Excitation and propagation of torsional T(0,1) mode for guided wave
testing of pipeline integrity
X. Niu?, W. Duan®, Hua-Peng Chen®”, H.R. Marques®

#National Structural Integrity Research Centre, TWI Ltd, Cambridge CB21 6AL, UK.

b Department of Engineering Science, University of Greenwich, Chatham Kent ME4 4TB, UK.

¢ Department of Mechanical, Aerospace and Civil Engineering, Brunel University London, Uxbridge,
Middlesex UB8 3PH, UK.

¢ Integrity Management Group, TWI Ltd. Granta Park, Cambridge CB21 6AL, UK.

* Corresponding author. E-mail address: hp.chen@outlook.com

Abstract
Guided wave testing is one of non-destructive testing techniques for pipeline inspection using
low-frequency ultrasonic waves. Guided wave testing uses a set of equally placed piezoelectric
transducers around a pipe, and the number of transducers in the array is a key factor for
suppressing higher order flexural modes. This paper presents an effective approach for the
excitation and propagation of torsional T(0,1) wave mode for detecting defects in a steel pipe
by using finite element numerical simulations and experimental studies. From the numerical
and experimental results, the optimised design for transducer arrangement is investigated. The
relationship between defect type, dimension and transducer arrangement is also investigated.
To validate the finite element modelling, the numerical results are then compared to the
experimental data. Finally, the sensitivity of reflected signal from defects to two types of
transducer array design is evaluated, and circumferential displacement along the pipe is

investigated by using polar plots at different axial positions.

Keywords: Guided Wave; Piezoelectric Transducer Array; Finite Element Modelling; Wave

Propagation; Pipeline Integrity.



1. Introduction

Pipelines have been widely used in industry and they need to be properly maintained for
safe and reliable operation. Non-destructive testing (NDT) of pipelines using ultrasonic guided
waves is particularly attractive because this technique could scan a relatively long section of
pipe at a single access location. The commonly used NDT methods include X-ray inspection,
ultrasonic testing (UT), guided wave (GW) testing and magnetic flux leakage (MFL) [1, 2].
For long range ultrasonic testing, guided waves work in a low operating frequency range from
20 kHz to 100 kHz [3]. Mudge and Speck [4] evaluated that a defect with a 3 - 9% area ratio
of a pipe cross-section can be detected using GW testing. High level sensitivity of guided waves
to defects is an area of interest for industry. In pipeline GW testing, generally a set of
circumferential arrays, or “rings”, is clamped around the pipe circumference. To suppress non-
axisymmetric wave modes, the transducers are equally spaced around the cylindrical structure
for the generation of a pure axisymmetric wave mode [5]. Then, the transmitted signal can form
unidirectional propagation by using multiple rings [6, 7, 8].

Guided wave mode excitation and propagation for defect detection have been widely
investigated. Gazis [9] investigated the propagation of fundamental and higher order flexural
wave modes in pipes. Silk and Bainton [10] introduced a nomenclature of X(m,n) to describe
these wave modes, in which X represents wave mode characteristics, namely L, T and F for
longitudinal, torsional and flexural, respectively, m indicates the circumferential order, and n
indicates the mode order of occurrence. The number of transducers used to generate different
wave modes has been investigated in the literature. VVolker and VVos [11] used 32 piezoelectric
transducers for excitation of guided wave modes for pipe inspection. Rose [12] simulated a
circumferential array composed of 8 transducers. Zhou et al. [13] modelled excitation with 1,
2, 8 and 32 piezoelectric transducers on the surface of an aluminium pipe to conduct the

axisymmetric torsional wave generation and propagation. Miao et al. [14] presented the



circumferential displacement simulation of torsional wave mode T(0,1) by using 12 and 24
transducers. These results show that the number of transducers per ring has significant
influence on the quality of the transmitted signal. To optimise the performance of transducer
arrays without significant increase of costs, the transducer array design can be evaluated by
finite element (FE) modelling [5, 15] and experimental studies [15, 16, 17].

This paper investigates the design of piezoelectric transducer arrays for guided wave testing.
Finite element analyses are used to simulate different designs of piezoelectric transducer arrays.
The excited signal from a one-ring transducer set-up is compared to that from a three-ring set-
up. The experimental studies were carried out using a commercially available tool, consisting
of three circumferential rings. Each ring is composed of 24 piezoelectric transducers, and the
thickness-shear (d15) piezoelectric transducers are encapsulated in a collar. The collar has to
be clamped and locked around the pipe, which leaves a gap of 33 degrees between the first and
last transducer. However, the rest of the 22 transducers are evenly distributed. The sensitivity
of received signal from defects to two transducer array designs is evaluated. Radial and axial
displacements along the pipe are evaluated in numerical simulations and experimental studies,
and circumferential displacement along the pipe is also investigated by using polar plots at

different axial positions.

2. Theoretical background

2.1 Elastic wave propagation and excitation

The theoretical background is described in literature such as [12] for guided wave excitation
and propagation in hollow cylinders. Typically, the pipe is assumed to have traction-free
boundary condition, as shown in Fig. 1. The governing Navier’s equation for guided wave

propagation in an elastic medium is written here as
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where / and x are Lamé constants, t is time and p is density, U is the displacement vector, V>
is the three-dimensional Laplace operator.
Using a separation of variable technique, Ditri and Rose [18] expressed the displacement

field as
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where the terms of v,., v, and v, are the components of displacement in the radial,
circumferential and axial direction, respectively; R (r), Ry"(r) and R."(r) are the

corresponding displacement amplitudes; The non-negative integer m (= 0, 1, 2, ...) indicates

the circumferential order, and n (=1, 2, 3, ...) indicates the mode order of occurrence; w is the

radian frequency and i = +/—1; and " is the wave number in the axial direction.

Substitution of Eq. (2) into Eq. (1) leads to a characteristic equation, and solution of the
characteristic equation delivers wavenumber solution of each mode. Equation (1) can also be
solved numerically using a semi-analytical finite element (SAFE) technique. Figure 2 shows
the results for phase and group velocity dispersion curves for an 8-inch schedule 40 steel pipe
[19, 20, 21]. The outer diameter of the pipe is 219.1 mm, and wall thickness 8.18 mm. It can
be seen that fundamental wave modes L(0,1), T(0,1) and L(0,2) are followed by three families
of higher order modes F(m,1), F(m,2) and F(m,3), respectively. The torsional wave mode T(0,1)
is widely excited for guided wave testing [3]. T(0,1) has a constant phase/group velocity, as
shown in Fig. 2, therefore this wave is completely non-dispersive.

Modal amplitudes of excited wave modes are determined by the transducer arrangement.
The amplitude of the wave mode X(m,n) in the positive propagation direction is obtained by

applying the loading conditions. The positive amplitude can be expressed here as [18, 22]:
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where R"(r) (¢ =1, 2, 3) represents amplitude in the dominant vibration direction; and P,,,,,,
represents the orthogonality relation between two modes. As shown in Fig. 1, »; and r,
represent inner radius and outer radius, respectively. The loading area is 2« (circumferential
length) x 2L (axial length), and p,(0) and p,(z) represent circumferential and axial loading

distribution functions, respectively. The angular profiles can be obtained by summing up the
angular profile of each mode in a family with weighting functions 4", which are the
amplitudes calculated from Eq. (3). In a finite element procedure, the governing equations can

be decomposed differently. The detailed numerical procedure is described in [23] and [24].

2.2 Numerical T(0,1) excitation and wave superposition
In the FE model, a Hanning-windowed tone burst T(0,1) signal is generated, and the time
domain incident signal is expressed as
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where t is time, f_is the centre frequency of the incident signal, and n, is the number of signal

cycles. From harmonic analysis using ABAQUS, mode shapes of T(0,1) and F(1,2) are
obtained and shown in Fig. 3.

A 10-cycle Hanning-windowed sinusoidal signal at 35 kHz is excited by using piezoelectric
transducer arrays. Furthermore, T(0,1) is generated in a single direction. The backward
propagating T(0,1) wave mode is suppressed by using multiple transducer arrays. In general,
two or three rings can be used to form a unidirectional T(0,1) wave mode. In this paper, the
ring spacing of 30 mm is adopted between multiple rings. For the arrangement of two
transducer rings, the first ring (Ring 1) is excited by a pulse signal, and the excitation signal of

the second ring (Ring 2) is inverted when compared to the signal of Ring 1. The signal of Ring



2 is also time-delayed, and the delay time is the value of ring spacing 30 mm divided by group
velocity of wave mode T(0,1). For the arrangement of three rings of transducers, the time
domain signal of Ring 1 is given by Eq. (4). A 35 kHz, 10-cycle Hanning windowed pulse is
employed here, as shown in Figs. 4(a) and 4(b). These displacements are normalised with
respect to the amplitude of the incident signal, thus they are dimensionless quantities. The
signal of Ring 2 is inverted, and its signal amplitude is twice of Ring 1. The signal is also time-
delayed with a value of 30 mm divided by group velocity of wave mode T(0,1), i.e. 3260 m/s
for this case. The signal of Ring 3 is the same as the signal of Ring 1, and it is also time-delayed

with a value of twice the ring spacing, i.e. 60 mm, divided by 3260 m/s.

2.3 Modelling of absorbing regions using increased mass-proportional damping

To model the absorbing regions for the boundaries of guided waves in pipes, the finite
element simulations can be carried out by using gradually increasing damping. For the
Rayleigh damping composed of mass-proportional damping and stiffness-proportional

damping, the damping matrix can be expressed as

[C]=a[M]+AIK] (5)
where [M] and [K] are the mass and stiffness matrices, respectively; « and S are mass-
proportional and stiffness-proportional damping, respectively. The related effect of the

Rayleigh coefficients « and £ on the effective damping ratio ¢ can be illustrated with a

simplified single degree of freedom system, given here as
1l o
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where @ represents the natural frequency at a given mode. It is obvious that o is more effective
at damping low frequency signals, while £ is more effective at damping high frequency signals
[25, 26]. In this paper, damping layers with gradually increasing coefficient « are used to build

the absorbing regions [27, 28, 29, 30], as shown in Fig. 5. Thus, the value of «, at the nth



damping layer can be estimated from
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where o = 2xf ; [, is the distance from the starting boundary of the absorbing region to the

centre of nth damping layer, as shown in Fig. 5; L, represents the total length of the
absorbing region; and N is the total number of damping layers. The direction of the increased
values of the mass-proportional damping is the same as the wave propagation direction.

The total length of the absorbing region (L,,,; = 600 mm) is at least six times of the
wavelength of the pulse signal at 35 kHz. The length of each individual layer is taken as 4 mm,
close to the mesh size of the FE model in the axial direction. By using a longer length of the
absorbing region, the method can be used to suppress a linear chirp signal that sweeps linearly

from low to high frequency (or vice-versa).

3. Finite element modelling

The finite element modelling for the guided wave propagation along a 5 m long, 8-inch
schedule 40 steel pipe is illustrated by using finite element software ABAQUS Explicit, as
shown in Fig. 6. The pipe is modelled as a linear isotropic material with a mass density p =
7932 kg/m?, Young’s modulus E = 216.9 GPa and Poisson’s ratio v = 0.2865. Three rings of
transducers are placed at the left part of the pipe, and Ring 3 is located at 625 mm away from
the left pipe end. Two different types of loading sources are used, i.e., point and line sources.
For the point source set-up, each ring includes 24 evenly distributed point sources. For the line
source set-up, each ring includes a line source enclosing the pipe circumference. The line
source has a width of 4 mm. The point or line sources provide surface shear force loading in
the circumferential direction. The ring spacing for two adjacent rings is 30 mm for both point

and line sources. The transmitted signal is recorded using 24 points around the circumferential



of the pipe, located at 300 mm, 1300 mm and 2300 mm away from a simulated defect,
respectively. To ensure a minimum of eight elements per wavelength in the axial direction for
satisfactory accuracy [31], 881,276 hexahedron elements are generated for the point source set-
up, and 882,684 elements are generated for the line source set-up. An average mesh size of 4
mm is used in the axial direction and four elements are used in the pipe wall thickness direction.
The step time is 100 ns and the total calculation time is 2.3 ms.

Figure 7 shows the results for torsional T(0,1) waves generated by point and line sources,
respectively. Three rings of sources are used in the numerical simulations, thus the waves only
propagate in the forward direction. From the results, a pure torsional mode T(0,1) is generated
by using the arrangement of the three rings of transducers in the numerical simulations. The
amplitude of the signal excited by line source is greater than that of the signal excited by point
source, as expected. In Fig. 8, three notches with various dimensions are simulated. Fig. 8(a)
shows an outer notch with a depth of 50% of the pipe wall thickness. Fig. 8(b) is a through-
thickness notch, and Fig. 8(c) is an inner notch with a 50% depth. The length for all these three
notches is 12 mm in the axial direction, and the width is 86.1 mm in the circumferential
direction. These notches are assumed to be at the top of the pipe.

Figure 9 shows the torsional T(0,1) wave mode propagating along the pipe and scattered
due to various notches. Higher order flexural wave modes are generated and superimposed with
the T(0,1) wave mode. The results show that the through-thickness notch produces the highest
reflected signal. The reflected signal from the outer notch is slightly larger than that from the
inner notch.

Figure 10 shows the results for the normalised circumferential, radial and axial
displacements over time for No.1 receiver at the position shown in Fig. 6. The receiver is
measured at 1300 mm away from the through-thickness notch, and it is placed at 82.5 degrees

in the pipe profile. The duration of transmitted signal is 286 us, and the travelling time is 2.25



ms. Results show that only T(0,1) wave mode is generated and then reflected from the through-
thickness notch in the circumferential direction.

Figure 11 shows the incident and reflected T(0,1) wave from three notches in the pipe, where
the simulation time is 2.25 ms. The time domain signal is obtained by summing and averaging
signals recorded at 24 positions around the circumference of the pipe. The reflection
coefficients are 7.9% for the outer notch, 16.1% for the through-thickness notch and 6.8% for
the inner notch, respectively. Figure 12 shows angular profiles of the torsional T(0,1) mode
superimposed with flexural modes for the reflected signal from three different notches. The
normalised circumferential displacements are located at z = 0.3 m, 1.3 m and 2.3 m,
respectively. It can be seen that the angular profile changes significantly when the notch
changes. The amplitude of the through-thickness notch is much larger than that of the other

two notches.

4. Experimental validation

To verify the modelling result, a test rig was designed (illustrated in Fig. 13) and
experiments were carried out for the pipe shown in Fig. 14 [16]. The torsional wave mode
T(0,1) was excited by three rings of thickness-shear (d15) piezoelectric transducers. A 4450
mm long, 8-inch schedule 40 steel pipe was used for the experimental study. The piezoelectric
transducers were driven by a Teletest® MK3 system. The signal was recorded by a CLV-3D
laser vibrometer system located at 2000 mm away from the pipe end. The laser vibrometer
measured circumferential displacements at 24 points evenly distributed around the pipe
circumference from 20 kHz to 60 kHz.

Figure 15 shows the comparison of the normalised circumferential, radial and axial
displacements by averaging results from 24 receiving points, which are obtained from

experiments and simulations for the transmitted signal at 35 kHz. There is excellent agreement



between experimental and simulated results. The fundamental wave mode T(0,1) was
generated in the circumferential direction. Note that there is a 33-degree gap between the first
and last transducers in each ring, as shown in Fig. 13, and the remaining transducers are evenly
distributed. Due to this gap, higher order modes may be generated, and the circumferential
displacements are not exactly axisymmetric.

Figure 16 shows the comparison of the normalised circumferential displacements in polar
plots obtained from experimental measurements and FE modelling. The FE modelling for the
guided wave excitation and propagation for pipe inspection is then examined using the
experimental data. From the results, there is a good agreement between the experimental results
and the FE simulations. For the selection of frequency range, 35 kHz is an appropriate testing
frequency due to the effects of non-uniform distribution of transducers in each ring and 30 mm
ring spacing for this experimental set-up. Also, the circumferential displacements are non-
uniform at 24 receivers, as shown in the polar plots, since there is a gap between start and end
transducers of the array. The flexural F(1,2) has a higher contribution than other flexural wave

modes for the non-axisymmetric transducer arrays.

5. Conclusions

In this paper, two transducer ring set-ups, i.e., point and line sources are investigated for
pipeline guided wave testing. Finite element method is used to model the difference of these
two source set-ups. An absorbing region method is used to suppress waves reflected from the
pipe end, and a three-ring system is used to generate a T(0,1) mode that travels in one direction
only. Three different notches are introduced into the pipe, and the reflected signals from these
notches are examined in time domain signals and polar plots. The appearance of high order
modes is clear. The numerical results are validated experimentally. It can be seen that non-

uniform distribution of transducers around the pipe will generate higher order non-

10



axisymmetric modes.
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Figure 1. A piezoelectric transducer placed on top of an elastic pipe.
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Figure 9. Scattering of T(0,1) by three different notches: (a) outer notch, (b) through-
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Figure 13. Schematic diagram of experimental set-up.

-
L e

. -
t E
4 . X
¥ LR,
Ao

-
s

Figure 14. Test rig for generation and measurement of T(0,1).

PC Teletest® MK3 System
3 Rjings in 30 mm Spacing
CLYV Svstem 3D Laser Vibrometer
)
{ i % 24 Measured Points are spaced
t | #  equallyaround the Pipe
L :
; X3 : & .
i Roller;Support 4450!mm Roller{Support :
[ > H e » WTS.18 mm
' 1000 mm ! ' : 1000 mm iy
l‘ |

22



— Expenimental Results
—FEA Results

Expennmental results

; Nl N

FEA resuits

Normalised Circumferential Displacement

0.5
['he transmitted
-1
0 05 1 1.5 2
Time (ms)
(@) Circumferential direction
|
g | —Experimental Results
B —FEA Results
= 05
= Experimental results
=
s 0 e
1
x
-
2 FEA results
£ -05
-
=
z
-1
0 0.5 1 1.5 2
Time (ms)
(b) Radial direction
|
- ~—Experimental Results
g —FEA Results 1
g 05
=
s Experimental results
-
£
E () ‘vnv‘vﬁvA
-
-
% FEA results
Z05
E
-
<
7
-1
0 0.5 1 1.5 2

Time (ms)
(c) Axial direction

Figure 15. Normalised circumferential, radial and axial displacements obtained from
experimental data and numerical simulations.
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Figure 16. Normalized circumferential displacements form experimental and numerical
results.
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