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Abstract

Inspection of cylindrical structures using the first longitudinal Ultrasonic Guided Wave (UGW) mode has so far been
predominantly neglected. This is due to its attenuative and dispersive behaviour, at common UGW operating frequencies (20-100
kHz). However, with the current knowledge on the level of attenuation in the first longitudinal wave mode and dispersion
compensation techniques, the first longitudinal guided wave mode no longer need to be neglected. Furthermore, the first
longitudinal guided wave mode has higher number of non-axisymmetric modes compared to other axisymmetric modes in the
operating frequency. This will enhance the flaw sizing capability which makes the first longitudinal guided wave mode a viable
prospect for UGW inspection of cylindrical structures. This study has been performed to investigate the potential of exciting the
first longitudinal guided wave mode in isolation. Numerical investigations have been conducted to investigate the pure excitation
of the first longitudinal guided wave mode. It has been shown that the first longitudinal guided wave mode can be used in UGW
inspection effectively in isolation by adopting transducers with out of plane vibration for excitation. This can reduces the cost and
weight of UGW inspection tooling. Numerical results are empirically validated.
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1. Introduction

Research on UGW inspection has expanded over recent decades, including the use of low frequency ultrasound
to screen large specimens e.g. pipes. Pipelines are widely used to transport energy products such as water and crude
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oil. As pipelines age, corrosion flaws can develop and it is therefore important to find techniques to inspect them
efficiently. Pipelines in the industries are commonly inaccessible and insulated. Because of that, UGW has become
more attractive as a non-destructive testing technique in the past two decades. Guided wave based techniques offer
the advantage of full volumetric inspection from a single test location.The UGW technique works on elongated
geometries with a constant cross-section, e.g. pipes. Sound generated in these geometries is constrained to propagate
along the axis of the body, and similarly return back to the generation position when an impedance change
(discontinuity) is encountered. UGW can only exist where there is a boundary in which to propagate. These
boundaries are said to form a ‘waveguide’. Depending on the waveguide geometry, material properties and the
excitation frequency, the possible number of wave modes will vary.

Nomenclatures for identifying guided wave modes in cylindrical structures are essential as there are a high
number of wave modes with varying displacement characteristics. Nomenclature used throughout this study was
suggested by Meitzler [1] and applied by Silk and Bainton [2]. According to this nomenclature, vibration modes in
cylindrical structures are based on the following format, X(n,m). X represents the character to denote whether the
vibration modes are longitudinal and axisymmetric, L, torsional and axisymmetric, 7, or non-axisymmetric
(flexural), F. The n is a positive integer giving the identification of harmonic variations of displacement around the
circumference and m, again a positive integer, is to indicate the incremental order of the modes of vibration within
the wall. In typical pipeline sizes and test frequencies (20-100 kHz) the three axisymmetric guided wave modes that
can be excited are L(0,1), L(0,2) and T(0,1) [3, 4].

Dispersion of UGW can occur as they propagate through the test structure. Dispersion can limit inspection
resolution because of losses in signal amplitude relative to the noise level. Also, the level of dispersion in a
particular wave mode will affect data interpretation [5, 6, 7]. Fig. 1 illustrates the phase velocity dispersion curves
for an 8inch Schedule 40 steel pipe (outer diameter: 219.1mm and wall thickness: 8.18mm) calculated using the
RAPID (Rapid Automated Pipe Dispersion Curve Generator) software [8]. In Fig. 1, black lines represent
axisymmetric modes present in the typical UGW operating frequency range (20-100kHz) and blue lines represents
family of flexural wave modes. The Fig. 1 has been used to illustrate the higher number of flexural wave modes
associated with the L(0,1) mode. The number of flexural wave modes at a range of frequencies have been recorded
for each of the L(0,1), T(0,1) and L(0,2) wave mode families. This is shown graphically in Fig. 2. In typical UGW
operating frequencies, the L(0,1) wave mode has four times more flexural wave modes than L(0,2) and two times
more flexural wave modes than T(0,1) wave mode. The higher numbers of flexural wave modes are likely to result
in better flaw sensitivity [9, 10]. This indicates that, there are potentially beneficial properties of the L(0,1) wave
mode to increase the resolution and achieve higher flaw sensitivity of UGW inspection. Research has been
performed to compensate the dispersion [5] and attenuation [11] of L(0,1) wave mode. Therefore, the dispersion and
the attenuation is no longer an impediment to use the L(0,1) for UGW inspection of cylindrical structures.

In the present paper, a Finite Element Analysis (FEA) has performed to investigate the potential of exciting the
L(0,1) in isolation. Based on the FEA results, new UGW transducers are developed to excite the L(0,1) in isolation
and validated empirically.
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Figure 1: Phase velocity dispersion curves for an 8 inch Figure 2: Variation of the number of flexural wave modes with
schedule 40 steel pipe (outer diameter: 219.1mm and wall corresponding frequency of 8inch Schedule 40 steel pipe (outer
diameter: 219.1mm and wall thickness: 8.18mm)
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2. Finite element analysis

The FEA has been performed to study the potential of exciting the L(0,1) in isolation. A 3D model was built
using ABAQUS/EXPLICIT version 6.13 Finite Element (FE) software [12]. A pipe was modelled as a nominal
8inch schedule 40 steel pipe (outer diameter: 219.1lmm and wall thickness: 8.18mm) with an axial length of 2.5m.
The material properties used for steel were assumed as follows: Density (p) = 7830kg/m’, Young’s modulus (E) =
207GPa and Poisson’s ratio (V) = 0.3. A linear eight node brick element (C3D8) has been used to reduce the
computation time. Number of elements was calculated to use at least eight elements to represent the smallest
wavelength in the operating frequency. This type of mesh refinement has been adequately used in previous studies
[13, 14, 15]. To avoid reflections from the free edge of the pipe, an absorption region was used as shown in Fig. 3(a)
without modelling a lengthier pipe for computational efficiency. The absorbing boundary was achieved by use of the
'infinite element' (ABAQUS element type CIN3DS [12]).

The L(0,2) wave mode has predominantly axial displacement and the L(0,1) wave mode has radial displacement
and low axial displacement. Commercially available ring of UGW transducers (axially aligned) can be used to
excite the L(0,1). However, commercial UGW transducers excite both wave modes, due to the axial displacement of
L(0,2) and L(0,1) wave modes, which means an additional ring of transducers are required to suppress the spurious
wave mode. These additional rings of transducers increase the cost and weight of commercial tooling.

FE model was performed to study the waveforms generated by current commercially available UGW transducers
by applying in-plane shear vibration longitudinally. Then another FE model was performed to study the waveform
generated by applying compression vibration (out-of-plane). For this specific example, a 40kHz, 10-cycle Hann-
windowed pulse was excited at transmitting points 0.5m away from the pipe edge. The generated waveforms in both
FE models were monitored 1.5m away from the transmitting points (Fig. 3(a)). Excitation was applied using equally
spaced 24 points around the circumference to suppress flexural modes and transmit only axisymmetric modes in the
UGW frequency region.

Fig. 3(b) and (c) illustrates the predicted time-domain data from the FE models and displacement caused by each
transducer arrangement (in-plane shear vibration and out-of-plane vibration, respectively). Predicted waveforms are
labelled based on the time-of-flights information extracted from dispersion curves (Fig. 1). Fig. 3(b), illustrates the
waveforms generated by longitudinally aligned UGW transducers. Both the L(0,1) and the L(0,2) wave modes were
generated due to the axial displacement in both modes. Furthermore, it is evident from the Fig. 3(b) that the L(0,2)
has mostly axial displacement. Therefore compression (out-of-plane) transduction suppresses the L(0,2) wave mode
and transmit the L(0,1) in relative isolation (Fig. 3(c)). Based on this study, there will be no need of additional rings
transducers to suppress the L(0,2) and the data interpretation will be easier due to the mode purity.

3. Empirical validation
Compression transducers (out-of-plane vibration) are designed for the same dimensions as the current commercial

UGW thickness-shear transducers to be used with the existing UGW hardware. Laboratory experiments have been
performed on an 8-inch schedule 40 steel pipe (outer diameter: 219.1mm and wall thickness: 8.18mm). To validate
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Figure 4: (a) experimental setup and monitored waveforms generated by (b) in-plane shear longitudinal vibration and (c) out-of-plane
(compression) vibration

the FEA results in Section 2, a ten cycle Hann-windowed 40kHz pulse has been applied using 24 evenly spaced
commercial UGW transducer (longitudinally aligned) and compression transducers. Generated waveforms are
captured 1.5m away from the excitation. The layout of the experiment and the results are illustrated in Fig. 4.

There is a good agreement with the predicted FE results in Section 2 and experimental results in Section 3. Based
on these results, the most adequate way to excite the L(0,1) in isolation for UGW inspection is using transduction
with compression vibration and the L(0,2) is suppressed due to the out-of-plane vibration. Therefore, there is no
need of additional rings of transducers to suppress L(0,2) wave mode. This reduces the cost and weight of UGW
inspection tools. Furthermore, it will make the data interpretation less complicated.

4. Conclusion

The aim of the work presented was to study the potential of adopting the L(0,1) wave mode for UGW inspection
of pipelines. In the literature, less attention has been given to the UGW inspection using the L(0,1) guided wave
mode due to its dispersive and attenuative properties. However, dispersion could be minimised by selecting an
appropriate frequency and/or dispersion compensation techniques [5] could be used. Attenuation also differs in
different frequency regions so it is possible to create the test with low attenuation [11]. Therefore, a combination of
careful frequency selection and application of appropriate signal processing procedures make inspection with the
L(0,1) a viable prospect. Having higher number of flexural modes will enhance the capability of flaw sizing
techniques and UGW focusing methods. Suitable transduction technique has been investigated for exciting the
L(0,1) in isolation. It was validated that the compression transducers are capable of exciting the L(0,1) in isolation
for UGW inspection of pipelines. This eliminates the need of having additional rings of transducers to suppress
spurious wave modes. This reduces the cost and weight of UGW inspection tooling.

Further work will be performed to study the UGW inspection using the L(0,1) wave mode for flaw sizing and
UGW focusing. Furthermore, the UGW inspection of coated and buried pipelines using the L(0,1) need to be
investigated.
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