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ABSTRACT

Various modeling techniques for ultrasonic wave propagation and scattering problems in
finite solid media are presented. Elastodynamic boundary value problems in inhomogeneous
multi-layered plate-like structures are set up for modal analysis of guided wave
propagation and numerically solved to obtain dispersion curves which show propagation
characteristics of guided waves. As a powerful modeling tool to overcome such numerical
difficulties in wave scattering problems as the geometrical complexity and mode conversion,
the Boundary Element Method(BEM) is introduced and is combined with the normal mode
expansion technique to develop the hybrid BEM, an efficient technique for modeling
multi-mode conversion of guided wave scattering problems.
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Fig. 1 SH wave scattering problem for a cylindrical cavity subjected to SH-wave
incidence
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Fig. 2 Boundary displacements around a hole due to a plane harmonic SH-wave incidence:
BEM(symbols) vs. analytical [17]

29 3% 45§48 AL 2EE o83t £AYTY SANI AEN YAHAL o
aguend g SBAERAAS FAFE H4T B30l

-418-



ves (hode covarsn

saead
V’ s be.LESVunes)
YA
¢ Ly
79
A -
—_——

()

(©
Fig. 4 Total displacement distributions around a circular cavity subjected to plane SV-wave
incidence with Poisson's ratio=0.25 (solid line:analytical sol[21], symbol: BEM)
(a) kra=0.1 (b) kra=1.5 (c) kra=5.0
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Fig. 5 A multi-layered plate-like structure
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Table 1 Material properties

Cu(mm/ g sec) |Cr(mm/ usec) o (g/cm’)
Nikel 5.6 3.0 8.75
Inconel 5.915 3.078 8.45
12
< 10
3 g
£ 6
£
= 4
Q
© 2
0
0 2 4 6 8 10
FD(MHzmm)

Fig. 6 Phase velocity dispersion curve of a Nikel-Inconel plate
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Cglmm/use
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Fig. 7 Group velocity of a Nikel-Inconel plate
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Uehde 29 AREHE Z2HAA gt 28 82 Nikel-Inconel #AW #5253 S8 359
38 3zE vl

(a) (Displacement - xx) (b) (Displacement - yy)
Fig. 8 Displacement wave structures of a Nikel-Inconel plate
(S0 at fd= 1.0 MHz mm)
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Fig. 9 Boundary element simulation of the symmetric Lamb wave(S0,fd=1.0 MHz mm)
propagation in a single aluminum plate
(a) boundary mesh with constant element, (b) boundary mesh with quadratic element

-422 -



29 108 29 99 AP BIEE wEge] ByPelA 2o HYFxE AAasgon
A4 Az 249 EF9 DAL olEdel & FART &S vehiz Yk
04
e
0
0 ,
Redli} O tUs1] 13
i 08}
13 05} . o .
Lk 04 as ged ad
14 6
A 0504036261 0 0102 03 04 05
; Noimakzed thickness
G b
Fig. 10 Constant element vs. quadratic element for SO(fd=1.0 MHz mm) modal displacement BEM
calculation (a) Real[Ux2]} (b) Im[Ux1]
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Fig. 11 BEM convergence test for SO(fd=1.0 MHz mm) modal displacement with respect to the
variation of constant element along a plate cross-section
(a) Real[Ux2] vs. normalized thickness (b) Im{Ux1] vs. normalized thickness
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Fig. 12 comb transducer geometry.
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Fig. 13 Phase velocity for an aluminum plate (Ci=6.3 km/sec, =3.1 km/sec) with two
cases of activation area for modes AQ and SO, shown with black dots for fd=2.205.
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(a) 1 element, s=2.449 mm, A4t=0 (d) 1 element, s=2mm, 4t=0.083 s
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Fig. 14 Number of elements versus time delay 4t study for the A0 mode (RF signal at f
=1.1025 MHz, a=0.8 mm, observation distance from the transducer edge equals 100mm, the
number of cycles Cy=7).
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Fig. 15 Boundary mesh discretization for modeling of Lamb wave scattering
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Fig. 16 The variations of the modulus of complex edge reflection for Sl incidence
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Fig. 17 IFT result at location 5mm away from V-notch
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5. d 8

=EdME AT 9FE $EAEAS 2 AFEAES AT mayrye
st wmut AAHA EderigezMe AMsA4E AN Bt ANE FE
& EdY7IYEe A% nigARriye 28y swe grdly] o8 toksiA 249
Roz 7t §EA22E AALEE beamo] P A &§ modelingo] B
GEFAEY 294 fﬁ*‘“ﬂ e F45Ee §ridez FANNL 4F g B
H¥dals g 0115-7'“, Aoz AFAHA  HAAYAE  speA o
SuAFre] aedd AAYLS FRY £ Ye Aoz JdET. FF ojge

-427-



#d Eobd FEATIE 243 HYU FHSEAH w& HHZEadez EAH #
A

7
£ d7E 4394 ATE 9483710 AT (20009 49 - 2002 399} A9
of o8} FAHRom olo] ZAE Eguch

o=@

Ao

[1] J. D. Achenbach, “Mathematical Modeling for Quantitative Ultrasonics”, Nondestr.
Test. Eval., vol. 8 No. 9, pp. 363-377, (1992)

[2] L. J. Bond, "Numerical Techniques and Their Use to Study Wave Propagation
and Scattering”, Elastic Waves and Ultrasonic Nondestructive Evaluation,
North-Holland, pp. 17-27, (1990)

[3] J. L. Rose, Y. Cho, and J. J. Ditri, "Cylindrical Guided Wave Leakage Due to Liquid
Loading”, Review of Progress in Quantitative Nondestructive Evaluation”, Vol. 13,
Plenum Press,. (1994)

[4] J. L. Rose, K. Rajana, and A. Plarski, "Ultrasonic Guided Waves for NDE of
Adhesive Bonded Joints in Aging Aircraft”, Proceedings of Adhesive Society Meeting,
Orlando, FL, Feb 20-24, (1994)

5 J. L. Rose, and J. Ditri, "Pulse-Echo and Through Transmission Lamb Wave
Techniques for Adhesive Bond Inspection”, British Jr. NDT, vol 34, No. 12, (1994)

[6] Y. Cho, D. D. Hongerholt, J. L. Rose, "Lamb Wave Scattering Analysis for
Reflector Characterigation”, IEEE Transactions on Ultrasonics, Ferroelectrics and

Frequency Control, Vol. 44, No. 1, pp. 44-52, (1997)

[71 Y. Cho, and J. L. Rose, "A Boundary Element Solution for a Mode Conversion
Study on the Edge Rerlection of Lamb Waves”, Journal of the Acoustical Society of
America, Vol. 99, No. 4, 99. 2097-2109, (1996)

[8] Y. Cho. and J. L. Rose, "Guided waves in a water Loaded Hollow Cylinder”,
Nondestr. Test. Eval, Vol. 12, pp. 323-339, (1996)

[9] Y. Cho. and J. L. Rose, "An Elastodynamic Hybrid Boundary Element Study for
Elastic Guided Wave Interactions With a Surface Breaking Defect”, Int. J. Solids and
Structures, to be appeared, (2000)

[10]1 Y. Cho, "Estimation of Ultrasonic Guided Wave Mode Conversion in a Plate with
Thickness Variation”, IEEE Transactions on Ultrasonics, Ferroelectrics and Frequency
Control, to be appeared, (2000)

[11) W. Zhuang, A. H. Shah and S. K. Datta, "Axisymmetric Guided Wave Scattering by
Cracks in Welded Steel Pipes”, Journal of Pressure Vessel Technology, Vol. 119, pp.
401-406, (1997)

[12] Ajit K. Mal, Pei-cheng Xu and Yosoph Bar-Cohen, "Leaky Lamb Waves for the
Ultrasonic Nondestructive Evaluation of Adhesive Bonds”, Journal of Engineering
Materials and Technology, Vol. 112, pp. 255-259, (1990)

[13]1 D. C. Gazis, "Three-Dimensional Investigation of the Propagation of Waves in
Hollow Circular Cylinders: 1. Analytical Foundation”, The Journal of the Acoustial
Society of America, Vol. 31, No. 5, pp. 568-578, (1959)

-428 -



[14]

[15]

[16]

Peter B. Nagy, “Longitudinal Guided Wave Propagation in a Transversely
Isotropic Rod Immersed in Fluid”, J. Acoust. Soc. Am., Vol. 98, No. 1, pp454-457,
(1995)

ojF™, olZFE, XEI ‘OFFZREW B4 45 2g9e Axd B AR, F=
vl o) AAb 3] A g 3] pp.99-109, (1999)

F. J. Rizzo, D. J. Shippy and M. Rezayat, "A Boundary Integral Equation Method
for Radiation and Scattering of Elastic Waves in Three Dimensions”, International
Journal for Numerical Method in Engineering, Vol. 21, pp.115-129, (1985)

[17] S. Kobayashi, Chapter 4 Elastodynamics: Boundary Element Methods in

Mechanics, North-Holland, New York, pp. 192-255, (1987)

[18] Wang, Deng and Shen, "A Time-domain Boundary Element Model for Ultrasonic

[19]
[20]

{21]

Pulse Echo”, Ultrasonics, Vol.35, pp.125~130, (1997)

&S, ‘B4 ST A4S AT TS AALAy AT, dF AEF T
A, AFEHEE & e =84, pp. 21-26, (1996)

olFd, oMY, 2&EF, “AEUY dFAF 4P SHY z&d A A"
v sk3 AL 83 R], Vol 18, no. 4, pp. 304-312, (1998)

Y. H. Pao, and C. C. Mow, Diffraction of Elastic Wave and Dynamic Stress
Concentration, Crane-Russak, New York, (1973)

-429-



