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Abstract. The article presents research on the propagation of an antisymmetric Lamb wave mode in
a hollow steel cylinder with an outer diameter of 1020 mm and a wall thickness of 16 mm at frequen-
cies of 50 and 120 kHz. Dispersion curves for a pipe and a plate are given, examples of which show
their similarity in the frequency range from 5 kHz and the presence of higher-order modes. Experi-
mental studies were carried out using piezoelectric transducers with dry point contact on a spiral
welded pipe. The research results showed the combined effect of the geometric anisotropy and anisot-
ropy of the pipe material properties on the propagation velocity of the antisymmetric Lamb wave
mode. The maximum difference in velocity depending on the angle of deviation of the wave propaga-
tion trajectory (deviation angle) was 35 and 55 m/s at a frequency of 50 and 120 kHz, respectively.
The effect of the pipe wall thickness on the character of the dependence of the velocity on the devia-
tion angle in the presence of dispersion was established, which amounted to 20 m/s per 1 mm of wall
thickness for a given pipe geometry. A qualitative description of the formation of the shape of the de-
pendence of the wave velocity on the deviation angle, which has a minimum at 30 degrees and
a maximum at 90 degrees, is presented.

Keywords: Lamb wave, hollow cylinder, wave velocity, experimental study, dry point contact, guided
wave testing, geometric anisotropy, spiral welded pipe.

INTRODUCTION

Modern methods of non-destructive testing make it possible to simultaneously detect de-
fects, carry out thickness measurement and evaluate the structure of the material (structural
health monitoring) [1-14]. One of these methods is acoustic guided wave testing, based on the
use of guided waves, in particular, horizontally polarized shear wave, symmetric and
antisymmetric Lamb wave modes. The choice of the type of wave during acoustic guided
wave testing depends on its features: the presence of velocity dispersion; sensitivity to orien-
tation, shapes and types of defects; applicability to the geometry of the testing object; proper-
ties of the material of the testing object, etc. [10-14]
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The antisymmetric Lamb wave mode has not been widely used in the detection of defects
due to the high dispersion of the velocity. However, this type of wave, along with resonance
methods, is convenient to use for determining the dimensions of the thickness of plates and
pipe walls. Using several emitters and receivers and algorithms for synthetic or active focus-
ing, it is also used to determine the coordinates of local thinning of the walls of the pipe or
plates [15-20]. Due to the high dispersion of the velocity of Lamb waves, these techniques
allow them to be used in monitoring the structure and properties of a material [21-24], acous-
tic tomography [25-29], monitoring layered structures made of composite materials [20, 30-
33], study of attenuation on discontinuities in plates [31, 34-36].

As a rule, when studying the processes of propagation of Lamb waves and evaluating re-
search results, the following methods are used: the semi-analytical method of finite elements
[37], the method of finite elements [18, 31, 35, 38, 39], Legendre spectral element method
[22], dispersion ultrasound vibrometry method [24], spectral analysis [32], analytical methods
[40,41], experimental experiments [23, 39]. To excite Lamb waves, the following methods
and transducers are used: piezoelectric transducers [16, 17, 21, 42], electromagnetic-acoustic
transducers [27, 43, 44], laser method [23, 45, 46], air-coupled transducers [39, 47, 48]. In
research and practical use, the antisymmetric Lamb wave mode often becomes an interfering
factor in the interpretation of testing results [19, 43].

When testing pipe wall thickness using an antisymmetric Lamb wave mode, the analysis
of the results becomes more difficult, since all guided wave types are influenced by both the
anisotropy of the pipe material properties and the geometric anisotropy. Studies on the influ-
ence of geometric anisotropy on the propagation velocity of the symmetric Lamb wave mode
and the horizontally polarized shear wave are presented in [49-51]. Geometric anisotropy can
change the wave velocity depending on the pipe geometry within the range up to 300 m/s
from the calculated theoretical value.

The article presents the results of studies on the influence of geometric anisotropy and the
anisotropy of the pipe material properties on the propagation velocity of the antisymmetric
Lamb wave mode in a spiral welded pipe with diameter of 1020 mm and a wall thickness of
16 mm.

DISPERSION CURVES

Dispersion curves of phase and group velocities calculated in the Elastic Waveguide
Tracer program were obtained for the pipe of the specified geometry (figure 1). For compari-
son, dispersion curves for a 16 mm thick plate are also shown (figure 2). The parameters for
calculating the curves are given in the table 1. Since the experimental studies used transducers
operating at a frequency of 50 and 120 kHz, then the velocities of all types of waves were cal-
culated for them, which are presented in the table 2 and table 3 respectively. From the pre-
sented dispersion curves (figure 1 and figure 2) and the results of calculating the velocity (ta-
ble 2 and table 3), it can be seen that the differences in the group and phase velocities for the
pipe and plate are insignificant in the frequency range from 5 kHz and more. The main differ-
ence lies in the presence of higher-order modes in pipes at high frequencies, propagating at
the same velocity as waves in the plate, and having distinctive diagrams of displacement
components along the pipe wall thickness.

It can be seen from the velocities calculated from the dispersion curves that the velocity
of the antisymmetric Lamb wave mode does not differ much from the velocity of the horizon-
tally polarized shear wave. In particular, at 120 kHz, the velocities are practically the same.
However, two types of waves can be distinguished by the direction of particle oscillations in
the displacement diagram, since the horizontal component of displacements prevails in the
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horizontally polarized shear wave, and in the antisymmetric Lamb wave mode, the normal
component of displacements prevails.
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Figure 1. Dispersion curves of group and phase velocities in a steel hollow cylinder (b):
L — longitudinal wave, F — flexural wave, T — torsional wave
Table 1. Geometric and material properties
Parameter Value Dimension Parameter Value Dimension
External radius 510 mm Shear modulus, G 82 GPa
Wall thickness 16 mm Poisson’s ratio, n 0.28 -
Internal radius 494 mm Shear wave velocity, C 3243 m/s
Young’s modulus, E 210 GPa Density, p 7850 kg/m’
Table 2. Group velocities at the frequency of 50 kHz
Mode in plate Group velocity (m/s) Mode in pipe Group velocity (m/s)
A0 3181 F(1,1) 3179
S0 5391 L(0,2) 5391
SHO 3242 T(0,1) 3242
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Table 3. Group velocities at the frequency of 120 kHz

Mode in plate Group velocity (m/s) Mode in pipe Group velocity (m/s)
A0, Al 3242,2976 F(1,1), F(1,5) 3242,2979
SO 3809 L(0,2) 3810
SHO, SH1 3242, 1746 T(0,1), T(0,2) 3242, 1746
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Density 7850 kg/m3
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Figure 2. Dispersion curves of group and phase velocities in a steel plate: S — symmetrical mode
of Lamb wave, A — antisymmetrical mode of Lamb wave, SH — horizontally polarized shear wave

To separate wave types in experimental studies, specialized designs and orientations of

transducers were used, which made it possible to create tangential or normal displacements on
the surface of the testing object.

EXPERIMENTAL SETUP

The experimental setup included a stand consisting of a system of pipelines of various di-

ameters, two piezoelectric transducers with dry point contact, and a DIO-1000LF flaw detec-

tor

(figure 3). A pipeline with a diameter of 1020 mm was marked on the outside with
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a specialized template in such a way that the points for installing the receiving transducer
were located at a distance of 1 m from the point of installing the emitter with a step of 1 de-
gree. The marking and measurements were carried out in one quadrant in the range of angles
from O to 90 degrees, while the direction along the axis along the pipe generatrix was taken as
0 degrees. As already noted, for the excitation and reception of the antisymmetric Lamb wave
mode, the normal component of the displacements was used, created and recorded by piezoe-
lectric transducers with dry point contact.

e
R4

ATIMIILO313.19TIC
(in Russian) o

Figure 3. A scheme and photo of the experimental setup: o — deviation angle — angle of deviation
of the path of wave propagation from pipe generatrix, T — transmitter, R — receiver

As a result of measurement, the figure 4 shows an echogram at the point of reception of
oscillations of a signal transmitted once from the transmitter to the receiver. To increase the
accuracy of calculating the wave velocity, the range of the recorded signal was limited by the
window including the beginning (310 ps) and end (400 ps) of the echo pulse of the
antisymmetric Lamb wave mode, while the signal sampling rate was 200 MHz.

For the time of arrival of the pulse (time of flight), the average value of the time, the ob-
served maxima and minima in the limited window of the recorded signal was taken, which
made it possible to detach from the influence of acoustic and electrical noises. Taking into
account the delay in the transducer and the time shift, calculated by the correlation method
and amounting to 34 and 51 ps at a frequency of 50 and 120 kHz, respectively, the wave
propagation velocity was calculated for a known fixed base of 1000 mm.

RESULTS AND DISCUSSION

The final result was the dependence of the propagation velocity of the antisymmetric
Lamb wave mode on the angle of deviation of the path of wave propagation from pipe

16



Yu. V. Myshkin, O. V. Muravieva, S. Yu. Voronchikhin, A. A. Pon’kina, S. A. Korolev
“The propagation of antisymmetric Lamb wave in the hollow cylinder”

generatrix (deviation angle), i.e. O degrees — direction along the pipe, along the generatrix, 90
degrees — circumferential direction of the pipe, along the envelope (figure 5).
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Figure 4. The received signal recorded by flaw detector at frequency of 50 kHz (a) and 120 kHz (b)
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Figure 5. Dependence of antisymmetric Lamb wave mode on direction of the propagation in the hol-
low steel cylinder (a) and dependence of group velocity of antisymmetric Lamb wave mode on wall
thickness in a steel plate at frequency of 50 kHz (b): deviation angle — angle of deviation of the path of
wave propagation from pipe generatrix
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The obtained dependence (figure 5a) shows two extrema: a maximum at an angle of 90
degrees and a minimum at an angle of 30 degrees. These extrema are explained by the simul-
taneous influence of the anisotropy of the pipe material properties and the geometric anisotro-
py (figure 6). The appearance of the maximum (figure 6b) is primarily explained by the pres-
ence of geometric anisotropy, as described in [49, 51], and its displacement relative to the
pipe envelope (90 degrees) is associated with the anisotropy of the material properties (figure
6¢). This shift will be the greater, the greater the anisotropy of the material properties (figure
6a). Also, the maximum and minimum are additionally shifted relative to the directions along
the envelope (90 degrees) and along generatrix (0 degrees) of the pipe, respectively, due to the
orientation of the sheet with pronounced anisotropy properties in the spiral welded pipe (fig-
ure 6d).
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Figure 6. Schematic explanation of the formation of the shape of the dependence of the wave velocity
on the deviation angle (degrees) in a spiral welded pipe: (a) influence of anisotropy of material proper-
ties, (b) influence of geometric anisotropy, (c) influence of anisotropy of material properties and geo-
metric anisotropy, (d) influence of anisotropy of material properties and geometric anisotropy in spiral
welded pipe, C; — theoretical value of the wave velocity in isotropic material

Since the dispersion of the velocity of the antisymmetric Lamb wave mode is more pro-
nounced at low frequencies, the qualitative dependences of the velocity at frequencies of 50
and 120 kHz have different forms. Velocities values change within range from 3240 m/s to
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3295 m/s with 55 m/s range span at 120 kHz and 3180 m/s to 3215 m/s with 35 m/s range
span at 50 kHz. In this case, at a frequency of 120 kHz, a “step” is observed in the range of
angles from 50 to 65 degrees, caused by the presence of modes of a higher order.

Since geometric anisotropy has the same effect on the wave velocity at any frequency
[50, 51], changes in the velocity range are associated with the anisotropy of the material prop-
erties and, to the greatest extent, with the velocity dispersion, caused by the influence of the
pipe geometry. In this case, the more pronounced the velocity dispersion, the greater the in-
fluence on the change in the wave velocity is exerted by the pipe geometry. Thus, at a fre-
quency of 50 kHz, when the pipe wall thickness changes from 16 mm to 1 mm, the velocity of
the antisymmetric Lamb wave mode will change by 20 m/s, and at a wall thickness of 28 mm,
the velocity will not change, i.e. the wave will not be sensitive to changes in the wall thick-
ness with the given testing parameters.

CONCLUSIONS

Thus, based on the results of studies of the propagation of the antisymmetric Lamb wave
mode in a hollow cylinder, the following conclusions can be drawn:

« qualitatively, the dependence of the velocity of the antisymmetric Lamb wave mode on
the angle of deviation of the path of wave propagation from pipe generatrix is similar to the
dependence of the horizontally polarized shear;

* to separate the types of waves during their excitation and reception, it is necessary to
take into account the diagram of displacements in the wave at the given frequency;

* the limits of changing the velocity range at frequencies of 50 kHz and 120 kHz for
a pipe with a diameter of 1020 mm and a wall thickness of 16 mm are 35 m/s and 55 m/s, re-
spectively;

+ the more pronounced the velocity dispersion, the more sensitive the wave to the pipe
geometry;

+ anisotropy of material properties is additionally superimposed on geometric anisotropy,
which is expressed in displacements of extrema in the dependences of velocity on the angle of
deviation of the path of wave propagation from pipe generatrix.

The research results can be used to improve the methods of guided wave testing, develop
piezoelectric transducers with dry point contact and testing systems for flaw detection, thick-
ness measurement and structural health monitoring of pipelines and their products.
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