























1761. NUMERICAL PREDICTION OF TEMPERATURE EFFECT ON PROPAGATION OF RUBBING ACOUSTIC EMISSION WAVES IN A THIN-WALLED
CYLINDER STRUCTURE. DENGHONG XIAO, YINGCHUN SHAN, XIANDONG LIU, TIAN HE

4. Simulation of AE wave propagation in casing under temperature field
4.1. AE wave propagation in a thin-walled structure without the unwanted reflections

Fig. 9 shows the wave propagation scenes at two distinct times. It can be clearly seen that the
two fundamental mode waves are separated when the AE waves are propagating in the casing.
Besides, there are no obvious reflections when the AE waves reach the cylinder boundary. The
resulting displacements from one transducer are plotted in Fig. 10(a). It can be clearly seen from
the waveform in time domain that there is little reflections from the boundary. It confirms that
infinite elements are able to remove most of the unwanted reflections, and with the help of
Rayleigh damping they are suitable for high accuracy removal of unwanted reflection of bulk
waves. Therefore, the AE signals with high signal-noise ratio can be obtained, which are suitable
for the continuous AE source location. In addition, the AE wave propagation direction is mainly
along the axial direction while there is almost no mode wave in the circumferential direction. This
phenomenon is generated due to the directivity of the force dipole used in the AE source
simulation. Hence, if the AE sensor array is distributed along the vertical direction of the
wave-front, that is the circumference of a circle, the AE signal with strong energy and high quality
can be tested. Otherwise, if the AE sensor array is set in the direction parallel to wave front, that
is the axial of a circle, the energy of the AE signals would be weak that it is ecasy to be
overwhelmed with background noise. Some important information contained in the original AE
signals, such as the arrival time will be confused, which affects the AE source location accuracy.

Fig. 10(b) displays AE waveform in time domain and the corresponding time-frequency
analysis result. It can be found that the frequencies of AE signal mainly concentrated about
100 KHz, which agrees with result of the previous dispersion characteristics calculation. There
are two main modes of AE signals in this frequency domain. It is similar to the AE wave
propagating characteristics in the plate structure with the same thickness.
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Fig. 9. Propagation of AE wave at two distinct times

4.2. Influence of temperature on the AE wave propagation

Based on numerical simulation method of the thermo-elastic coupled issue, the influence of
temperature on the AE wave propagation is analyzed in this section. Both the uniform and
non-uniform temperature fields are taken into consideration.

4.2.1. Case of uniform temperature field

Since the temperature of the aero-engine is very high and the temperature difference of
different position is large, the temperature range of the simulation is assigned between 20 °C and
700 °C. During the analysis, several parameters of properties material must be linked with
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temperature.

The effect of the sample thermal expansion on the mass density for the Young’s modulus
calculation also has to be taken into account. Thus, in the case of a free volume submitted to a
thermal variation, the corresponding mass density p(T) is given by:

Po
Lrax(T - To)>' ™)

p(T) = (

where p(T) the mass density at room temperature Ty, a is the coefficient of linear thermal
expansion. The values of the elastic modulus E (GPa) and Possion’s ratio v used for the
theoretical calculations in this paper are given by reference [43], as shown in Table 1.
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Table 1. Elastic versus temperatures
T (°C) 21 93 149 1204] 260 | 316 371 427 | 482 538 593 649
E (GPa) | 203.4 | 198.6 | 195.1 | 191 | 188.2 | 184.1 | 175.8 | 166.9 | 154.4 | 140.7 | 124.1 | 107.6

It can be observed from Fig. 11 that at 700 °C the guided modes present a larger time of flight
(slower speed of propagation) if compared to those at 20 °C, but while at 20 °C the signal has in
average bigger amplitude with respect to that at 700 °C. The peak-to-peak amplitude is further
analyzed for all temperature values investigated. Fig. 12(a) shows the peak-to-peak amplitude
versus temperature for the first Lamb wave packet for the S; mode wave (solid waveform) and
the A, mode wave (dashed waveform). The analyzed amplitude generally decreases with the
increased temperature. Clearly, the trend is not linearly related to temperature. Fig. 12(b) shows
the arrival time of the first and the second Lamb wave packets for various damage severities
involved all temperature values investigated. The results show that for both S, mode wave and A,
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mode wave with increasing temperature values, arrival times also increase. Also, the trend is not
linearly related to temperature.

In summary, for plane time-harmonic waves the coupling function between the thermal and
mechanical fields affects the essentially mechanical waves in that these waves become dispersed
and attenuated.
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Fig. 11. Waveforms in time domain of the AE signals tested under 20 °C and 700 °C
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Fig. 12. a) Peak-to-peak amplitude versus temperatures; b) solid waveforms represent data of S; mode
wave whereas dashed waveforms correspond to 4,

Fig. 13. Non-uniform temperature field

4.2.2. Case of non-uniform temperature field

To create the non-uniform temperature field condition, the heat source is concentrated in a
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small region of the casing. The temperature of central area is 649 °C. Fig. 13 shows the
non-uniform temperature field, which is assigned as an input condition of the thermo-elastic
coupled analysis. It also displays the temperature distribution along a whole cycle path. Since the
non-uniform temperature field distribution is obtained, the thermo-elastic coupling analysis can
be carried out according to the previously proposed method. Fig. 14 shows the waveforms of the
AE signals tested from simulation with different temperature conditions. It indicates that the
non-uniform temperature field also has effects on the amplitude and arrival time of the AE wave.
Besides, although the temperature of the central area is the same as the uniform temperature field,
the influence is not the same. Thus, it is necessary to consider the factor of non-uniform
temperature field acting on the AE source localization for the real aero-engine.
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Fig. 14. Comparison of AE waveforms in time domain obtained from different temperature
5. Conclusions

When the AE wave propagates in the casing, the waveform is affected by the propagation path
and environmental factors, where the temperature has serious effect. In this paper, the authors aim
to propose a simulation method that can consider the factor of the temperature for the AE wave
propagating in the casing. The thermo-elastic coupling simulation method is proposed to reveal
the affecting mechanism of the uniform temperature field and non-uniform temperature field on
the propagation characteristics of AE waves. Some conclusions are summarized as following.

1) By analyzing the AE waveforms obtained from simulations with different temperatures, it
concludes that the peak-to-peak amplitude and arrival time are prone to be influenced. For both
Sy mode wave and A, mode wave with increasing temperature values, arrival times are delayed
while the amplitudes are decreased. Besides, the non-uniform temperature field also has effects
on the amplitude and arrival time of the AE wave. Although the temperature in the central area of
the non-uniform is the same as the uniform temperature field, the influence of the former on the
peak-to-peak amplitude and arrival time is less weak than the latter. However, the rubbing source
localization is conducted based on the difference of arriving (DOA) time among the AE sensors
rather than the DOA of one sensor. When a thin-walled cylinder structure is surrounded in
non-uniform temperature field, the temperature difference of different positions is extremely large.
Effects of non-uniform temperature field on the acoustic emission wave propagation can be
regarded as linear superposition of numerous different uniform temperature fields. The DOA of
different AE sensors is not the same so that the influence of non-uniform temperature field on the
rubbing source localization is much more complicated than the uniform temperature field.
Therefore, for the issue of non-uniform temperature field it is impossible to eliminate AE source
localization errors through changing the velocity.

2) When the AE wave propagation direction is mainly along the axial direction, there is almost
no mode wave in the circumferential direction. This is caused due to the directivity of the force
dipole used in the AE source simulation. Hence, if the AE sensor array is distributed along the
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vertical direction of the wave-front, that is the circumference of a circle, the AE signal with strong
energy and high quality can be tested. Otherwise, if the AE sensor array is set in the direction
parallel to wave front, that is the axial of a circle, the energy of the AE signals would be weak that
it is easy to be overwhelmed with background noise. This will generate large error to some
important information contained in the original AE signals, such as the arrival time, which affects
the AE source location accuracy. Therefore, the research on the mechanism of rubbing AE wave
such as predisposing factors and the directivity of energy propagation is beneficial to localize the
rubbing sources. It is absolutely essential for the authors to investigate that in future work.

3) Since the temperature influences the arrival time of the AE signals, the accuracy of AE
source localization for those methods depended on the arrival time will be reduced. In addition,
for the uniform temperature field, the AE signal amplitude decreases with the increase of
temperature, so that the amplitude of S, mode wave is severely weakened. Then the energy of the
Sy, mode wave is so poor that it is easy to be fallen into oblivion among the background noise.
Therefore, the A, mode wave can be selected as medium for rubbing source localization. Besides,
the dispersion property should be referred so that the signal with relatively weak dispersion can
be chosen. It also can develop some source localization methods which don't need accurate wave
velocity.

Acknowledgements

This work was finically supported by the National Science Foundation of China (Grant
No. 51275022), Beijing Higher Education Young Elite Teacher Project (Grant No. YETP1116).

References

[1] Yang Y., Cheng J., Zhang K. An ensemble local means decomposition method and its application to
local rub-impact fault diagnosis of the rotor systems. Measurement, Vol. 45, 2012, p. 561-570.

[2] Newkirt B. L. Shaft rubbing relative freedom of rotor shafts form sensitiveness to rubbing contact
when running above their critical speeds. Journal of Mechanical Engineering, Vol. 48, 1926,
p. 830-832.

[3] Muszyska A. Partial lateral rotor to stator rub. 3th International Conference on Vibration in Rotating
Machinery, 1984, p. 327-335.

[4] Fan C., Syu J., Pan M., Tsao W. Study of start-up vibration response for oil whirl, oil whip and dry
whip. Mechanical Systems and Signal Processing, Vol. 25,2011, p. 3102-3115.

[S] Cong F., Chen J., Dong G., Huang K. Experimental validation of impact energy model for the
rub-impact assessment in a rotor system. Mechanical Systems and Signal Processing, Vol. 25, 2011,
p. 2549-2558.

[6] Chu F., Lu W. Determination of the rubbing location in a multi-disk rotor system by means of
dynamic stiffness identification. Journal of Sound and Vibration, Vol. 248, 2001, p. 235-246.

[71 Hall L. D., Mba D. Diagnosis of continuous rotor-stator rubbing in large scale turbine units using
acoustic emissions. Ultrasonics, Issue 41, 2004, p. 765-773.

[8] Hall L. D., Mba D. Acoustic emissions diagnosis of rotor-stator rubs using the KS statistic.
Mechanical Systems and Signal Processing, Vol. 18, 2004, p. 849-868.

[9] HeT.,Pan Q., Liu X., et al. Near-field beamforming analysis for AE source localization. Ultrasonics,
Vol. 52,2012, p. 587-592.

[10] He T., Xiao D., Pan Q., et al. Analysis on accuracy improvement of rotor-stator rubbing localization
based on acoustic emission beamforming method. Ultrasonics, 2014, p. 318-329.

[11] Nakatani H., Hajzargarbashi T., Ito K., et al. Impact localization on a cylindrical plate by near-field
beamforming analysis, sensors and smart structures technologies for civil, mechanical, and aerospace
systems. Annual International Symposium on Smart Structures and Nondestructive Evaluation, San
Diego, California, 8345, 2012.

[12] Dodson J. C., Inman D. J. Thermal sensitivity of Lamb waves for structural health monitoring
applications. Ultrasonics, Vol. 53,2012, p. 677-685.

3366 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. SEP 2015, VOLUME 17, ISSUE 6. ISSN 1392-8716



1761. NUMERICAL PREDICTION OF TEMPERATURE EFFECT ON PROPAGATION OF RUBBING ACOUSTIC EMISSION WAVES IN A THIN-WALLED

[13]

[14]

[13]

[16]

[17]

(18]

[19]
[20]
[21]
[22]
(23]

[24]
23]

[26]
[27]
28]
[29]
[30]
131]
132]
[33]
[34]
135]
[36]
137]
[38]

1391

CYLINDER STRUCTURE. DENGHONG XIAO, YINGCHUN SHAN, XIANDONG Li1U, TIAN HE

Marzani A., Salomone S. Numerical prediction and experimental verification of temperature effect
on plate waves generated and received by piezoceramic sensors. Mechanical Systems and Signal
Processing, Vol. 30, 2011, p. 204-217.

Konstantinidis G., Wilcox P. D., Drinkwater B. W. An investigation into the temperature stability
of a guided wave structural health monitoring system using permanently attached sensors. Sensors,
Vol. 7,2007, p. 905-912.

Musgrave M. J. P. Temperature compensation and travel times of waves. Wave Motion, Vol. 2, 1980,
p. 17-22.

Blaise E., Chang F. Built-in diagnostics for debonding in sandwich structures under extreme
temperatures. Proceedings of 3rd International Workshop on Structural Health Monitoring, Stanford
University, CA, 2010, p. 154-163.

Lanza F., Salamone S. Temperature effects in ultrasonic Lamb wave structural health monitoring
systems. Journal of the Acoustical Society of America, Vol. 124, 2008, p. 161-174.

Kijanka P., Radecki R., Packo P., et al. GPU-based local interaction simulation approach for
simplified temperature effect modelling in Lamb wave propagation used for damage detection. Smart
Materials and Structures, Vol. 22, Issue 3, 2013, p. 035014.

Wells R., Hamstad M. A., Mukherjee A. K. On the origin of the first peak of acoustic emission in
7075 aluminum alloy. Journal of Materials Science, Vol. 18, 1983, p. 1015-1020.

Berenger J. P. Simulation of asymmetric Lamb waves for sensing and actuation in plates. Shock and
Vibration, Vol. 12, 2005, p. 243-271.

Sause M. G. R. Simulation of acoustic emission in planar carbon fiber reinforced plastic specimens.
Journal of Nondestructive Evaluation, Vol. 29, 2010, p. 123-142.

Hamstad M. A., Gallagher A. O’, Gary J. A wavelet transform applied to acoustic emission signals:
part 1: source identification. Journal of Acoustic Emission, Vol. 20, 2002, p. 39-61.

Juergen K. Computational Characterization of Adhesive Bond Properties Using Guided Waves in
Bonded Plates. Ph.D. Thesis, Georgia Institute of Technology, 2006.

Zienkiewicz O. C., Taylor R. L. The Finite Element Method. Butterworth-Heinemann, Oxford, 2000.
Moser F., Jacobs L. J., Qu J. Modeling elastic wave propagation in waveguides with the finite
element method. NDT&E International, Vol. 32, 1999, p. 225-234.

Alleyne D., Cawley P. A two-dimensional Fourier transform method for measurement of propagating
multimode signals. Journal of the Acoustical Society of America, Vol. 89, 1991, p. 1159-1168.
Seifried R., Jacobs L. J., Qu J. Propagation of guided waves in adhesive bonded component. NDT&E
International, Vol. 35, 2002, p. 317-328.

Mickael B. D. Efficient Finite Element Modeling of Ultrasound Waves in Elastic Media. Ph.D. Thesis,
Imperial College London, 2004.

Vallen Systeme GmbH. Aoyama Gakuin University, AGU-Vallen Wavelet, Munich, Germany, 2010.
ABAQUS v6.11-1 Analysis User’s Manual, 2010.

Waas G. Earth Vibration Effect and Abatement for Military Facilities (s-71-14) — Analysis Report for
Footing Vibrations Through Layered Media. Technical Report, US Army Engineer Waterways
Experiment Station, 1972.

Kausel E. An Explicit Solution for the Green Functions for Dynamic Loads in Layered Media.
Technical Report, Massachusetts Institute of Technology, 1981.

Park J. Wave Motion in Finite and Infinite Media Using the Thin Layer Method. Ph.D. Thesis,
Massachusetts Institute of Technology, 2002.

Nelson R. B., Dong S. B. High frequency vibrations and waves in laminated orthotropic plates. Journal
of Sound and Vibration, Vol. 30, 1973, p. 33-44.

Lagasse P. E. Higher-order finite-element analysis of topographic guides supporting elastic surface
waves. Journal of the Acoustical Society of America, Vol. 53, 1973, p. 1116-1122.
Rattanawangcharoen N., Shah A. H., Datta S. K. Wave propagation in laminated composite circular
cylinders. International Journal of Solids and Structures, Vol. 29, 1992, p. 767-781.

Mukdadi O. M., Desai Y. M., Datta S. K., et al. Elastic guided waves in a layered plate with
rectangular cross section. Journal of the Acoustical Society of America, Vol. 112,2002, p. 1766-1779.
Hayashi T., Song W. J., Rose J. L. Guided wave dispersion curves for a bar with an arbitrary
cross-section, a rod and rail example. Ultrasonics, Vol. 41, 2003, p. 175-183.

Han X., Liu G. R,, Xi Z. C., et al. Characteristics of waves in a functionally graded cylinder.
International Journal for Numerical Methods in Engineering, Vol. 53, 2002, p. 653-676.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. SEP 2015, VOLUME 17, ISSUE 6. ISSN 1392-8716 3367



1761. NUMERICAL PREDICTION OF TEMPERATURE EFFECT ON PROPAGATION OF RUBBING ACOUSTIC EMISSION WAVES IN A THIN-WALLED

[40]

[41]
[42]

[43]

[44]

CYLINDER STRUCTURE. DENGHONG XIAO, YINGCHUN SHAN, XIANDONG LIU, TIAN HE

Liu G. R, Dai K. Y., Han X. et al. Dispersion of waves and characteristic wave surfaces in
functionally graded piezoelectric plates. Journal of Sound and Vibration, Vol. 268, 2003, p. 131-147.
Rose J. L., Ultrasonic Waves in Solid Media. Cambridge University Press, London, 2004.

Marzani A., Viola E., Bartoli I., et al. A semi-analytical finite element formulation for modeling
stress wave propagation in axisymmetric damped waveguides. Journal of Sound and Vibration,
Vol. 318, 2008, p. 488-505.

Bocchini P., Marzani A., Viola E. Graphical user interface for guided acoustic waves. Journal of
Computing in Civil Engineering (ASCE), Vol. 25, 2010, p. 202-210.

Young Modulus of Elasticity for Metals and Alloys, http://www.engineeringtoolbox.com/young-

modulus-d_773.html.

3368

Denghong Xiao received his Ph.D. degree in Vehicle Engineering from Beihang
University, Beijing, China, in 2015. Now he works at BeiJing Electro-Mechanical
Engineering Institute. His current research interests include noise and vibration control,
structure optimization, and acoustic emission.

Tian He received his B.S. and M.S. degrees in Mechanical Engineering from Shijiazhuang
Tiedao University, China, in 2001 and 2004, respectively, and his Ph.D. in Aerospace
Propulsion Theory and Engineering from Beihang University, China, in 2008. He is an
Associate Professor at the School of Transportation Science and Engineering, Beihang
University. His research interests include fault diagnosis, acoustic emission, rubbing and
vibration signal processing.

Xiandong Liu received his B.S. degree in Automobile Engineering and M.S. degree in
Computational Mechanics from Jilin University of Technology (Jinlin University, now),
in 1986 and 1989, respectively, and his Ph.D. in Aerospace Propulsion Theory and
Engineering from Beihang University, China, in 1999. He is a Professor at the School of
Transportation Science and Engineering of Beihang University. His research interests
include vehicle system dynamics, noise and vibration control, fault diagnosis, acoustic
emission and vibration signal processing.

Yingchun Shan received Ph.D. degree in aerospace propulsion theory and engineering
from Beihang University, Beijing, China, in 2002. Now she works at Beihang University.
Her current research interests include control of structure vibration and noise.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. SEP 2015, VOLUME 17, ISSUE 6. ISSN 1392-8716



