convenient and simple method. For instance, a higher accuracy of the location can be
achieved by only using a higher sampling frequency. The rotor-to-stator rub will generally
show very complicated dynamic characteristics. Owing to the influences of impacting, the
structural characteristic, oil film, noise, system vibration and other factors, the conventional
cross-correlation method does not give good result for detecting the rubbing location.
Therefore, a wavelet transform cross-correlation method is proposed and experiments have
shown that this method is effective in improving the accuracy of the results.
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