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Abstract

Experimental studies considering the dynamic transiegriads of anotched rotor (i.e. a rotor with a
transverse open crackye investigated in order to examine the possibility of ditg the presence of
open cracks in rotating machinery for low or high rotor aecations.

Firstly, the orbital patterns, spectrum cascade plots @Rbwer Spectral Density, evolutions of the
amplitudes of rotor with and without aspen transverse cragke compared and discussed in the case of
low accelerations of the rotor system.

Secondly, the non-stationary vibration signals of theratith anopen transverse craek high acceler-
ations are investigated. The timefrequency features aodl&ased on the continuous wavelet transform
(CWT) to detect open cracks in a rotor system are discussed.

It is demonstrated that both the continuous wavelet trams{@€WT) and changes on tie< harmonic
components are robust indicators for crack detection.

1 Introduction

Structural damage detection and condition monitoring Heaen receiving increased attention in recent
years due to their practical importance in many industrigdl@ations. Extensive reviews have been
compiled by Wauer [1] and Dimarogonas [2].

Generally, two types of approaches are suggested by diffeesearchers. One monitoring changes in
the resonant frequencies and in the mode shapes and otleel tvashe change in non-linear dynamic
responses during rotation of tinetchedshatt.

The first approach is an off-line process for rotating maehinThe modal tests and detection based on
changes in modal parameters have to be carried out duritig steadition of rotor. Reviews of research
works dealing with the problem of crack detection based angks in modal parameters can be found
in [3—6]. However, several researchers [7, 8] have dematestrthat changes in modal properties are not
always reliable and this type of damage identification tégqe can become very difficult.

The second approach focuses on the non-linear dynamictiaibraf rotor during its rotation. Many



researchers [9-14] indicated that the diagnosis of cragkgmce can be done by considering the appear-
ances or/and changes in the steady-state vibration amgditafl x, 2x and3x harmonic components
of steady-state response of the rotor system. They als@peaito exploit orbital patterns of tietched
rotor at one-half of the first critical speed [15, 16]. On ttikay hand, Bachschmid et al. [17, 18] pro-
posed a model-based diagnostic approach with a leastesyigantification for the detection of cracks
in rotors. Darpe [19] proposed to use coupling of bendinglanditudinal vibrations with periodic axial
excitation to detect the crack presence. Han [20] illusttdhat directional frequency response functions
(d-FRFs) is a robust tool for investigating the presencénemtropagation of the crack.

Then, non destructive detection of cracks in rotors basddemsient non-linear signals have been devel-
oped [21-23]. For example, Sekhar [24] investigated thecedfof different factors such as crack depth,
unbalance eccentricity and acceleration influencing temmiwibrations and concluded that the measure-
ment of transient response when the rotor is passing thrtheyhritical speed or one-half of the critical
speed can be used for the non destructive detection of ciacé®ors. Finally, some researchers [25-27]
proposed to introduce time-scale signal processing tasdsdhon wavelet transform due to the limitation
of the conventional Fourier analysis that is suitable feadly state vibration signals, but provides a poor
representation of signals well localized in time. This noeklior non-stationary signal analysis has been
recently used for various fault diagnosis and damage Ipai#din [28—-30]. However, few experimental
researches could be found on the detection of cracks innmgtatachinery with wavelet techniques.

So, the objectives of this work is to present an experimesitaly on the dynamic response of a rotor
with a transversepencrack for low and high rotor’s accelerations and to show thitg and feasibility
of the application of Continuous Wavelet Transform (CWT}hie diagnostic of cracks in the rotating
machinery using the non-stationary vibrations signalsngumachine run-up.

In this study, the type of crack that has been chosen is aviees®s open crack: the crack that always
remains open is perpendicular to the shaft axis. As expliiiyeSabnavis et al. [31], most experimental
studies are focused on open cracks (called notches or gapogs) due to the fact that this crack type
are easy to mimic in a laboratory environment.

Firstly, the conventional fast Fourier transform (FFT)sbd spectral analysis method is used to an-
alyze steady-state vibration signals of the rotor with aritheut crack. Secondly, the non-stationary
transient signal of rotor with high accelerations is anatyby using the continuous wavelet transform.
The effectiveness of wavelet transforms for crack detectind monitoring in rotors will be illustrated
for various experimental tests.

2 Experimental Setup

The test equipment used for the experiment include a tesniegor speed control, eddy current displace-
ment/proximity probes, and data acquisition interface thmt is controlled by the I-DEAS Software.
The test rig as Figure 1 illustrates consists of an elastadtsimd a rigid disk. The rotor's shaft is simply
supported at both ends (designed ypport land Support 2in Figure 1). The length of the shaft is
480mm and its diameter is 10mm. The disc is mounted at théigo60mm from the left end of the
rotor. The diameter and thickness of the disc-rotor are 75amcth35mm, respectively. The rotor system
is driven by an electric motor incorporated with a shaft tigib a flexible coupling. The first critical
speed of the crack-free rotor is 1980 rpm. The rotor’s crackade at the position 240mm by cutting
a piece with width 0.2mm and a non-dimensional deptjp ef 1 (corresponding to the loss of half the
shafts area)lt must be noted that the cut that has been made with a jewedavi introduces an open
crack in the rotor. Indeed the lateral deflections being ke slit may not completely close and would
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Figure 1: Test rig of the rotating machinery

not eventually breathe. So the rotor under study may be dereil as a notched rotor (i.e. a rotor with
an open transverse crack)

The vibration measurements are conducted by using six pitxiprobes that are mounted in both
the horizontal and vertical directions, as indicated orukggl. They consist of two orthogonal sensors
for each plane and are placed at 70mm (plane Al), 210mm (plahand 440mm (plane A3) from the
left end of the shaft. Planes Al and A3 are situated near tharld right supports respectively, and the
plane A2 is near the crack’s position.

The probes are connected to the National Instruments P@2-4#annel dynamic signal acquisition
devices, which is in turn connected to the PC. The data atiquisnterface unit operation is controlled

by the I-DEAS Software to collect and store vibration dathefl the data are transferred from I-DEAS
Software to Matlab in order to be processed.

3 Resaultsand discussions

3.1 Steady-state dynamic responsesin time domain
3.1.1 Orbital patternsand 2x amplitudesat low acceleration

First of all, the dynamic responses of the healthy aatthedshafts is analyzed for low acceleration of
rotor (20rpm.s~!). Figure 2 shows the vertical and horizontal vibrationshaf totor without and with
opencrack passing through its first critical speed in time domain

An increase in amplitudes of vibration is observed withtileéchedrotor compared to the healthy ro-



tor in both the vertical and horizontal amplitudes when titeris passing through its first critical speed
(for t = 100s). Moreover, there is large increase of vibrations near ttational speeds at one-half of
the first critical speed (fot = 50s).

Evolutions of the orbital patterns of the healthy amachedrotors when the rotor is passing through one
half of the first critical speed are shown in Figures 3 and 4. tRe reader comprehension, the rotating
speed is increasing from Figures 3(a) to 3(h) (from 4(a) yaréspectively). It can be clearly observed
that the presence of a transvergeencrack induces a loop containing an important loop inside.eih
the rotating speed of theotchedrotor reaches through half of the first critical speed, atiotaof the
inside loop indicating a significant change in the phase amplitude of the2x vibration appears. For
the healthy rotor, the orbit firstly changes from double lmtpan outside loop (like a "eight™) and then
a small inside loop is observed. This non-linear vibratiohghe healthy rotor and the small contribu-
tion of super-harmonic components can be attributed to ¢tefielated side load on the shaft, the rotor
anisotropy and the unbalance. Comparing the orbital pettef the healthy andotchedrotors (3 and
4), it can be concluded that the size of the inside loop andthi#al movements of the rotor through
the passage of one-half of the first critical speed can be asdke signature of the presence aipen
transverse cracki rotating machinery.

To identify the presence of sub critical response peaksefifmamic responses of the healthy and
notchedshafts, spectrum cascade plots of the Power Spectral DdHD) which describes how the
power of time series is distributed with frequency, are gladited (as previously explained the signal is
assumed to be stationary for small intervals of time in thé fiection of the study). Figures 5-6(d) and 5-
6(b) illustrate the power spectral density when the rotgaissing through the first critical speed (t=100s)
and one-half of the first critical speet £ 50s). It is clearly observed that thx super-harmonic fre-
guency component is more prominent than the rotationaufgaqy near the rotational speeds at §he
of the first critical speed for the rotor without and with dkadHowever, the maximum value of power
spectral density is obtained for thetchedrotor. So an increase of the power spectral density at offe-ha
of the critical speed can be used as an indicator of the pcesgfa transversepencrack in rotors.

Then, for the both cases, only the revolution vibration amplitude is present when the rotgoassing
through its critical speed. Finally, before t%e)f the critical speed (fot = 40s) and betvveer% and1 of
the critical speed (for = 80s), the motions of thaéotchedrotor are complicated due to existence of the
1x and2x frequencies of the rotational speed in the vibration sigs¢e Figures 6(a) and (c)), whereas
the motions of the crack-free rotor are principally desedtby thel x revolution vibration amplitudes
(see Figures 5-6(a) and (c)).

To clarify the contributions of the x super-harmonic frequency components in run-up stages)dhe
malized conventional power spectral density cascade pletglrawn in Figures 7 for the rotor without
and with anopencrack. It is noted that the characteristic sub-criticalpmsse peaks and an average
value of power spectral density can be estimated at variegslar intervals of times due to the low
acceleration of the rotor during the transient analyses (for each interval, the transient vibrations are
assumed to be stationary). The normalized spectral demstgdefined by

log (PSD) — log (PSD )

PSDnor alized —
malized = 59 (PSDimas) — 10g (PSDimin)

(1)

wherePS D, i, andPS D, define the minimum and maximum values of the power spectraditfeon
the speed range. The power spectral density is normalizexdier to be able to compare the contributions
and evolutions of thexx super-harmonic frequency components for the rotor with aitout crack.
The values of the normalized power spectral density var@®s zero to unity. The physical values have
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Figure 2: Dynamic responses of the rotor without and witlop@ncrack passing through its first critical
speed in time domain (plane A2)

been given in the previous power spectral density plots Fsgpares 5 and 6).
As indicated in Figures 7, the contribution 2k harmonic amplitudes for theotchedrotor is more
significant and greater than that of the healthy rotor wherrdior reaches one-half and one-third of the
first critical speed for both the vertical and horizontaleditions. Moreover, it can be observed that the
3x harmonic components are present in the horizontal dineetioen the rotor is passing through nearly
the first critical speed. However, the differences of 3heamplitudes for the healthy antbtchedrotors
are not significant enough in order to be used as a diagnostic t

In conclusion, these experimental results reflect the faatt the contributions of thx amplitudes
and the orbital patterns at one-half of the first criticalesggecould be key indicators for the detection of
transversa@pencracks in a rotating shaft.

3.2 Amplitudesfor low and high accelerations of the rotor

If the rotor’s acceleration is very high, the vibration respes are typically transient along with frequency
and amplitude modulation because of high accelerationefdtor system, as illustrated in Figures 8.
In this case, the conventional Fourier analysis can proaideor representation of signals well localized
in time. So, the evolutions of the orbit patterns or the cotiemal spectrum cascade plots can not be
used for analyzing vibration characteristics and for ditgcthe presence of a transverse crack in rotor
clearly.
However, the maximum amplitudes for one-half of the firstical speed and the critical speed can be
investigated for various accelerations of the rotating Invagry. The results are presented in Figures
9. The various accelerations are given in Table 1 for eack.c&sdrst of all, it clearly appears that
increasing the rotor’s acceleration decreases the ardpbtat the first critical speed both in the vertical
and horizontal amplitudes (see Figure 9(a)).

Then, it is observed that the maximum horizontal and vdraoaplitudes at one-half the first critical
speed are not greatly affected by the rotor's accelerasee fFigure 9(b)). This reflects the fact that the
2x super-harmonic frequency components formioéchedrotor are predominant not only at one-half of
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Figure 3: Evolutions of the orbital patterns at one-halfted first critical speed (from (a) to (h)) for the
healthy rotor at plane A2

the first critical speed but also in its vicinity (as prevityuseen in Figures 5 and 7(c) and (d)).

Finally, Figures 10 show the evolutions of the maximum atogks versus unbalance : it clearly
appears that the maximum amplitudes at the first criticabdpmrresponds mainly to the unbalance
effect whereas the maximum amplitude at one-half of the ¢iitital speed correspond to ti2ex sub-
critical resonance and mainly to the crack effect.

So the comparisons of maximum amplitudes at one-half of teediitical speed between the rotor
with and without aropencrack can be applied to prognosis diagnosis of crack in a sytstem for low
or high rotor’s accelerations.

3.3 Wavelet analysiswith Continuous Wavelet Transform

Due to the fact that the characteristics of transient resg®icannot be precisely described and analyzed
by means of the conventional spectrum cascade plots, theximgnts will now be conducted at higher
rotor accelerations to explore the effectiveness of thekcdetection via the Continuous Wavelet Trans-
form.

Firstly, a brief basic theory of the wavelet analysis is givdlhen experimental tests for various high
accelerations of the rotor system are investigated anddtextion of cracks via the continuous wavelet
transform are undertaken.



0.0001 0.00015 0.0002

5e-005 0.0001

(@) (b) (©)

0.0004 0.0004 0.0001

0002 0.0002 <005

(€) () (9 (h)
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notchedrotor at plane A2 (case 4)

3.3.1 Basictheory

The wavelet analysis transforms a signal into waveletsatetvell localised both in frequency and time.
The continuous wavelet transform (CWT) of a functif(t) is a wavelet transform defined by

400
W) = [ rou, @
where ) -
o () = <=0 () ©

are the daughter wavelets (i.e. the dilated and shiftedoresof the "mother” wavelet) that is con-
tinuous in both time and frequencyy.is the scale parametédr,s the time parameter. The asterigk
indicates the complex conjugatef ;. ’
The following admissibility condition has to be satisfiéek C,, < +oo whereC, defines the admissi-

bility constant
+00 |4)) 2
com [T, @
—00 |
andq) is the Fourier transform af (i) = J1 £ (t) etdt). In this study, the Morlet mother wavelet has
been chosen due to the fact that it is one of the most commaelgg CWT wavelet (quite well localized
in both time and frequency space). It is defined as followmthe time domain:

1 n?

o (n) =m"3e™e™ T ®)
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wherem is the wavenumber anglis non-dimensional time parameter.

For a time signaff (¢) represented byv sampled data points (with uniform time st&y, the Continuous
Wavelet Transform of Equation 2 is a convolution of the daguencef (n') (withn’ = 1,..., N) with
a scaled and normalized wavelet. It can be representedlas$ol

N-1 '_n
Cla,n) =3 f(n) \/%\Ps (u) (6)

n'/=0

a

wheren defines the localized time index antlis the sampling interval.
The wavelet function contains unit energy at every scaletddiee normalization of the mother wavelet.

Then, the wavelet power is defined|é5(a,n) |?.
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3.3.2 Crack detection using wavelet transform

First of all, the wavelet analysis is used to compare thesteart responses of the rotor with and with-
out anopencrack. Figure 11 shows the normalized wavelet power spenﬁﬁ:fg’%w whereo? is the
variance [32] for the two cases previously detailed in $&c8.1). Comparing Figure 11(a) and (b), the
conclusion is that the continuous wavelet transform cantiffethe notchedrotor effectively. The top
figure correspond to the horizontal direction and the bottorthe vertical direction. It clearly appears
that the presence of a transverse crack induces the appearba second maximum value of the normal-
ized wavelet power spectrum (which corresponds to the sumbnic resonance of theotchedrotor)
when the rotor is passing through one-half the first critgged (fort € [45 — 50]s). These results
reflect the previous observations done in Figures 7.
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Now the experiments are conducted at higher rotor accaesato explore the effectiveness of the
crack detection via the Continuous Wavelet Transform. Tleasuared vibration behaviour of the rotor
both in vertical and horizontal directions in time are shawfigures 12(a), (c) and (e) for Cases 6, 8 and
11 (see Table 1). The associated normalized wavelet poweetrsipn are given in Figures 12(b), (d) and
(f). It clearly appears that there is no significant changedriormance of the detection of crack via the
continuous wavelet transform with high rotor acceleragionear the rotational speeds at gmf the first
critical speed for the rotor, the normalized wavelet powmgcirum increases drastically indicating the
presence of the transvergpencrack in the rotating machinery. The wavelet power specttonsists of
both unbalance and crack effects : the first peak correspoiadtdy to the crack effect and the associated
2x sub-critical resonance and the other, mainly to the unlcal@amd the interaction with the crack.
Finally, Figures 13 give the normalized wavelet power spewstfor two unbalance cases. Even if the
unbalance is important (see Figure 10(a)), the first peakathalf of the critical speed is predominant
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and the wavelet analysis can be used to identify the pressraerack in rotating machinery.
In conclusion, the change in the wavelet power spectrum l@dransient dynamic behavior of the
notchedrotor can be used as a diagnosis feature for low and high'saocelerations.

4 Conclusion

In this paper, it is demonstrated that the diagnosis of tlesgarce of a transverggpencrack based on
the transient vibration signals during machine run-up carasily done by using various appropriated
tools.

For steady-state vibration signals (low rotor's accelers), the traditional spectrum cascade plots of
the power spectral density and the evolution of orbits pastevith the classical two-loops orbit can be
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Figure 10: Maximum amplitudes at one-half of the first catispeed and at the critical speed for various
disc’s unbalance (Aiv: vertical amplitude for ti#& plane, Aih: horizontal amplitude for th&")

used to detect the presenceoplencracks. Moreover, thex harmonic components at one-half the first
critical speed is one of the most effectiveness indicatorgfack detection.

For transient vibration signals with higher acceleratiohshe rotor system, the wavelet transforms can
be applied to deteaipencracks in rotors. In this present study, it is demonstrated that changes on the
2x harmonic components based on the continuous wavelet oramsfan been successfully used and
appears to be an ideal tool for detecting crack with signfbstoansient or non-stationary nature. : the
2x harmonic components are predominant not only at one-hdtiefirst critical speed but also in its
vicinity. So, the presence of an open transverse crack caleteeted even of the rotor’s acceleration is
very high.
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Figure 13: Wavelet power spectrum for two unbalances atepks (top = horizontal direction, bottom
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