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The paper presents studies of the velocity of propagation of a horizontally polarized shear wave
(SH wave) in an aluminum hollow cylinder. The results of simulation of SH wave propagation using
the finite element method are presented. Approbation was carried out on an aluminum cylinder using
piezoelectric transducers with a dry point contact at a frequency of 105 kHz. Dependences of the
SH wave velocity on the direction of propagation in a hollow cylinder are obtained.
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INTRODUCTION

The modern acoustic guided wave method in nondestructive testing is based on the use of
longitudinal, torsional or flexural waves, as well as symmetric and antisymmetric modes of
Lamb waves [1-3]. In studying the processes of propagation of these types of waves in plates
and hollow cylinders, in most cases it is assumed that the properties of the material in which
the wave propagates are isotropic. In the presence of anisotropy, as a rule, the pattern of ve-
locity distribution along the directions changes [4—6]. Changes in the velocity of wave propa-
gation are also caused by inhomogeneities in the cross section, structural features of the con-
trol object, and various types of defects [3, 5-6]. When studying the change wave velocity un-
der the influence of these factors, it is necessary to take into account the qualitative state of
the testing object, the presence in it of stressed-deformed sections, the design features of the
transducers used, the parameters of the hardware, the size and position of the defects, and etc.
[2, 5-8]

It is known from literature sources [3, 9—17] that when testing pipelines in circumferen-
tial and axial directions, SH waves (or tH waves) are used. The advantage of using this type of
wave is that the fundamental mode SHO does not have dispersion, is more sensitive to defects,
and has a relatively smaller attenuation [3, 18-23]. To increase the sensitivity of the guided
wave method, focusing methods using phased arrays [24-30] are practiced. The most com-
mon are the synthetic aperture focusing technique (SAFT) [30-36], the total focusing method
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(TFM) [25, 37-39], the common source method (CSM) [32, 40]. When using any of the
methods for calculating the coordinates of the focus point, the wave propagation velocity is
used, while it is assumed that it does not change depending on the direction. In the presence of
anisotropy of the material properties of the pipeline, the velocity change from the direction is
taken into account. Nevertheless, even in an isotropic material, in the presence of bends and
deformations of the testing object, the wave velocity can have significant distinctions in dif-
ferent directions.

This paper presents numerical and experimental studies of the propagation velocity of the
SHO mode of a shear wave in a hollow cylindrical aluminum isotropic testing object with a
diameter of 300 mm at a frequency of 105 kHz.

GENERAL THEORY

All types of waves can exist in solids: volumetric (longitudinal and transverse waves),
surface and subsurface (Rayleigh and head waves), Lamb waves in layered media, and
Pochhammer waves in rods. Longitudinal oscillations are associated with the elasticity of the
volume of the medium and can propagate in solid, liquid, and gaseous media. Transverse
(shear) vibrations are associated with the elasticity of the shape and can only propagate in a
solid medium that is capable of resisting shear deformation. Due to the polarization process,
i.e. the relationship of the direction of propagation and the direction of particle oscillation, for
example, transverse waves can be horizontally and vertically polarized. A horizontally polar-
ized transverse (shear) wave is also called a tH-wave, in which the particles of the medium
oscillate perpendicularly to the plane of incidence. Such wave represents a pure shift [28].

Guided waves (Pochhammer waves, guided longitudinal, flexural and torsional waves,
Lamb waves) exist in testing objects, which are represented layered media (bars, pipes, tubes,
rods, plates, etc.). Guided waves, in turn, are divided into two types: longitudinal (symmet-
rical) and flexural (antisymmetric) waves. In longitudinal guided waves, the motion occurs
symmetrically with respect to the axial direction of testing object and the axial (longitudinal)
displacement component predominates. In flexural guided waves in the axial direction, flex-
ure occurs and the transverse component of displacements predominates. In addition to sym-
metrical and antisymmetrical waves, a torsional wave can propagate in extended cylindrical
objects, in which there is only one azimuth displacement component. The motion of the wave
1s symmetrical with respect to the axial direction and represents the rotation of the cross sec-
tion of the cylindrical object with respect to this axis [28].

Waves propagating along the surface of the material are called Rayleigh or surface
waves. These waves have elliptical motion of particles [28].

The types of waves are shown in Table 1. As an example, in Figure 1 shows the disper-
sion curves for an aluminum plate with a thickness of 5.675 mm and a hollow cylinder with
an outer diameter of 300 mm, which are studied in the work.

In studies of the propagation of a horizontally polarized shear wave, the frequency was
105 kHz. From the above dispersion curves it follows that, at a given frequency, the funda-
mental symmetric and antisymmetric modes of the Lamb wave and the horizontally polarized
shear wave can exist in the testing object when considering it in the form of a curved plate.
When considering the testing object in the form of a hollow cylinder, taking into account the
wave propagation along the waveguide (in axial direction of the cylinder), there may exist in
it modes of the lowest order of the longitudinal and flexural waves and the fundamental mode
of the torsional wave. Since the direction of wave propagation is taken into account in this
work, the velocities of the symmetric mode 5329 m/s, the antisymmetric mode 3012 m/s and
the horizontally polarized shear wave of 3162 m/s are used as theoretical data (Figure 1a).
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Table 1. Wave type designation and description

Wave Description
L(0,m) Axisymmetric mode of guided longitudinal wave, m — mode number
T(0,m) Axisymmetric mode of guided torsional wave, m — mode number
F(n,m) Non-axisymmetric mode of guided flexural wave, n — circumferential order, m — mode
’ number
Am Antisymmetrical mode of Lamb wave, m — mode order number
Sm Symmetrical mode of Lamb wave, m — mode order number
SHm Horizontally polarized shear wave, m — mode order number
R Rayleigh (surface) wave
6000 - Group velocity, m/s
SO
5000 1 Plate parameters:
Thickness 5.675 mm
4000 - Young's modulus 71 MPa
Shearmodulus27 MPa
SHO Density 2700 kg/m?
3000 -
2000 4 A0
—S0
1000 -
—A0
0 “ ——SHO  Frequency,kHz
0 20 40 60 80 100 120 140 160 180 200
6000 - Group velocity, m/s
L(0,2)
/—
i Hollow cylinder parameters:
5000 .
L(0,1) Externaldiameter 300 mm
Wall thickness 5.675 mm
4000 - —_Fd3) Young's modulus 71 MPa
Shearmodulus 27 MPa
T(0,1) Density 2700 kg/m3
3000 - R
\ F(1.2) L(©0,1)
L(0,2)
2000 - F(1.1)
F(1,2)
1000 -
. F(1,3)
0 —T(0,1) Frequency,kHz
0 20 40 60 80 100 120 140 160 180 200

Figure 1. Dispersion curves of group velocities in an aluminum plate (a) and an aluminum hollow
cylinder (b): S — symmetrical mode of Lamb wave, A — antisymmetrical mode of Lamb wave, SH — horizontal-
ly polarized shear wave, L — longitudinal wave, F — flexural wave, T — torsional wave (designations are present-
ed in Table 1)
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FINITE ELEMENT PREDICTION

Numerical calculation was carried out using the finite element method, implemented in
COMSOL Multiphysics. The model (Figure 2) included a cylindrical aluminum object with
length of 1.2 m, with an internal cavity 288.65 mm in diameter, and a wall thickness of
5.675 mm (Figure 2a). The discretization step for the finite element grid (mesh) was selected
based on the condition: at least five finite elements per wavelength. Thus, the grid step was no
more than 5.81 mm, and the total number of finite elements is 300963 (Figure 2b).

On the outer cylindrical surface, in the middle of the object, the only (in addition to the
default boundary conditions: Linear elastic material, Free, Initial values) boundary condition
Point Load was set in the form of a tangential azimuth force action (Figure 2a). The form of
the force action is shown in Figure 3, has a fundamental frequency in the pulse spectrum of
105 kHz and is described by the formula:

U(t):UO-e‘["2 -(m-cos(oat)—ZB-sin(oat)), (1)
where U is the amplitude, B is the attenuation coefficient, ¢ is the time, ® = 2nf'is the cyclic
(circular) frequency.

Table 2. Material properties

Parameter Value Dimension
Young’s modulus, £ 71 GPa
Shear modulus, G 26.7 GPa
Poisson’s ratio, n 0.33 -
Shear wave velocity, C 3145 m/s
Density, p 2700 kg/m’

Point of application
of tangentialforce

Maximum size of elements
5.81 mm

Internaldiameter

‘Wall thickness 288.65 mm

5.675mm

Totalelements
a 300963

Externaldiameter
300 mm

Figure 2. 3D model of the pipe (@) and finite element mesh (b): pipe length is 1.2 m,
point of application of tangential force is located at a distance of 0.6 m from the pipe end
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Table 3. Input parameters

Parameter Value Dimension
External diameter of cylinder, R, 150 mm
Internal diameter of cylinder, R;, 144.325 mm
Cylinder length, L 1.2 m
Frequency, f 105 kHz
Period, T 9.524 us

With such force action, a SH wave directed along the cylinder, a symmetric Lamb wave
mode directed in circumferential direction, and an antisymmetric mode propagating in all di-
rections were formed in the hollow cylinder. At the initial moment of time, the shape of the
elastic displacements pulse has a similar shape (Figure 3) and at an amplitude of the force ac-
tion of 6.6 N has a displacement amplitude of 50 pm.

As an example, in Figure 4 shows the distribution of elastic displacements at time 40 ps
and 100 ps. A symmetric SO, an antisymmetric AO of the modes of the Lamb wave, and
a horizontally polarized shear wave SHO are observed.

8 7 Tangentialforce,N Displacement,pm | 80
Pulse parameters:
6 Amplitude 6.6 N 60
Period 9.524 ps
Frequency 105 kHz
4 40
2 20
O e -_— 0
2 -20
-4 T T T T T T T T |T1me’ us '40
0 2 4 6 8 10 12 14 16 18 20

Figure 3. Pulse of the tangential force action (calculated by the Formula 1) and the shape of the elastic
displacements pulse (calculated in the program): arrows indicate the correspondence of the graphs to
the axes

To estimate the propagation velocity of the SH wave, formulas for constructing registra-
tion points equidistant from the point of application of the tangential force action at a distance

of 300 mm are used which describe the construction of a circle in a cylindrical coordinate sys-
tem:

x:R-sin(%-sin(a)j,

y=hy+R-cos(a), (2)

Z=R-cos(%-sin(a)j,
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where R is the outer radius of the hollow cylinder, D is the outer diameter of the hollow cylin-
der, a is the angle of propagation direction of the wave (varies from -n/2 to 3n/2 in steps of
n/180), hy is the coordinate along the y axis, where applied the tangential force (the height of
the cylinder is directed along the y axis).

P . P
Horizontally polarized shear wave SHO Horizontally polarized shear wave SHO

Antisymmetricalwave A0 Antisymmetricalwave A0

Symmetrical wave SO

\

Time
40 ps

Figure 4. Distribution of displacements at time ¢ = 40 us («) and £ = 100 pus (b): rainbow graduation is
used, the dark blue color corresponds to zero displacements, the dark red corresponds to the maximum
displacements (approximately 50 pm)

Using these formulas, the amplitude of the displacements at the points on the surface of
the hollow cylinder was estimated (Figure 5) and the signals were plotted for the displacement
components (Figure 6). As the analyzed one, the azimuth component is chosen whose dis-
placement corresponds to the displacements in the SH wave directed along the axis of the hol-
low cylinder.

In the presented signals (Figure 6), displacements corresponding to the symmetric SO and
antisymmetric A0 modes of the Lamb wave and the horizontally polarized shear wave SHO
are observed. The symmetrical mode in the frequency range up to 10 to 500 kHz has a high
dispersion, its velocity varies from 5200 m/s at a frequency of 10 kHz to 1760 m/s at
a frequency of 440 kHz, so on the signal accepted in the axial direction, low-frequency LF
and high-frequency HF symmetric mode of the Lamb wave are observed. There is also
a symmetric mode of the Lamb wave of the second order S2 at a frequency of 670 kHz,
whose velocity is 4730 m/s. In the circumferential direction of the cylinder, the symmetrical
mode is registered in the forward direction FD and in the reverse direction RD. The distance
traveled by the wave corresponds to 300 mm and 642.5 mm.
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" Axial
direction

\ Radius
\ .- 300 mm

....................
%,
%,
%,

Circumferential
direction

Figure 5. Points on the outer surface of a hollow
cylinder (calculated by Formulas 2) in which the
amplitude of elastic displacements was registered

The main disadvantage in the study is
the presence of an antisymmetric mode,
which propagates at a velocity comparable to
the velocity of a horizontally polarized shear
wave. The pulse shape of the antisymmetric
mode contains a whole spectrum of frequen-
cies and represents a pulse with a high-
frequency component that smoothly converts
to a low-frequency component having
a lower velocity. To avoid the influence of
the antisymmetric mode on the measurement
result, a band-pass filter of high order with
cut-off frequencies of 90 and 120 kHz was
used to analyze the propagation velocity of
a horizontally polarized shear wave.

The investigated horizontally polarized
shear wave had the expected maximum am-
plitude of displacements in the axial direc-
tion, which gradually decreased with the
change in the registration coordinates of the
signal. The shape of the pulse had a similar
form with the shape of the probing pulse
(Figure 3).

According to the arrival time of the
force pulse, the propagation velocity of the
SH wave was estimated on the formula:

— 3)

where L is the distance passed by the wave, fzp and tpp are the time recorded in the receiving
and probing pulses respectively (as a rule, in the zero crossing).
It was assumed that the distance traveled by the wave was 300 mm.

EXPERIMENTAL SETUP

In experimental studies, an aluminum balloon with an external diameter of 300 mm was
used. Two types of measurements were produced on the balloon: wall thickness and wave
propagation velocity. Schemes of experimental setups are shown in Figure 7.

The technique for measuring the wall thickness was as follows. The balloon surface was
uniformly marked (Figure 8) with step in the axial direction of 50.5 mm and step in the azi-
muth direction of 12°15', corresponding to 58.9 mm. Thus, in the axial direction 13 points are
marked, in the azimuth — 16, in total — 208 points. At each point, a measurement was made at
a frequency of 5 MHz using a high-frequency DIO-1000PA and a contact fluid. On the re-
ceived signals (Figure 9a), to increase the accuracy of the measurements, the fourth reflection
from the balloon walls was evaluated. The sampling frequency was 205 MHz.

The method for measuring the velocity of wave propagation included the following steps.
Marking on the surface of an aluminum cylinder in the form of a circle with a graduated scale
every degree. Excitation and reception of SH waves using specialized transducers with dry
point contact at a frequency of 105 kHz using a low-frequency DIO-1000LF. Measurement of
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the propagation time of the wave according to the received signals and the translation of the
time value into the velocity according to the formula (3). The distance traveled by the wave
was 303 mm. To increase the accuracy of calculating the wave propagation velocity, the sam-
pling frequency of the signal increased to 41 MHz, only the received signal of a horizontally
polarized shear wave was recorded (Figure 9b).

10 -Displacement,pm

SHO
8 .
6 Wave propagation in
axial direction
4 - ) SO

HE A0
S0

N e B M\nﬂ
\ VU“V "V”

a
Time, ms
4 -
0 10 20 30 40 50 60 70 8 90 100 110 120 130 140 150
4 -Displacement, pm S0
SO
AO RD
ny FD
2 Wave propagation in
circumferential direction
0 -
2 A
b .
Time, ms
4

0 10 20 30 40 50 60 70 8 90 100 110 120 130 140 150

Figure 6. Signals obtained at various points on the outer surface (where a — in axial direction, b —
circumferential direction (Figure 5)) of a hollow cylinder: LF — low frequency (less than 200 kHz),
HF — high frequency (more than 400 kHz), FD — forward direction, RD — reverse (opposite) direction
from point of application of tangential force (Figure 2a)

Both in measuring the wall thickness of the balloon and in measuring the wave propaga-
tion velocity, the propagation time of the wave was estimated from the transition from the
positive to the negative phase of the elastic oscillations.

RESULTS AND DISCUSSION

Figure 10 shows the results of measuring the wall thickness of an aluminum balloon. On
the distribution the wall thickness is observed, and on the right side (values in the azimuth
component from 150 to 300 degrees) it has higher values compared to the left part (values for
the azimuth component from 0 to 120 degrees). There is also a local minimum in the region of
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20 degrees in the fourth quadrant, corresponding to a wall thickness of 5.39 mm. Thus, in one
direction along the azimuth from the origin, the wall thickness increases (1 and 2 quadrants)
from 5.47 to 5.75 mm, on the other side (3 and 4 quadrants), first decreases, then increases
and lies in the range from 5.42 to 5.63 mm. The average value of the wall thickness from the
results of all measurements was 5.61 mm.

This unevenness in the wall thickness can be explained by the technological treatment of
the balloon surface during its manufacture. In turn, such processing could lead to inhomoge-
neity in the structure of the material.

St o S
Circumferentialstep 22,5° (58.9 mm)

i i i fa 2 3
AR 000,29

Aluminum balloon

:::::

Frequency 5 MHz DIO1000-PA

A -

“ \ Piezoelectric transducer \\ ' Piezoelectric transducer\
Y forreceiving  forexcitation \

b |

-

. Shearwave : ek ,
 Vave propaga‘fg)n + - polarization +  Radius303 mm
T / s - ; H 'f' : 'y = +7 7 I; e + \} +“.5,0§

e o .
Shearwave Direction of

polarization

m -
Frequency 120 kHz DIO1000-LF N ) p— b
- BleeSees

* E;ﬂ =) [u] &‘257

Figure 7. The experimental setup: for measuring the wall thickness (a);
for measuring the propagation velocity of the horizontally polarized shear wave (b)
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Figure 8. The scanning scheme for determining wall thickness and propagation velocity
of the horizontally polarized shear wave

Figure 11 shows the dependence of the propagation velocity of a horizontally polarized
shear wave on the wave propagation direction. Simulation showed that in circumferential di-
rection of the hollow cylinder wave velocity is higher, which is explained by the smaller dis-
tance traveled by the wave. Since the curved surface of the hollow cylinder has an inner and
outer diameter, the wave overcomes a relatively smaller distance along the inner surface,
which is expressed in an increase in the propagation velocity (which, as such, does not occur).
In this case, the shape of the pulse is distorted and the further the wave propagates, the strong-
er this distortion (for example, the longitudinal wave pulse in Figure 6b in the opposite direc-
tion does not have the same form as in the forward direction). The velocity of the horizontally
polarized shear wave in the axial direction was 3133 m/s, which can be assumed not to be dis-
torted by the curvature of the surface of the hollow cylinder. The velocity in the circumferen-
tial direction was 3220 m/s, the minimum value of 3115 m/s is observed at angles of 10-15
degrees in each quadrant. The average velocity value from the results of all measurements
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was 3181 m/s. Thus, the range of velocity variation based on simulation results was 95 m/s
(from 3115 m/s to 3220 m/s).

Probe First Second Third Fourth Fifth Sixth
1000 ulse | [reflection| reflection reflection reflection reflection reflection

2000 |Relative amplitude l

1500

500 A
0 N N WA/\VI\VA /\[\I\ ,\/\/\I\v
T A A

-500
-1000 U
-1500

| o
22000 | Time, ps
0 1 2 3 4 5 6 7 8 9 10

600 Relativeamplitude

400
Period 9.5 ps

Frequency 105 kHz

200

-200

-400

.
-600 fme, us

100 105 110 115 120 125 130 135 140 145 150
Figure 9. Signals obtained at one of the points on the outer surface of a hollow cylinder when measur-
ing its wall thickness (¢) and when measuring the propagation velocity of the horizontally polarized
shear wave (b)

When evaluating the experimental results, a similar dependence is observed with the sim-
ulation results in terms of increasing the propagation velocity in circumferential direction of
the hollow cylinder. Thus, the maximum velocity is observed in the circumferential direction
and is 3306 m/s. A minimum velocity of 3109 m/s is observed in the direction of the mini-
mum wall thickness of the aluminum balloon, with the minimum velocity range lying in the
range of 325 to 350 degrees in the fourth quadrant. The decrease in the velocity of wave prop-
agation is partly explained by the same principle as the change in velocity in the circumferen-
tial direction: the wave travels a greater distance, since the radius of curvature of the inner
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surface of the hollow cylinder increases. However, it must be taken into account that when
manufacturing a cylinder as a result of technological operations, changes in the structure of
the material may have occurred, which affected the elastic properties. The average velocity
for all calculations was 3191 m/s. In this case, the range of variation based on the results of
experimental measurements was 197 m/s (from 3109 m/s to 3306 m/s).
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T T O R
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] ] 1
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| |
0 | | | t
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Figure 10. Results of thickness measurement: the markup corresponds to the Figure 8,
solid lines indicate the lines of the contour with the same value of the wall thickness

CONCLUSIONS

According to the results of studies of the propagation of a horizontally polarized shear
wave in a hollow aluminum cylinder, the following conclusions can be drawn.

The propagation velocity of the SH wave depends on the direction: in the axial direction,
the velocity is less than in the circumferential direction of the hollow cylinder. In the investi-
gated aluminum cylindrical object with an external diameter of 300 mm and a wall thickness
of 5.675 mm, the difference of velocity was 95 m/s.

Experimental studies also showed an increase in the SH wave velocity in the circumfer-
ential direction of a hollow cylinder, regardless of the wall thickness. As the wall thickness
increases, the velocity increases: the wave travels a smaller distance along the inner surface of
the hollow cylinder.

The results of the research can be used to develop methods for guided wave testing of
large-sized cylindrical objects or large-diameter pipelines, when calculating the focusing laws
at an angle to the axial direction of the hollow cylinder.
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Figure 11. Dependence of horizontally polarized shear wave on direction of the propagation in the

hollow aluminum cylinder: upper scale (wave velocity) refers to experimental result, finite element
prediction and theoretical value; lower scale (propagation distance) refers to wall thickness
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