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Abstract

This work is devoted to further research and impnoent of the vibration diagnostics of the initieak-like
damage of rotation shaft in aviation gas-turbingiees (GTE). We propose to use fractal analysishef
accelerating shaft response in order to increaseldimage detection efficiency. Responses of thelexating
shaft are derived by using simulation in absenakiampresence of the initial traverse crack. Trepoases of
the cracked shaft have sub-critical peaks; theeamz in size of a crack leads to the increasedh palues of
the vibration amplitude in the range of sub-harmaesonances. The Hurst exponisnbbtained for the time
series in the range of sub-harmonic resonances.r@@archshows that asmall change in the crack size
results in considerable change of the Hurst exponehich allows to detect the mentioned sub-harmoni
resonances of the measured signal in order toifgdéné initial crack-like damage of the rotatiomadt.
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1. Introduction

This paper is a continuation of the previous resezs [1,2] dedicated to development of
the multilevel vibration control system of aviatigas-turbine engines (GTE) and its
practical implementation. The system mentioned ebocomprises the following three
levels: (i) the first (main) level - for currentmtool and awareness of the actual levels of
vibration at the harmonics of the rotor rotatioii), the second (auxiliary) level - for
diagnostics of the initial crack-like damages oé tbngine blades and (iii) the third
(auxiliary) level - for diagnosticsf the initial crack-like damage of the rotor's ha
during startup at the acceleration to operatinggdpén order to diagnose the damage of
the rotor's shaft, the peak values of vibration lE#oge in the range of sub-harmonic
resonances of accelerating cracked shaft respoasasad as fault features. Therefore,
the narrow-band digital tracking filter was deveddpin order to extract the main rotor
harmonic vibration at the non-steady-state mod@resented in [2]. The peak values of
vibration amplitudes are determined after filtration the field of sub-harmonic
resonances. The received values are comparedhitthteshold and the decision on the
presence or absence of a crack in the shaft is.made
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We propose to improve the diagnostics of the ihitiack-like damage of the rotating
shaft by using fractal analysis of the acceleratihgft response in order to increase the
efficiency of the damage detection. It is very intpat for detection of the initial crack-
like damage and especially in case of the low ditpraoise ratio.

Fractal analysis is a promising signal processirgthod used for the noise-like
signals [3]. The analysis of fractal and multifa@cproperties of time series allows
obtaining simple and suitable characteristics @& hvestigated signals, such as the
fractal dimension, Hurst exponent, and other charmtics (correlation dimension,
embedding dimension), if necessary. Changes ofrtéetioned characteristics can be
used to detect the local changes in the measuyedlsivhich are generated by the initial
crack-like damage of the rotation shaft.

2. Estimation the Hur st exponent

We propose to use the Hurst exponent of the aatelgrshaft response as a faul feature.
The oldest and best-known method to estimate thestHaxponent i$/S analysis [4].
Ratio R/S indicates ratio of the randeto the standard deviation S of the analyzed time
series. The procedure of estimation of the Hurpbeent presented in [4] is as follows:
1. It is necessary to find the mekrand the standard deviati@of the analyzed time
seriesZ;(i=1, ... ,n).
2. The data of the seriestras to be normalized by subtracting the samplenmea

X, =27 -E
3. Create the cumulative time seriesiferl, ... n:

I
Yi =2 X
=t

4. Find the range
R=max(Y;,....Y, ) —min(Yy,....Y,)
5. Calculate the mean valug/§) of the series of length
6. Obtain the value of Hurst exponetht taking into consideration that tiRS statistic
asymptotically follows the relation

R/S=r",
wherer is a time interval of the analyzed time sedes

The value of Hurst exponent allows to recognizesesistent procesd$i(> 0,5) and
anti-persistent proceshl < 0,5), for a Gaussian noise= 0,5.

3. Simulation and analysis of accelerating shaft response

The equations of motion for a Jeffcott rotor witlsracked shaft in presence of the
gravity forces and unbalance excitation, and subfecconstant acceleration, were
presented and investigated in [5]. The followingnframong the equations of motion
mentioned above are used for simulating of thelacating shaft response:
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* ininertial coordinate systemy2):

M 0\(2] (F 0)\(z] (Ky Ky)(z] (Mg 6? cos@+6sng
s ot = +Mes . ) (1)

0 MJy) 0 FJ1Y) \Kau Ky)ly) (O 62 sin6-Gcosf
whereM is the mass matrix is the damping matrix is thestiffness matrixz andy
are the displacement§;is the angle of orientation of unbalance masslative to the

axesz;
* in body-fixed rotating coordinate framé;¢):

[M oj{g}{F —2Ma(t)]{$}+ K- f(@)Ks -Maf(t) —Falt) {{}:
0 MJli) \Maft) F )ln] |Faft) K-Mdaf(t) |17

, (2)
= Mg{ CO_@ }+ Mea?(t){c_osﬂ} + M&a{ sinp }
-sin@ sing —-cosf

where w(t) is the instantaneous speed of rotation; a iscmestant acceleration of
rotation; @ is the angle of position of the rotating coordin&tame {r¢) relative to the
inertial coordinate framexyz); f is the angle of orientation of unbalance masgith
respect to crackAK: is the shaft rigidity decrease at the crack presgfiy) is the
function for crack accounting to the shaft stiffeesccording to the crack angular
positiony.

The transformation between the inertial and rotptoordinate frames is carried out
according to the following dependence:

Z) (cos®@ -—-sSn@\ ¢
[yj_(sincp cosa?j(n]' )

The model of the transverse crack is a functiofiboéathing”, the relative rigidity
changing of the shathK = AK#/K depends on the cross location of crack section and
stress-strain area of the shaft.

The computer simulation of the accelerating shegponse in absenc&K = 0) and
in presence of a small crackK = 0,005,...,0,1) is carried out by using the transied
equations (2) to non-dimensional form and deperglg3}. The time plots of non-
steady-state vibration of the rotating shaft arewshin Figure 1 for the following data:
AK = (0; 0,01; 0,05; 0,1) angl = 8 = 0°. These plots are represented in the relative scale
on the ordinate axis (non-dimensional vibration htuqle z2) and on the abscissa (non-
dimensional time). Valuez = 1000 corresponds to transition through criticabifiency
of rotation. It can be seen that the initial treerse crack results in presence of 1/2 order
sub-critical peak, and the increase of the crackmpaterAK leads to the increase in sub-
critical peak values of vibration amplitude.

Simulated signals were processed ushabovepresented procedure of estimation
of the Hurst exponent. We used two separate pdrisach signal for the analysis:
a) a sample of 500 values of non-dimensional vibnaamplitude z in the range of sub-
harmonic resonances and b) a sample of 500 valtiesom-dimensional vibration
amplitudez in the range of main resonance. Figure 2 represti@ dependence of
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obtained values of Hurst exponétion the relative rigidity changingK of the shaft for
the mentioned samples.
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Figure 1. Non-dimensional vibration amplitude ofelerated rotor at th&eK = 0 (a),
AK = 0,01 (b),AK = 0,05 (c) andAK = 0,1 (d)

In general, the Hurst exponent is decreasing afrtweasing of a crack parameter
AK for both analyzed parts of simulated signal. it ba seen in Figure 2b that the initial
transverse crack results in small changing of Hargionent of signal in the range of
main resonance (decreasing is about 19%). In thgeraf sub-harmonic resonances
(Fig. 2a) the value of Hurst exponent is decreadimga considerable extent, this
decreasing is more than 3 times at the interval reftive rigidity changing
AK =0,005, ..., 0,1. In the case &K < 0,005, the Hurst exponent dependencalkins
not informative for crack detection.
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Figure 2. The Hurst exponent dependencies onvelatjidity changingAK in the range
of sub-harmonic resonances (a) and in the range rmaonance (b)

Another simulation and fractal analysis of sigraas carried out taking into account
of additive Gaussian noise. The value of noisedgtathdeviation is selected 4,0n this
case the value of signal to noise ratio (SNR) fiedint for each simulated signal. The
noisy vibration amplitudeg, in the range of sub-harmonic resonancesAiér= 0 and
AK = 0,05 are illustrated in Fig. 3.
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Figure 3. Non-dimensional noisy vibration amplitudehe range of sub-harmonic
resonances at thek = 0 (a) andAK = 0,05 (b)

Fig. 4 shows dependence of values of Hurst expohkeoh the relative rigidity
changingAK, which are obtained for the noisy vibration ampisz, in the range of
sub-harmonic resonances. The presented result ghatvyalues of Hurst exponent is
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decreasing at the increasing crack paramgiérThe form of depengence is simiral to

the graph represented in Figure 2a, the changitfucst exponent is more than 3 times

in the presented interval oAK. Taking into account of additive Gaussian noise
eliminates method error of Hurst exponent estinmagibtheAK < 0,005.
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Figure 4. The Hurst exponent dependencalérior the noisy vibration amplitudes
in the range of sub-harmonic resonances

4, Conclusions

Research presented in this paper shows that a simatfige in the relative rigidity
changing of shaft in presence of the initial créikk-damage results in considerable
change of the Hurst exponent. This fact allows &edt the small sub-harmonic
resonances of the noisy measured signal and tdifiéime initial crack-like damage of
the rotation shaft. The usage of proposed apprachprovement of diagnostics of the
crack-like damage will promot® ensure awareness of GTE.
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