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Abstract. The shaft crack is one of the main serious malfunctions tfiah@ccur in rotating machinery. However, it is difficult
to locate the crack and determine the depth of the crack.idrptper, the acoustic emission (AE) signal and vibratispoase
are used to diagnose the crack. The wavelet transform ieaitpl AE signal to decompose into a series of time-domainadsy
each of which covers a specific octave frequency band. Than@oved union method based on threshold and cross-ctarela
method is applied to detect the location of the shaft cradie finite element method is used to build the model of the ewhck
rotor, and the crack depth is identified by comparing theatibn response of experiment and simulation. The expetahen
results show that the AE signal is effective and convenielttdate the shaft crack, and the vibration signal is feagthbtetermine
the depth of shaft crack.
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1. Introduction

The shaft crack is a frequent and dangerous fault in rotatiaghinery. The expanding of crack may lead to the
fracture of the shaft, which is a disaster for rotating maehy and causes great economic cost. Itis very important
and necessary to early detect and diagnose the shaft craokating machinery timely and accurately, avoiding
severe damage and expensive repairs.

A comprehensive research has been performed on the vib@dteocracked rotor system. Dimarogonas et al. [1]
modeled a transverse surface crack as a local elasticitghvaiters the elasticity of the whole cracked structure
under consideration and related the crack depth with theedse of the natural frequency. Dimarogonas et al. [2,
3] also developed a finite cracked Euler — Bernoulli elemand introduced the effect of coupling due to a crack
expressed by a general local compliance matrix that hacdbdegand non-diagonal terms. Sinou and Lees [4]
analyzed the dynamic response of a rotor with transvers aging the alternate frequency/time domain approach,
and 2X harmonic components are observed at one-half of gtérfiquency, 3X at one-third of the first frequency.
Bachschmid and Tanzi [5] presented a method to calculatbréething behavior of transverse cracks of different
types in rotating shafts including the thermal effects. iBaand Mayes [6] studied the effect of a propagating
transverse crack on the dynamics of a rotor-bearing systngan experimental spin rig. They concluded that
except for very large cracks, the vibration behavior is Eintb that of a slotted shaft with additional excitation due
to the crack opening and closing.

The vibration-based crack identification methods, esfigdiae model-based methods, have been rapidly ex-
panding over the last few years [7]. Seibold and Weinertfi8gstigated detection techniques based on extended
Kalman filters to detect the position and depth of crack wingeach filter represents a difference damage scenario.
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Pennacchi and Bachschmid [9] presented a model-basedéraasrack identification procedure in the frequency
domain and applied to experimental results obtained on aumesize test rig. Three cases of crack identifications
have been presented and the accurate results confirm tdéyafithe proposed approach. Sekhar [10] proposed a
model-based method for the on-line identification of crach rotor, in which, the fault-induced change of the rotor
system is taken into account by equivalent loads in the madtieal model and the nature and symptoms of the crack
are ascertained using the fast Fourier Transform. Dongpfddented a parameter identification method of a rotor
with an open crack by using the first two natural frequenamesthe first mode shape, in which the shaft is modeled
as an Euler — Bernoulli beam without regard to the crosdeseobtating inertia. Yu and Chu [12] used p-version of
finite element method to estimate the transverse vibratiamacteristics of a cracked functionally graded material
beam, and the frequency contours with respect to crackitstand size are plotted and the intersection of contours
from different modes indicates the predicted crack locatind size.

However, the crack identification methods based on the tithréehavior of mechanical systems and structures
are in general not sensitive to cracks of relatively smatetisions, in particular for detection during a regular
exploitation of the real object. Acoustic emission teclogyl is suitable technology to diagnose the crack fault.
Acoustic emissions are defined as transient elastic wavesgd from a rapid release of strain energy caused by a
deformation or damage within or on the surface of a mateti]l, especially by the crack generation and expansion.
Recentyears, application of Acoustic emission technigsleen growing in fault diagnostics of rotating machinery,
especially in bearing defect diagnosis [14], rubbing féadation determination [15] and gear fault detection [16].
AE signal is often used to detect whether these faults oaudit@ determine where the faults occur, especially to
determine the crack location [17,18]. Ghosal et al. [19]adeped a Physics-Based Model (PBM) to provide a basic
understanding of the actual physical process of asymmedrith mode wave generation and propagationin a plate,
which is very useful for the fault diagnosis.

The AE signal is prevalent nondestructive evaluation to@¥hich the sensors pick up the elastic waves generated
due to micro-cracking in metals, and matrix cracking andrfilreakage in composites. The specific merits such as
global monitoring capability and the passive nature of sensake it a preferable technique for real-time monitoring
For rotating machinery, the micro-crack may be generateldeapanded during operation, and then the AE signal
can be obtained on-line. In this paper, the union diagnosihad based on vibration (including keyphase signal)
and AE signals is proposed. The AE signals are used to igethéflocation of the shaft crack and a model-based
method is applied to identify the depth of the crack. The expental results show that the AE sign al is effective
and convenient to locate the shaft crack, and the vibrat@gmasis feasible to determine the depth of shaft crack.

2. Experimental set-up

The experimental rig is driven by a direct current shunt masashown in Fig. 1. The rotor speed can be adjusted
from 0 to 10000 rpm rapidly by the voltage speed controlldne Tength of the experimental rig is 1200 mm, the
width 108 mm and the height 135 mm. The mass of the rig is abblig4 The experimental setup consists of
the rotor kit with two supports and some disks, and a set @& datjuisition system including some eddy current
transducers and AE sensors. The two bearings are oil filmrg=aand the length of the bearing house in axial
direction is 25 mm. The diameter of the shaft is 9.5 mm withlémgth 500 mm. Any position along the shaft can
be selected as bearing point.

The keyphasor is a closing sleeve with an axial slot and thiphase signal is obtained by eddy current transducer.
The AE sensors used for this experiment were broadband gmeoss with a relative flat response in the region
between 20 KHz and 200 KHz. The AE sensors are usually placéigeonon-rotating member of machine, such as
the bearing house or the pedestal. All the signals from sengere pre-amplified, filtered, and connected directly
to a commercial data acquisition card, where a samplingaa?eMHz per channel was used during the test. The
AE signals caused by shaft crack will suffer severe atteandefore reaching the sensor and the output signal from
the AE sensors was pre-amplified at 60 dB.

The transverse crack of the shaft is produced by wire cuttiithh length 9.4 mm, width 0.2 mm and depth 4 mm
as shown in Fig. 2. The crack is about 168 mm to the right bgdroruse, as shown in Fig. 3, = 168 mm.
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1. AE Sensor 2. Bearing house 3. Rotor 4. Eddy current transducer
5. Shaft coupling 6. Keyphasor 7. Motor

Fig. 1. Rotor rig.

Fig. 2. Cracked shaft.

3. Crack location identification by AE signal

Using the differences in time-of-arrival from an AE souroeawo sensors, the position of the AE source can be
simply calculated when the AE signal propagates along atantisection shaft or beam. As shown in Fig. 3, the
signals propagating from the AE source to bearing house ABasglendt; andt, time, respectively. In addition,
propagating through oil film and bearing to Sensor A and Bndp®yt; andt, time. For different AE source at
different position¢s andt, are the same. Then the gap;, between; andt, can be used to determine the position
of AE source:

i — l— VZAtlg - V(At;— ty —t3) 1)
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Fig. 3. Locating of AE source.

whered; is the distance between the AE source and sensoisithe distance between sensors A and/Hs the
velocity of AE signal propagating in the shaft, and is the gap between the arrival times of the two AE signals.

In Eq. (1),! can be measured directly with a value of 430 mm, &njd, are constant in the rotor system. An
important parameter is the propagation velodity The AE signal propagates along the shaft can be considered a
longitudinal wave. The velocity for longitudinal wave imlg rod is used:

V== &)
P
whereE is Young’s modulus, angd is the density of steel. Finally; can be obtained as about 5200 m/s.

In order to determine the factual velocity, t3 andt,, two pencil lead break tests were undertaken. One pencil
lead break test was undertaken at positipn= 252 mm, the othet; = 138.5 mm. Then the last problem is how to
calculate the time delagt between the two AE signals. Inthe past years, several apipesavere used to determine
the first arrival time. An amplitude threshold picker is timaglest one of them.

3.1. Threshold-based location method

Using the differences in time-of-arrival from an AE sourodwo sensors, the position of the AE source can be
simply calculated. The traditional technology to detemigtiof-arrival from AE source is the first time to cross the
threshold. Figure 4 shows the waveforms of a pencil leadkotgasignals from the bearing houses. Figure 4(a)
shows the complete waveforms of AE signals whHer= 252 mm. It can be clearly seen that the amplitude of Sensor
B is much larger than Sensor A, which indicates that the cpadition is closer to Sensor B. The zoom waveform
of AE signals is shown in Fig. 4(b), in which the delay time loé two signals can be observed clearly.

The threshold-based location method is very simple anddastcan satisfy a certain error range, which leads to
the wild applications in current AE detecting system. Thsaifficiency of this method is that the amplitude threshold
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Fig. 4. The waveform of the pencil lead break AE signals.
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Fig. 5. The time delay by different threshold.

is preset by experience, which is not constant for diffetesstrs. It may lead to different identification result. As
shown in Fig. 5, when the amplitude threshold is set to Ol delay time is-15.5us (right), while the amplitude
threshold is set to 0.03, the delay time-i22 us(wrong). Further more, the AE signal may be distorted alwitiy

the propagating path, especially dealing with low-amplitsignal or the signal with strong noise. Consequently, it
may lead to a large location error and even to a false location

3.2. Cross-correlation method

The cross-correlation is a conventional method for catmuahe lag time between two signals. To compare the
sampled data separately, the normalized cross-corneletiefficientp,, is used as in

Ray(T) — mgmy, 3)

Pzy (7_) = 020y
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Fig. 6. The direct cross-correlation method.

WhereR,,, () is cross-correlation functiomy, andm,, are the mean values of the two signals respectivelynd
o, are the root mean square of the two signals respectivelynWhgreaches its maximum value, the corresponding
Tis At.

Though the cross-correlation is very useful in positionppimting for cases such as structural defects, when
it is applied directly to the cracked rotor system, it seentapable. The structural characteristics of the rotor
system are rather complex, which may influence the propawati the AE signal. The influence of oil film on
the propagation of AE signal is uncertain since the oil film paoduce some AE signal. Actually, the form of the
initial wave changes profoundly during propagation thiotige medium, and the signal emerging from the sensor
has little resemblance to the original pulse. Therefore ntethod of direct cross-correlation could be seldom to
produce the right answer. Figure 6 shows that the max lagedeet the two AE signals. It can be calculated that
At = AN/ fs = 68/2000000s = 34us, while the realAt is about 15.5:s.

The wavelet transform is very effective to improve the idfeedtion result [14]. Through wavelet transform,
signals are decomposed into a series of time-domain sigreath of which covers a specific octave frequency band.
The method of cross-correlation is applied to the decontbsigmals to detect the AE source location.

Continuous wavelet transform (WT) oft) can be defined as:

WTJ,-(a,T)zL +00:1:(1?)1/1* b7 dti, a>0 (4)
7l e ()

Wherey(t) is the mother wavelet and thHendicates its complex conjugate. a andre real-valued parameters and
can be used to characterize the scale and position featimesselet. For the actual computation of the WT, a and
7 should be dispersed. This is called discrete wavelet toams(DWT).

In the DWT, a signal can be represented by approximationslatadls. The approximation is the low frequency
component of the signal. The detail is the high frequencypmament. In Fig. 7, ‘S’ represents the raw signal,
‘A represents the approximations and ‘D’ represents thitle A signal can be broken into lower-resolution
components by using different scales. This is the wavelebihposition tree.

When a signal is decomposed intdevels with DWT, there are totally+ 1 wavelet components at levehs a
result, i.e., in the frequency domain@fmax is decomposed equally into

1 1 1
gfmaxagfmax"‘ 9i— 1fmdx;"'1§fma)(~fmax (5)

DB5 wavelet is adopted to decompose the AE signal into 5¢easld D5 signal is used for cross-correlation method.
The result is shown in Fig. 8, in which the lag-i83 indicating the lag timé\t is —16.5us.
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A3

Sarmple Cross Correlation

The wavelet transform is effective in denoising and helpsfmrove the result of cross correlation. However, when
the AE signals propagate in a complex structure, the waveatesh, wave refraction and wave mode conversion
may occur when encountering various interfaces, which reag to the wave attenuation and wave superposition.
Consequently, the phase of a certain frequency or a cer&gjnéncy band signal may be changed during propagating,

P
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= A2+ D2+ D1
=A3+D3+D2+ D1

Fig. 7. Wavelet decomposition tree.

Sample Cross Correlation Function (xXCF)

Fig. 8. The cross-correlation method based on waveletfoems

which may cause the cross-correlation location error elvaftér wavelet transform.

3.3. The improved union method

The AE signals are produced in the rotor system when the @aclrs and expands, and the elastic waves take
the shortest path from the source to the sensors. The pagia near the first time to cross the threshold is the
fastest signal from the source to the sensors, which inecdiat the partial wave is not or less influenced by the
wave reflection and wave distorting. Using this partial waveross-correlation process may acquire an improved

result. Then the improved union method can be express asvialy:

1. Applying the wavelet transform to the AE signal. Decompgghe signals into 5 levels and reconstructing

the D5 signal.

2. Using the threshold-based location method to deterrhimepproximate delay time of the two AE D5 signals

and obtain the partial wave near the first time to cross trestioid..
3. Applying the cross-correlation method to the partial &avamend the result of ii).

121
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Table 1
The lag calculated by different method
Experiment No. ™ DCM WCM TMW TMWCM
1(d1=252mm) -31 —68 -33 —28 -31
2(d1= 252mm) -31 —69 —66 —36 —29
3(d1= 252mm) —30 —84 —-32 —24 -33
Average —-30.7 —73.7 —43.7 -29.3 -31
4(d1=138.5mm) 49 73 63 65 65
5(d1= 138.5mm) 57 84 85 79 65
6(d1= 138.5mm) 68 71 13 84 61
Average 58 76 53.7 76 63.7
5 T T T T T T
ol Keyphase \\’j_
_5 1 1 L L 1 1
0 10 20 30 40 50 60
0.5 T T T T T T
Sensor A
2 0 «*t -
-
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Sensor B I
D
_1 1 1 1 1 1 1
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Fig. 9. Crack waveform at 2250 rpm.
3.4. Crack location identification

As described in Section 2, two pencil lead break tests wedenaken to determine the AE signal velocity
andts_t,. Table 1 shows the result of identification &f using different method. TM represents threshold-based
location method, DCM represents direct cross-correlatiethod, WCM is the wavelet transform cross-correlation
method, TMW is the threshold-based location method aftereled transform, TMWCM is the improved union
method.

From the table, it can be seen that the identification resuli@V method and WCM method is not constant;
while the identification result of TM is quite good if a suitalamplitude threshold is set; the best result is obtained
by the TMWCM. From the result, it can be calculatéd= 4794.1 m/s ands;_t, = 0.055us.

For the shaft crack experiment, the crack is about 168 mmns@eB, that isd; = 262 mm. The first natural
frequency of the system is around 44 Hz. The speed is inaldasgass the first natural frequency till to about
3600 r/min, and then it is decreased to under the first naftegliency, last to still. The completely increasing
and decreasing speed process is recorded for detail amabigure 9 shows the keyphase signal and AE signal at
bearing house. It can be seen that the AE energy mainly fsauséwo regions per period and the phase of two
regions are about 180 Therefore, it can be concluded that the shaft crack is an-ofmse crack. During a whole
period, when the crack is in open condition, the micro-csagill be extended; while the crack is in close condition,
the two sides of crack will impact each other slightly. Usthg improved union methodt is equal to -18:s, and
d1 = 258.3 mm with an error ratio 1.41%.
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Fig. 10. Cracked shaft segment.
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Fig. 11. Crack open-close condition.
4. Crack depth identification
4.1. Finite element model of cracked rotor system

The experimental kit is a rotor-bearing system with one distt two supports, as shown in Fig. 1. The disk mass
is 595 mg with imbalance mass 3g at radius 32.75 mm. The elemeatel of the cracked system is established, and
the cracked shaft segment is depicted in Fig. 10, ang,(z) is the fixed reference system. Thus, the finite element
model equation can be obtained:

MU + (G + C)U + (Ko — Ke(1))U = Q (6)

whereM, G, C andK, are mass matrix, gyroscopic matrix, damping matrix, stiffmatrix, respectively/ is the
vibration displacement vector including displacement emicher,( is the excitation force including the imbalance
force F,, gravity forcelV, oil film force. K.(t) is the stiffness decrease caused by the shaft crack.

Give the gravity force is much greater than the imbalancegfoaind then the crack is open and closed depending
on the gravity force. Such crack open-close condition ishim Fig. 11, where(, n) is the rotational reference.
In addition, the open-close function of the crack can be esged as [7]:

fl) = W) )
wherey = Qt — 6 + «, 6 is the related to the curvature of the shaft at the crack loeatnd determined by the
dynamic response of the shaft(¢)) = 1 denotes the crack is open whifgy)) = 0 denotes the crack is close
completely.

Assuming the maximal stiffness decrease caused by the iwrddk:, Ak, in ¢, n directions, respectively. Then
K.(t) in the fixed reference system can be computed as follawing
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Table 2
FEM shaft segment parameters

Segment no. m @ 6 @ G . MO 6 9 @9 @i
Length[nm] 30 20 20 20 20 20 20 20 20 20 20
Segmentno.  (12) (13) (14) (15) (16) (17) (18) (19) (20) (21)
Length[nm] 20 20 20 20 20 20 20 20 20 20

1 23455?8F|1D 1112131415 16 17 168 19 20 21 22
(] e e S

| oo R SR ] JE ]S ) e (]
A @@ @E e @ @WJ (10) (11)(12)(13)(14) (15) (16) (17) (18) (19) (20 21

Fig. 12. Rotor kit FEM cell partition.
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Fig. 13. The waveform and spectrum of cracked rotor.

_ Ake cos® () 4+ Ak, sin?(Qt)  (Ake — Ak,y) sin(Qt) cos(Qt)
K(t) = f(¥) (Alig — Aky,) sin(QZ) cos(Qt) Akgcsin2 (QZ) + Ak, cos? (Qt) ®)

Dimarogonas and his colleagues [3] derived a rough analyg&timation of the local flexibility, which is a function
of the relative crack depth a/D (a for crack depth, D for sh&itneter). From the flexibility matrix\ k., Ak, can
be calculated.

Thus, the dynamic response of the rotor system can be oHthineonlinear Newmark method.

4.2. Crack depth identification

After the finite element method (FEM) model of the crackeardd established with the crack depth as a fault
parameter, the nonlinear dynamic response of the crackedismbtained by Newmark method and compared with
the experiment data, and then the parameter identificatmivigm can be transferred into the optimization problem.
Afitness value, which points out the approximate level taojbggmal solution, is computed as the difference between
the actual shaft vibration outputs at some points on thet stmaf the computed results using FEM at fixed point
on the shaft. In order to reduce the influence of the noise aggHase in the sampling, the error in the frequency
domain is used to compute the fithess function:

N/2

dif =1/ [(Fx = F)?) 9)
k=1

whereF}, is the frequency value of the sampled ddfa,is the computed frequency values of the computing result,
N is the number of sample points.

The finite element model of the experimental rig is illugtchin Fig. 12 and the detailed parameters shown in
Table 2. The cracked shaft segmentis No.13 segment. Thewthi@mear dynamic response of the rotor system can
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be easily computed by Newmarkmethod. The actual waveform and spectrum of cracked rotor at rotating speed
2220 rpm are shown in Fig. 13. It can be seen that the waveform is similar to sine wave, and there are a big 1X
component in the spectrum. The 2X, 3X and some other higher harmonic components can be clearly observed in
the spectrum.

Let a/D from O to 0.5 with step 0.01, the dynamic response of the rotor system are computed by nonlinear
Newmarks method. The minimal difference between the actual shaft vibration output at the disk and the computed
result using FEM indicates the real crack depth. It can be easily identified that the a/D is 0.39, that is, ais 3.71 mm
(The exact value is 4.0 mm). For real application, the result is acceptable.

5. Conclusions

In this paper, a methodology based on AE signal and vibration signal was presented to identify the shaft crack
position and depth in rotor system. To detect the crack location with AE technique is a convenient and simple
method. A higher accuracy of the location can be achieved by only using a higher sampling frequency. For the
influences of oil film, structural characteristics, noise and other factors, the direct cross-correlation method and
the amplitude threshold-based method do not give good result for detecting the crack location. Therefore, wavelet
transform is applied to decompose the signal into a series of time-domain signals, each of which covers a specific
octave frequency band. Then the threshold-based location method is used to determine the approximate location
and the cross-correlation method to amend the identification result. The experiments have shown that this method
is effective in improving the accuracy of the result. The finite element method is used to build the model of the
cracked rotor system with the crack depth, and the depth is identified by the vibration signal in frequency domain.
The experimental results show that the vibration signal is feasible to determine the depth of shaft crack.
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