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ABSTRACT

Guided wave testing can identify defects on the pipe structure using an array of
piezoelectric transducers. Commonly, a circumferential array is clamped around the
surface of the pipe. A 3% - 9% of cross-sectional area reduction is a general optimum
range of the sensitivity of the operation. However, this is highly dependent on the
signal-to-noise ratio of the operation. The signal-to-noise ratio is dependent on many
factors, such as the non-uniform transducer distribution across the circumferential array.
For example, a commercially available circumferential array design with 24 transducers
can present an evenly spacing of around 14 degrees, between transducers in the array
and an odd spacing of 33 degrees between the start and end transducers comprising
the array, when it is mounted on an 8in 40sch pipe. This odd spacing, consequence of
the array mechanical design, plays a role on the inspection ability of the array in defect
detection. Therefore, evaluation of the effect of this odd spacing in the signal to noise
performance and optimisation of the transducer array design to enhance performance
in applications is still a requirement. In this paper, the performance optimisation of
piezoelectric transducer arrays in pipes, which will be achieved through a combination
of linear superposition analysis, finite element analysis (FEA), and experimental testing,
is discussed. A series of parameters will be evaluated including transducer excitation
variability, the number of transducers per array and variations in array spacing. The
characterisation of multiple transducer array design parameters and their effect on
array performance could be obtained from the research results. The propagation of the
fundamental torsional wave mode T(0,1) and its interaction with a ‘family’ of flexural
wave mode F(n,2) in steel pipe structures and its interaction with pipe defects will be
evaluated through finite element (FE) models. In a pipe model, it is evaluated the
influence of a range of spacing’s between the start and end transducers in a
circumferential array, relatively to the T(0,1) and F(n,2) proportion of circumferential
wave mode interaction.
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1. INTRODUCTION

Pipes are widely-used in the industry. Structural failure of these is of high concern
to engineers because many are used in pipelines to carry oil or gas. There is a high risk
of accidents owing to the loss of pipe wall thickness by corrosion or fatigue cracks. To
reduce these health and safety risks, non-destructive testing (NDT) and structural
health monitoring (SHM) systems have been employed, such as ultrasonic testing (UT),
X-ray inspection and guided wave (GW) testing. From these technologies, GW testing
has a distinct advantage over other technologies for pipeline inspection. A publication
described GW testing as typically operating at a lower range of frequencies, from 20
kHz to 100 kHz, when compared with UT (Mudge, 2001). Another publication also
described that GW can propagate over a long distance with a high susceptibility to
interference (Tse & Wang, 2009). GW testing can travel many tens of metres with
minimal attenuation for pipe screening under an ideal structure condition.

A 3 — 9 % defect of cross-sectional area of a pipe can be detected using GW
testing, depending on the signal-to-noise ratio (Sharan, et al., 2015). A high purity
torsional wave mode T(0,1) had been evaluated through 24 transducers equally spaced
on the pipe circumference (Niu et al. 2017a). In this paper, it is presented the first steps
towards the optimisation of transducer arrays for pipe inspection. The study includes
modelling using FEA and experimental evaluation of GW propagation on a 4.45 m long,
8-inch (219.1 mm outer diameter), schedule 40 (8.18 mm wall thickness) steel pipe.
The transducer array design used in the simulation is based commercially available tool
incorporating three circumferential arrays “rings”. Each ring array includes 24
transducers exciting the fundamental torsional wave mode T(0,1), (O is the zeroth
circumferential order, 1 is the first torsional wave mode) and a number of flexural wave
modes F(n,2) (n is the nth circumferential order, 2 is the second flexural wave mode, n
=1, 2, 3...). As with the tool, the evaluated simulation includes a 33-degree spacing
between the start and end transducers of the array. An equally spaced 24-points array
around the pipe was modelled operating as receivers. The same test setup was used
experimentally with the aid of a 3D laser vibrometer.

2. FREQUENCY SELECTION AND CIRCUMFERENTIAL WAVE MODES

The selection of excitation GW modes and frequency range is necessary for an
effective function of ultrasonic GWs (Lgvstada & Cawley, 2011). The dispersion curves
can present a relationship between GW modes and frequency range. For GW testing, a
range of the operation frequency is widely-used between 20 kHz and 100 kHz. In 1979,
it was established a nomenclature of X (X, y) to describe GW modes in pipes (Silkk &
Bainton, 1979). The X represents the guide wave mode operation, namely L, T or F for
longitudinal wave mode, torsional wave mode or flexural wave modes respectively. The
x indicates the circumferential order, x = 1, 2, 3, 4, 5...n, and the y indicates the mode
order of occurrence, y =1, 2, 3, 4, 5...n. Figure 1 presents the group velocity dispersion
curves for an 8-inch and schedule 40 steel pipe. These dispersion curves were
generated by DISPERSE (Pavlakovic, et al., 1997) version 2.0.20a.
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Fig. 1 Group velocity dispersion curves for an 8-inch schedule 40 steel pipe

In this range of frequencies, it can be found that the T(0,1) mode with a ‘family’ flexural
wave modes F(n,2), the longitudinal wave mode L(0,1) with a ‘family’ flexural wave
modes F(n,1) and the longitudinal wave mode L(0,2) with a ‘family’ flexural wave
modes F(n,3) exist. In this paper, the frequency of 37 kHz was selected because it was
shown to be an effective operating frequency for the tool used, with a higher T(0,1)
amplitude achieved when compared with other operating frequencies. However, the
tool reliability at this frequency was limited to the predefined ring spacing of the
transducer array. At the selected frequency, the torsional wave mode T(0,1) with a
‘family’ flexural wave mode F(n,2) exist within the frequency bandwidth.
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Fig. 2 Selection of displacement shapes of guided wave modes in an 8-inch, schedule
40 steel pipe
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Figure 2 shows the displacement shape of the T(0,1) and F(1,2) modes. The
effective characteristics of displacement shapes are generated by ABAQUS software. It
indicates that the T(0,1) is an axisymmetric wave mode and that the F(1,2) is a non-
axisymmetric wave mode. A high purity axisymmetric wave mode T(0,1) can be excited
if the transducer array has equal spacing across all transducers. If not, the non-
axisymmetric wave modes can be more predominant.

3. THEORETICAL BACKGROUND

3.1 Excitation

The modelled transducer array was excited with a 10 cycle pulse at 37 kHz to
generate the T(0,1). This wave mode causes in-plane angular displacements. The
selected number of cycles was aimed at reducing the signal bandwidth to prevent
excitation of other modes. The excitation was done by a Hanning windowed tone burst
signal given by

F(t) = %[1 — cos (Zant)] sin(2rft) (2)

where t is the time, f is the centre frequency of the wave mode, and n is the number of
the signal cycles.

Fig. 3 A channel of transducers collar

Figure 3 shows a channel of transducers collar in a tool for pipe inspection. Ring
No.1, Ring No.2 and Ring No.3 are installed at the front, middle and back of the tool,
respectively. It has a total of 24 channels around a pipe and a 33-degree gap between
No.1 channel and No.24 channel of the transducers collar. The 30 mm ring spacing
was used in this paper.

The three-ring excitation by a 37 kHz, 10-cycle Hann windowed pulse in the time
and frequency spectrum is shown in Fig. 4. The T(0,1) mode and a ‘family’ of F(n,2)
flexural modes are excited by circumferential motion at this frequency. In the tool
system, the transducers array of Ring No.1 was excited by Eg. (1). The signal of Ring
No.2 was inverted for a function of undesired signal cancellation, and the Ring No.3 is
time-delayed by the ring spacing of 30 mm divided by phase velocity of wave mode
T(0,1). The use of three rings is aimed at the cancelation of unwanted modes and
directional control of the selected mode.
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Fig. 4 Ultrasonic guided wave excitation signal: (a) time record; (b) frequency spectrum
Rose (2014) described the assumed guide wave mode particle displacement
components (u,, ug and u,) as per Eq. (2)

u,= A, (r) cos(m@)ekz—ob),
ug= Ag(r)sin(mf) e!kz-ot)
.= A, (r) cos(m@) e!kz=»t) 2)

where the terms of u, ug, U, are the components of displacement in the radial,
circumferential and axial directions, respectively. The terms A,(r), Ag(r) and A,(r), are
the corresponding displacement amplitudes composed of Bessel functions in the out-of-
plane. The mode circumferential order is indicted by m (0, 1, 2, 3, ...n), while, kz
indicates the angular wavenumber in the axial (z) direction.

3.2 Spatial Filtering

The function of spatial filtering technique is described by Catton (2009). The wave
mode content of a multi-modal wave signals can be given by

S = ifozn Mocos(L.(8 — ¢)).db. Ap,. cos(m;(0 — Pm,)) 3)
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where, S is the displacement of the summed signal, | is the mode order, A, is the

amplitude with wave mode | propagation, N is the number of modes, df is the spacing
between transducers and m; is the circumferential mode order of mode i.

4. FINITE ELEMENT NUMERICAL MODELLING

4.1 Transducer Array Modelling
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Fig. 5 Pitch-catch operation setup and GW modes propagation of FEA model for an 8-
inch, schedule 40 steel pipe

Figure 5 shows an illustration of the pitch-catch operation setup and the
propagation of the GW modes propagation from the FEA models conducted using an 8-
inch schedule 40 steel pipe model. In the model, the transmitter array of transducers is
located on the pipe left end. The array is formed of 3 rings of 24 transducers (modelled
as point sources) equally spaced except for an odd 33 degrees spacing between two
transducers. The receiving array, composed of 24 equally spaced receivers, is located
2 m away from the pipe left end. For the steel pipe model, a mass density (o) of 7850
kg/m®, a Young’s modulus (E) of 210 GPa and a Poisson’s ratio (v) of 0.3 was selected.
The transmitter array was excited by a 10-cycle Hanning windowed sinusoidal tone
burse with the centre frequency of 37 kHz, giving a +7.4 kHz bandwidth. A total of
829830 elements were generated for the FE mesh. An average mesh size of 3.2 mm
and a step time of 155 ns was used.

The data generated by the FEA model was collected with the default Cartesian
coordinate system. Given the geometry of the model, and the GW modes displacement
these were then transposed to the location of each of the receivers and converted to
the cylindrical coordinate system and analysed using MATLAB software.
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Fig. 6 Displacement/time plot at No.1 receiver

Figure 6 shows the T(0,1) displacement amplitude versus time plots originated by
receiver No.1, for a number of transmitter arrays with a range of odd spacing’s ranging
from 15 degrees to 33 degrees. The plots in Fig. 6 shown the displacement amplitude
measured in the circumferential direction resulting mainly from T(0,1) direct
transmission and the same mode reflecting from the pipe end. The displacement scale
was zoomed in to observe the dispersed signal because of flexural wave modes F(n,2)
in existence. To excite a high purity axisymmetric mode T(0,1), and suppress undesired
non-axisymmetric wave modes F(n,2), a range of simulated gaps between the start and
end transducers of the array, was evaluated, ranging from 15 degrees to 33 degrees. A
33-degree spacing was the value found in commercially available transducer arrays for
the inspection of pipe structures. A 15-degree spacing occurs when all 24 transducers
are equally distributed around the 8-inch pipe. From the results, we can see that when
the spacing is of 15 degrees, a high purity T(0,1) was excited. As the odd spacing
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increases from 15 degrees to 33 degrees, the amplitude of the unwanted dispersive
modes F(n,2) also increases.

Circumferential Displacement
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——@ 25 degrees
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Fig. 7 Polar plot of all maximum displacements in the circumferential direction
measured at each of the 24 receivers

Figure 7 presents a polar plot of the amplitude values for circumferential
displacement at each of the transducers in the array of receivers, measured at 2 m
away from the array of transducers. When an even array spacing of 15 degrees exist,
the circumferential displacement amplitude is relatively constant across all the receivers.
When the spacing between two transducers (in the example, located on either side of
the 90 degrees position), is increased from 15 degrees to 33 degrees in a series of
steps, it is noted that the amplitude decreases at transducers approximately positioned
at 90 degrees, while for the transducers located approximately at 20, 50, 160 and 270
degrees the amplitude shows a slight increase. Thus, from Fig. 6 and Fig. 7, it is shown
that the dispersed wave mode can be suppressed and a high mode purity for T(0,1)
could be achieved when transducer spacing is equal on an array around a pipe.
However, on the excitation of the T(0,1) mode, a ‘family’ of flexural wave modes F(n,2)
will still exist as shown in Fig. 8.
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Fig. 8 Amplitude by flexural wave mode F(n,2) circumferential order

Figure 8 presents the circumferential displacement amplitude of the flexural wave
modes F(n,2) at a group of orders up to 12 for each of the odd spacing’s tested. The
measurement was taken at approximately 2.15 ms (before any reflection from the pipe
ends). Fourier analysis by spatial filtering method was used to produce this plot. In the
evaluated range of orders, the amplitude of flexural wave modes is relatively low when
a 15 degrees equal spacing exist, with F(11,2) being the exception. This mode
decreases in amplitude with the increase in spacing. At a spacing of 20 degrees all the
F(n,2) modes, up to order 12, show a relatively high amplitude. When the odd spacing
is increased from 20 degrees to 33 degrees, the amplitude of the majority of the flexural
order modes gradually decrease, with the exception of the F(1,2) and F(2,2) amplitudes
which remains relatively unaltered.
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5. EXPERIMENTAL STUDY
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Fig. 9 A detailed sketch of experiment
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To verify the FEA models, an empirical measurement was devised. In Fig. 9 it is
shown the experimental setup diagram. The torsional wave mode T(0,1) was excited by
a three-ring circumferential array tool. A 4.45 m long, 8-inch, schedule 40 steel pipe
was used as specimen, and the arrays of transmitters and receivers were positioned
matching the setup used in the FEA models. The array of receivers’ function was done
using a CLV 3D laser vibrometer system measuring the amplitude of displacements at
24 equally spaced locations around the pipe at a range of frequencies. The transmitter
array function was done using a piezoelectric transducers collar (part of the Teletest®
FOCUS® system), composed of 3 rings, 24 transducers per ring array and set with a
33-degree odd spacing. This related experiment also had been performed by Niu et al.
(2017h).

Experimental Result FEA Result
Circumferential Displacement Circumferential Displacement
(a) & (b) -

0.02

{_ej‘ 180

270

Fig. 10 Circumferential displacement in experimental and FEA results
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In Fig. 10 it is shown a comparison between experimental results and FEA results
using polar plots to display the maximum displacement amplitude across the 24
receivers around the pipe. The output results were plotted via MATLAB software. A
good agreement was found between the experimental results and the FEA results,
however this are not identical. Based on these results, further research using the FEA
modelling needs to be performed to determine the best method, to fully define the
influence of array design changes in the amplitude and mode purity of the T(0,1) mode.
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Fig. 11 Experimental result of rectified waveforms and amplitude by mode
circumferential order
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Figure 11 and 12 show the rectified waveforms after decomposition by
circumferential order and amplitude by wave mode circumferential order using
experimental results and FEA results at 37 kHz. The circumferential orders are
torsional wave mode T(0,1) and a ‘family’ flexural wave modes F(n,2) (nis up to 12). A
good agreement between the experimental result and FEA results was found. The
T(0,1) has higher amplitude than flexural mode F(n,2) family for a 33-degree gap of
transducers collar at the operation frequency of 37 kHz. Thus, the spatial filtering is a
good method to illustrate a multi-modal signal. Based on this, optimisation of
circumferential transducer arrays could be achieved.

6. CONCLUSIONS

This paper presents the characterisation of multiple circumferential transducer
arrays using finite element analysis models and experimental work using a real tool.
With an excitation of a torsional wave mode T(0,1) with F(n,2), the related results have
been simulated and verified at the operation frequency of 37 kHz. A range of spacing’s
between the start and end transducers of an array were simulated, evaluated and
analysed. A multi-modal signal had been illustrated by the spatial filtering. The models
are based on a 4.45 m long 8-inch schedule 40 (outer diameter 219.1 mm, wall
thickness 8.18 mm) steel pipe.

From the modelling and experimental studies, it is concluded that a
circumferential array with equal spacing between all the transducers generates a higher
level of mode purity by improving the cancelation of unwanted modes. For post-
processing analysis, the use of spatial filtering is a good method to illustrate the
components of a multi-modal signal. The FEA models shown agreement with the
experimental results, however further work is required in the fine tuning of the models
to achieve a closer match to the experimental results.
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