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1. Introduction 
 

Structural integrity evaluation of oil and gas pipelines 

with ultrasonic guided wave is particularly attractive, since 

serious incidents of structural failure may occur owing to 

loss of pipe wall thickness by corrosion, fatigue cracks or 

manufacture anomalies. Among non-destructive testing 

(NDT) methods, commonly used techniques include X-ray 

inspection, ultrasonic testing (UT), and guided wave (GW) 

testing. Compared with UT, GW testing makes use of lower 

frequency elastic waves, typically from 20 kHz to 100 kHz 

(Mudge 2001). Guided wave has an advantage to allow for 

long distance (many tens of metres) wave propagation along 

a pipeline, with minimal attenuation under ideal conditions. 

Furthermore, GW can propagate with a high susceptibility 

to interference (Liu and Kleiner 2013). In practices, GW 

systems typically take the form of a circumferential array 

tool (Cawley et al. 1994) that is dry-coupled to the pipeline. 

Piezoelectric transducers have been investigated in 

many studies such as Sung and Tien (2015) and Zhou et al. 

(2016), and used widely to excite guided waves for 

structural health monitoring and NDT of different 

structures, such as beams (Karayannis et al. 2015), plates 

(Muralidharan et al. 2008) and pipelines (Lee and Sohn 

2012, Hong et al. 2016). In GW testing, the dry-coupled 

piezoelectric transducer system (Alleyne and Cawley, 1996) 

has some advantages, including simple, light and readily 

removable in the pipe inspection. For the defects on the  
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external and internal surfaces of pipe structures, the 

behaviour of the different GW modes with a variety of 

defects was characterised by Alleyne and Cawley (1992). 

Circumferential transducer arrays allow for the generation 

of an axisymmetric wave mode and the suppression of non-

axisymmetric wave modes (Cawley 2007, Løvstad and 

Cawley 2011). This effective system is able to minimise 

undesired wave modes using GW testing for pipeline 

inspections. By using long range GW testing, Alleyne and 

Cawley (1997) identified effectively corrosion defects using 

cylindrical wave mode. Results were presented where GW 

is employed to identify circumferential cracks including 

axial cracks (Luo et al. 2005), circumferential notches 

(Demma et al. 2004) and longitudinal notches (Liu et al. 

2006). Sharan et al. (2015) described that a 3–9% defect of 

cross-sectional area of a pipe can be detected using GW 

testing, depending on the signal-to-noise ratio. The 

enhancement of the level of sensitivity in pipeline 

inspection is an area of interest for the industry. This can be 

achieved by optimising the circumferential transducer array 

design to increase performance without significant increase 

in manufacturing and testing costs. 

The wave propagation in pipes and GW testing for 

structural integrity evaluation have been widely 

investigated. Gazis (1959) investigated the propagation of 

three families of guided wave modes in pipe-like structures. 

Meitzler (1961) studied the propagation behaviour of 

guided wave modes in a cylindrical solid through further 

experimental studies. Mohr and Holler (1976) investigated 

cylindrical wave modes propagating in small-diameter 

metal tubes by GW testing. Later, Silk and Bainton (1979) 

developed the GW testing of metal tube structures and 

tested the structures using piezoelectric transducer probes.  
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Field tests using the initial commercialised devices were 

described by Alleyne et al. (2001) and Mudge (2001), 

respectively. Recently, the transducer array has been 

designed to investigate the ultrasound (Luo and Rose 2007, 

Davies and Cawley 2009, Catton and Kleiner 2005) at 

points around the circumference of the pipe by the 

advanced „focusing‟ technology. In order to describe GW 

modes in pipes a nomenclature of Y(n, m) is introduced 

(Silk and Bainton 1979), in which Y represents the guide 

wave mode operation, namely L, T or F for longitudinal, 

torsional or flexural wave modes, respectively, and n 

indicates the circumferential order and m indicates the mode 

order of occurrence. Fig. 1 shows the results for group 

velocity dispersion curves for an 8-inch (219.1 mm outer 

diameter) and schedule 40 (8.18 mm wall thickness) steel 

pipe. These dispersion curves were generated by 

DISPERSE (Pavlakovic et al. 1997) software. In this range 

of frequencies, it can be seen that the longitudinal wave 

modes L(0,1) and L(0,2) are followed by flexural wave 

modes F(n,1) and F(n,3), respectively. The torsional wave 

mode T(0,1) also exists a „family‟ flexural wave modes 

F(n,2). 

For a selection of guided wave modes in pipe 

inspections, Yu et al. (2013) found that L(0,2) mode is the 

favourable one with the fastest group velocity in the multi-

layered pipe with weak interface, when longitudinal guided 

waves are used in defect detection. Leinov et al. (2015) 

presented that L(0,2) wave mode also has lower attenuation 

values than the mode T(0,1) for GW testing in pipe buried 

in sand. In addition, the wave mode L(0,1) is promising in 

the ultrasonic guided wave testing through a combination of 

appropriate frequency selection and signal processing 

procedures. Izadpanah et al. (2008) found that the wave 

mode L(0,1) has a small variation of speed with frequency, 

and the compression transducers can excite the wave mode 

L(0,1) in isolation. 

 

 

 

 

Recently, the fundamental torsional wave mode T(0,1) is 

often utilized for guided wave testing (Mudge 2001). The 

torsional wave mode T(0,1) has a constant phase/group 

velocity and is completely non-dispersive at all frequencies. 

Also, the torsional mode T(0,1) can propagate along pipes 

filled with liquid without any interference, when compared 

with L(0,2). Furthermore, the wave mode T(0,1) is much 

simple in transduction since no higher torsional wave 

modes exist at low frequencies. Research showed that the 

mode T(0,1) is an axisymmetric wave mode and the mode 

F(1,2) is a non-axisymmetric wave mode, as shown in Fig. 

2. In general, a single axisymmetric wave mode T(0,1) can 

be generated if the transducer array has equal spacing 

across all transducers. In the cases without equal spacing, 

the non-axisymmetric wave modes F(n,2) may be more 

predominant.  

To excite a single torsional wave T(0,1) mode, Rose 

(2014) simulated 8 transducers for a circumferential array 

around a 4-inch schedule 40 steel pipe. Volker and Vos 

(2012) used a ring of 32 transducers for an experiment of a 

steel pipe with defects. Also, Miao et al. (2017) presented 

the tangential displacement angular profile simulations of 

wave mode T(0,1) by different number of transducers (e.g., 

1, 4, 8, 12, 24 and 32). These results show that the number 

of transducers has influence on quality of an excitation 

signal. In addition, research showed that a ring of 24 

transducers can excite and receive a single T(0,1) in an 

aluminum pipe. A completed circle for the displacement 

profile was generated when no defect exists in the structure. 

A single torsional wave mode T(0,1) was evaluated from 24 

transducers equally spaced on a 6-inch schedule 120 steel 

pipe circumference (Niu et al. 2017a). Therefore, a ring of 

24 transducers is feasible in the aspect of technical 

application or commercial consideration for pipe inspection. 

The performance optimisation of piezoelectric transducer 

arrays in pipes can be achieved through a combination of 

finite element (FE) simulations and experimental testing.  

 

 

Fig. 1 Group velocity dispersion curves for an 8-inch schedule 40 steel pipe 
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The FE modelling has been widely used to simulate 

propagation of GW mode shapes (Niu et al. 2017a, Lowe et 

al. 2014, Fateri et al. 2015, Niu et al. 2017b) and their 

interaction with defects in pipes (Duan and Kirby 2015, 

Duan et al. 2017, Duan et al. 2016). Experimental testing 

was operated using 3D scanning laser Doppler vibrometer 

(LDV) (Jenal et al. 2010) or 3D compact laser vibrometer 

(CLV) (Niu et al. 2017b, Niu et al. 2017c).  

This paper presents sensitivity analysis of GW testing 

towards the optimisation of transducer arrays for pipe 

inspection. Numerical simulations using FE method and 

experimental validation by 3D laser vibrometer systems are 

employed in this study. Guided waves propagation is 

undertaken on a 4450 mm long, 8-inch (219.1 mm outer 

diameter), schedule 40 (8.18 mm wall thickness) steel pipe. 

The simulated transducer array design is based on a 

commercially available tool incorporating three 

circumferential arrays, also known as rings. Each ring 

includes 24 piezoelectric transducers exciting the 

fundamental torsional wave mode T(0,1). Here, numerical 

simulations for a 33-degree spacing between the start and 

end transducers of the array for inspecting an 8-inch steel 

pipe are undertaken for practical uses. The uneven 

distribution of transducers on the array causes the excitation 

of not only the T(0,1) mode but also the excitation of non-

axisymmetric „family‟ of flexural wave modes F(n,2). 

Finally, the sensitivity of defect on a circumferential array 

design is studied, and the influence of spacing between the 

start and end transducers in a circumferential array is also 

investigated, where the T(0,1) and F(n,2) proportion of 

circumferential wave mode interaction with a simulated 

notch is considered. 

 

 

2. Guided wave propagation 
 

2.1 Equations of motion 

 

 

The theoretical background has been developed for 

guided wave propagation in the axial direction of a pipe-

like structure. The structure is assumed as an elastic 

isotropic hollow cylinder with traction-free boundary 

conditions. The governing equation for guided wave 

propagation in the elastic medium can be expressed as 

follows (Gazis 1959) 
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where t indicates the time, U̅ represents the displacement 

vector, 𝜌 represents the density and 𝜆 and μ are Lamé 

constants. 
2  represents the three-dimensional Laplace 

operator. Eq. (1) can be rewritten as follows using a 

Cartesian coordinate system 
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(2c) 

where UX, UY and Uz  are guided wave mode particle 

displacement components. Since the cylindrical structure 

considered is isotropic, the expression of the displacement 

field can be simplified by Helmholtz decomposition 

VU   (3) 

where Φ represents a dilatational scalar potential and V̅ 

represents an equivoluminal vector potential. It is assumed 

that the pipe-like structure is infinitely long with traction-

free boundary conditions on the inner and outer surfaces.  

 

Fig. 2 Displacement characteristics of guided wave T(0,1) and F(1,2) modes in a steel pipe 
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By using gauge invariance condition, the problem can be 

solved without considering the boundary conditions. On the 

basis of elasticity, the related potentials of V̅ and Φ can 

be expressed as 
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where cL = √λ+2μ/ρ is the dilatational longitudinal bulk 

wave velocity and cT  = √μ/ρ  is the shear bulk wave 

velocity; e̅R, e̅θ, and e̅Z  represent the cylindrical 

coordinates in the radial, circumferential and axial 

directions, respectively. To separate variables, it is assumed 

by Gazis (1959) that 
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From Eq. (5), the displacement components can be 

expressed as (Rose 2014) 
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(6c) 

 

where the terms of UR, Uθ and UZ are the components of 

displacement in the radial, circumferential and axial 

directions, respectively. The terms of AR(R), A𝜃(R) and 

 

(a) Time domain 

 
(b) Frequency spectrum 

Fig. 3 Guided wave signal excitations for three rings 

764



 

Sensitivity analysis of circumferential transducer array with T(0,1) mode of pipes 

AZ(R)  are the corresponding displacement amplitudes 

composed of Bessel functions in the out-of-plane. The non-

negative integer n (=0, 1, 2, 3, …) represents the mode 

circumferential order, and kZ represents the angular 

wavenumber in the axial (Z) direction.  

The procedure describe above is used to solve the 

governing equations for the displacement components. In 

finite element modelling, the governing equations can be 

decomposed differently. The details of the numerical 

modelling can be found in Hua et al. (2010) and Duan et al. 

(2016). Furthermore, the above equations are based on the 

exact three-dimensional theory of elasticity. It is possible to 

simplify the equations by making use of certain 

approximations in the thickness direction of the pipe, and 

details of the simplified theories can be found in Muggleton 

et al. (2002). 

 

2.2 Excitation for wave modes 
 
In the numerical simulations, the modelled transducer 

array was excited with a 10 cycle pulse at 30 kHz to 

generate the torsional wave mode T(0,1). This wave mode 

causes in-plane angular displacements in the cylindrical 

coordinate system. The frequency of 30 kHz was chosen as 

a low-frequency signal in the range of operating frequencies. 

The selected number of cycles was aimed at reducing the 

signal bandwidth to prevent excitation of other undesired 

modes. The excitation was undertaken by a Hanning 

windowed tone burst signal, given by 
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where t is the time, f is the centre frequency of the wave  

mode, and n is the number of the signal cycles.  

The excitation of three transducer rings by a 30 kHz, 10-

cycle Hanning windowed pulse in the time and frequency 

spectrum is shown in Figs. 3(a) and 3(b). These three 

circumferential rings are named as Ring No.1, Ring No.2 

and Ring No.3, respectively. These rings with distances of 

30 mm are installed at the front, middle and back of the tool 

along the pipe, respectively. The wave mode T(0,1) and its 

interaction with modes F(n,2) are transmitted by 

circumferential motion at this frequency. The three rings 

were excited with various signals. Ring No.1 was excited 

by signal given in Eq. (7). The signal of Ring No.2 was 

inverted when compared with the signal of Ring No.1. The 

signal of Ring No.3 was time-delayed and the time is the 

ring distance of 30 mm divided by phase velocity of wave 

mode T(0,1). The use of three rings aims to cancel the 

undesired modes and control the wave propagation 

direction of the selected mode.  

 

2.3 Transducer array  
 

To describe distribution locations of a group of 

transducers in an array around a pipe in the circumferential 

direction, a relationship can be given as 
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where Cz ( α ) is superposition of the circumferential 

distribution of all transducers at the distance z along the 

pipe, α  is the radian of transducers spacing, 
' is the 

radian of gap between the start and end of transducer array 

in a ring, and N is the number of transducer in a ring array. 

 
 
3. Finite element numerical modelling 

 

3.1 Transducer array modelling  
 
Figs. 4(a) and 4(b) show an overview of FE simulations 

setup with GW propagation along a 4450 mm long, 8-inch, 

schedule 40 steel pipe in pitch-catch testing operation. The 

steel pipe was modelled as a linear isotropic material with a 

mass density ρ = 7850 kg/m
3
, Young‟s modulus E = 210 

GPa and Poisson‟s ratio υ = 0.3. At the left end of the pipe, 

three circumferential arrays, composed of 24 transducers 

equally spaced except for 33-degree spacing between the 

start and end transducers, were excited by a 10-cycle 

Hanning windowed pulse with centre frequency of 30 kHz 

and bandwidth of ±6 kHz. A circumferential transducer 

array is considered as excitation, and the transducers are 

modelled as point sources. The receiving array, composed 

of 24 uniformly spaced point receivers, is located at 2000 

mm away from the left end of pipe model. A mesh with a 

total of 324,064 Hex elements is generated, to ensure a 

minimum of 8 elements per wavelength for satisfactory 

accuracy (Fateri et al. 2015, Alleyne et al. 1998). An 

average mesh size of 4.5 mm and a step time of 186 ns are 

used in the simulations. The ultrasonic signal is introduced 

as a concentrated force distributed uniformly at point 

sources in the circumferential direction. The transmitted 

signal is excited, and the guided wave propagates along the 

pipe from the left end of the pipe. The results show the 

torsional wave mode T(0,1) propagates by the 

circumferential arrays with a significantly higher amplitude, 

comparing with other modes.  

Fig. 5(a) shows a time-displacement plot for No.1 

receiver measured at 2000 mm away from the left end of the 

pipe and located at 82.5 degrees in the pipe profile. The 

impulse time of transmitted signal is 333 μs, the time-

period of wave propagation is 3.4 ms. The FE results for the 

amplitude of displacements are transformed in the local 

cylindrical coordinate system R (radial), T (circumferential) 

and Z (axial) using MATLAB software. The spacing of 33 

degrees between transducers cause the poor suppression of 

undesired wave modes F(n,2). The excited torsional wave 

mode T(0,1) transmits with a family of flexural wave modes 

F(n,2) on the pipe model. After that, the displacement 

values increase at the reflection from the pipe end because 

of the superposition of wave modes. Fig. 5(b) shows a polar 

plot of the maximum values for displacement in the 

circumferential direction at each of the 24 receiving  
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(a) Pitch-catch operation setup 

 
(b) GW modes propagation simulations 

Fig. 4 The FE modelling for an 8-inch, schedule 40 steel pipe 

 

(a) Time-displacement record 

 
(b) Polar plot of maximum circumferential displacements at each of the 24 receivers 

Fig. 5 FE results for GWs transmitting along a pipe by circumferential arrays for pitch catch operation 
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transducers for the transmitted signal within the time 

window. The mode T(0,1) interacts with unwanted flexural 

wave modes F(n,2), leading to the variation of displacement 

amplitude in the circumferential direction, thus an imperfect 

circle shape is generated. 

When the spacing between No.1 and No.24 transducers 

is 15 degrees around the pipe profile, the array of 24 

transducers can be equally spaced and the distribution of 

transducers becomes an axisymmetric arrangement. The 

displacement amplitude is constant across all the receivers 

in the circumferential direction. Therefore, the influence of 

transduce spacing can be evaluated when the gap is reduced 

from 33 degrees to 25, 20 and finally 15 degrees, as shown 

in Fig. 6. It is noted that the displacement amplitude 

increases at transducers located approximately at 90 degrees 

and 270 degrees, while for the transducers located 

approximately at 0 degree and 180 degrees, the amplitude 

shows a remarkable reduction. From the results, a high 

purity for wave mode T(0,1) can be achieved when 

transducer is equally spaced on an array around a pipe. 

 

3.2 Evaluation of flexural wave modes F(n,2) family 
 

In order to ensure that a single wave mode T(0,1) is 

achieved, the wave modes of a pipe are separated by 

Fourier analysis using an array of 24 transducers equally 

spaced on the pipe. The family of flexural wave modes 

F(n,2) is investigated by reducing the gap spacing (from 33 

degrees to 15 degrees) between No.1 and No.24 transducers 

of the array. Fig. 7(a) shows the results for the 

circumferential displacement amplitudes of the torsional 

wave mode T(0,1) with flexural wave modes F(n,2) at No.1 

receiver in the case with a gap of 33 degrees. The data are 

recorded at 2.12 ms to obtain measurements before any  

 

 

reflection from the other pipe end. Fourier analysis is used 

to produce the related results for 24 receivers, as given in 

Figs. 7(b) and 7(c). A group of circumferential orders up to 

12 for the case is tested. The simulated transducer array is 

excited with a 10 cycle pulse at 30 kHz to generate the 

torsional wave mode T(0,1). The circumferential orders up 

to 7 for the range of frequencies from 24 kHz to 36 kHz can 

then be evaluated through investigations shown in Fig. 1. 

From the range of circumferential orders, the flexural wave 

modes F(1,2), F(2,2), F(7,2) are considered because of their 

effective proportion rate of normalised amplitude (higher 

than 1%), as shown in Fig. 7(b).  

The flexural order modes are further studied for the case 

with a gap of 20 degrees spacing between No.1 and No.24 

transducers, as shown in Fig. 8. The results show that only 

the flexural wave mode F(1,2) needs to be considered due 

to its proportion rate (approximately 1.6%). 

From the results in Figs. 9(a) and 9(b), a single torsional 

wave mode T(0,1) can be achieved when transducers are 

equally spaced for an array around the pipe. Therefore, the 

design of transducer array is useful for axisymmetric 

structures, and it can suppress effectively other undesired 

wave modes using a transducer array equally spaced on a 

pipe.  

 

3.3 Modelling of array sensitivity for circumferential 
notch detection 

 
To investigate the sensitivity of a transducer array with 

an odd spacing between top two transducers for defect 

detection, a steel pipe with a circumferential notch was 

modelled. Fig.10(a) shows the FE model for a 4450 mm, 8-

inch, schedule 40 steel pipe with a notch of 75 degrees (arc 

length of 143.5 mm)×10 mm in width along the axial  

 

Fig. 6 Polar plot of all maximum circumferential displacements measured at all 24 receivers 
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direction × 8.18 mm in thickness of the notch. The 

circumferential notch is assumed at the top of the steel pipe, 

and the notch is located at 1000 mm away from the array of 

24 receivers. The transducers are modelled as point sources.  

 

 

A pulse signal of 30 kHz is excited and propagates along the 

pipe. A total of 321,248 elements are generated for the FE 

modelling with an average mesh size of 4.5 mm. A step time 

of 186 ns is adopted. Figure 10(b) shows the T(0,1) with  

 
(a) Time-displacement plot 

 
(b) Rectified waveforms and scaled waveforms of flexural mode F(n,2) 

 
(c) Amplitude by wave mode circumferential order 

Fig. 7 Results for F(n,2) wave modes from 24 receivers generated by an array with an odd gap of 33 degrees spacing 

between No.1 and No.24 transducers 
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some flexural modes propagating on the pipe and the 

interaction with the circumferential notch. The wave modes 

are partially reflected from the circumferential notch. The 

sensitivity of the transducer array is analysed by reducing 

the spacing between No.1 and No.24 transducers from 33 

degrees to 15 degrees. 

 

 

 

 

A group of notch sizes with various dimensions are 

simulated to investigate the influence of notch size on wave 

propagation in the pipe. A total of four notch sizes are 

assumed for the cases with various transducer array 

arrangements and their details are described in Table 1.  

 

 

 

Fig. 8 Results for F(n,2) wave modes from 24 receivers generated by an array with an odd gap of 20 degrees spacing 

between No.1 and No.24 transducers, scaled waveforms of flexural mode F(n,2) 

 

(a) Time-displacement plot 

 
(b) Rectified waveforms and amplitude by wave mode circumferential order 

Fig. 9 Results for F(n,2) wave modes from 24 receivers generated by an array of equally spaced transducers 
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Table 1 Simulated 3-dimensional notches with different sizes 

Details of Notch Sizes 

Section profile  3D view No. 𝜃𝑛 (degree,°) 
𝑙𝑛 

(arc length, mm) 

𝑏𝑛 

(width, mm) 

𝑡𝑛 

(thickness, mm) 

 

 

1 15 28.7 10 8.18 

2 45 86.1 10 8.18 

Vertical view 3 75 143.5 10 8.18 

 

4 75 143.5 20 8.18 

 

(a) FE model with a notch (143.5 mm×10 mm) in the circumferential direction 

 
(b) Guided wave modes propagation and its interaction with the notch 

Fig. 10 FE model of steel pipe with a circumferential notch 
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Three notch sizes in the circumferential direction (15 

degrees, 45 degrees and 75 degrees in the pipe profile) are 

considered, and different notch widths in the axial direction 

(10 mm and 20 mm along the pipe) are discussed. These 

different notch dimensions are named here as N15 

degrees×10 mm, N45 degrees×10 mm, N75 degrees×10 

mm and N75 degrees×20 mm, respectively. 

Figs. 11(a) and 11(b) show the results for the mode 

T(0,1) with F(n,2) amplitude of circumferential 

displacements for defect detection. The circumferential 

displacement amplitudes for the transmitted signal and 

reflection from the notch (N75 degrees×10 mm) at No.1 

receiver, which are plotted in Fig. 11(a). The related data 

are recorded at 2.12 ms before any reflection from another 

pipe end. For the case of an array with 33 degrees spacing 

between No.1 and No.24 transducers, a polar plot for all the 

measured maximum displacements for the different notch 

sizes in the circumferential direction is presented in Fig. 

11(b). The amplitude of the mode T(0,1) with modes F(n,2)  

increases as the notch grows in the circumferential direction 

at approximately 30 degrees, 90 degrees, 150 degrees and  

 

 

270 degrees. The notch growth in the axial direction from 

10 to 20 mm has small amplitude changes for the wave 

modes. Furthermore, the amplitude reduces slightly at 

approximately 90 degrees when the notch grows in the axial 

direction.  

Figs. 12(a) and 12(b) give results for a single T(0,1) 

displacement amplitude in the circumferential direction. 

The circumferential displacement amplitudes at No.1 

receiver in the case with notch N75 degrees×10 mm which 

are plotted in Fig. 12(a). From the results in Figs. 11-12, the 

circumferential displacement amplitudes of the transmitted 

signal increase and the value of the reflection from the 

notch reduces, when the spacing between two transducers 

located on either side of the 90 degrees decreases. 

Meanwhile, the amplitudes of dispersed wave modes reduce. 

Also, the amplitudes of the mode T(0,1) with modes F(n,2) 

increase as the spacing between No.1 and No.24 transducers 

reduces, since the amplitudes increase at approximately 90 

degrees in the case with no defect. 

 
 

 

(a) Time-displacement data 

 
(b) Polar plot for all measured maximum displacements in the circumferential direction 

Fig. 11 Reflection from the notch using a circumferential array with a gap of 33 degrees spacing between No.1 and No.24 

transducers 
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Further studies show that the circumferential 

displacement amplitudes are very close to each other in the 

time-displacement records and in the related polar plots for 

different notch sizes, when the spacing between No.1 and 

No.24 transducers is within the range between 20 degrees 

and 15 degrees. Only the flexural wave mode F(1,2) needs 

to be considered due to its relatively higher proportion rate 

(approximately 1.6%). Thus, when the mode F(1,2) has its 

proportion rate less than 1.6%, the influence of the flexural 

wave mode on the notch could be negligible. 

Figs. 13(a)-13(d) show results for a group of 

displacement amplitudes for reflection from the notch with 

different sizes in the circumferential direction. By 

considering different notch sizes, FE models are adopted for 

various transducer arrays with a gap reducing from 33 

degrees to 15 degrees between No.1 and No.24 transducers. 

The results indicate that the sensitivity of transducer array 

can be minimised for all notch sizes, when the odd spacing 

has 20 degrees or is equally spaced around the pipe, despite 

the notch sizes. Also, no significant difference in amplitude  

 

 

exists, when the notch length increases from 10 mm to 20 

mm. From the results, the displacement amplitude increases 

when the notch angle increases from 15 degrees to 45 

degrees, when the orientation is located at approximately 90 

degrees. However, the amplitude decreases when the notch 

angle increases from 45 degrees to 75 degrees, despite 

increase in the axial direction (notch width). The results 

from the spacing of 20 degrees and 15 degrees between the 

two transducers are very close to each other for the different 

notch sizes. This indicates that reliable results for defect 

detection can be achieved using the transducer array with 

spacing within the range between 20 degrees and 15 

degrees. 

 

 

4. Experimental validation 
 

In order to verify the related FE models, an 

experimental set-up was designed, as shown in Fig. 14. The 

torsional wave mode T(0,1) was excited by a tool composed  

 

(a) Time-displacement data 

 
(b) Polar plot for all measured maximum displacements in the circumferential direction 

Fig. 12 Reflection from the notch using an array of equally spaced transducers 
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(a) N15 degrees×10 mm (b) N45 degrees×10 mm 

  

(c) N75 degrees×10 mm (d) N75 degrees×20 mm 

Fig. 13 Reflection displacement amplitudes for various notches with different sizes using an array with a gap reducing 

from 33 degrees to 15 degrees 

 

 

 

(a) Schematic diagram of experimental set-up 

 
(b) Experimental transmitters with a gap of 33 degrees 

Fig. 14 Experimental set-up for FE modelling validation 

773



 

Xudong Niu, Hugo R. Marques and Hua-Peng Chen 

 

 

of three circumferential arrays with 24 transducers per ring 

array, where a gap of 33 degrees between start and end 

transducers in the array exists. A steel pipe of 4450 mm 

long, 8 inches (219.1 mm) in outer diameter (OD), and 

schedule 40 with wall thickness (WT) of 8.18 mm was used 

for testing. The array of transmitters was placed at the pipe 

end. The receiving array comprises a total of 24 points are 

equally spaced around the pipe and located at 2000 mm 

away from the pipe end. A CLV-3D laser vibrometer 

system was used to measure the amplitude of displacements 

in the circumferential direction at a wider range of 

frequencies from 30 kHz to 50 kHz.  

Fig. 15 shows a comparison of relative circumferential 

displacements obtained from experimental results and FE 

simulations through polar plots. The maximum amplitudes 

of the transmitter signal at all 24 receiver locations are 

adopted. As different scales were outputted by the 

experimental studies and the FE modelling, only the relative 

amplitudes between the differences are considered. The 

results indicate that the amplitudes of the reflected signal 

reduce in both experimental and numerical cases, as 

frequency increases from 30 kHz to 40 kHz and then to 50 

kHz. In the case with the frequency at 30 kHz, the amplitude 

of circumferential displacement from the finite element 

modelling does not agree well with the corresponding  

experimental results, particularly when the angle ranges 

from 60 degrees to 120 degrees. However, the simulated 

results have a good agreement with the experimental results 

in the case with the frequency at 40 kHz and 50 kHz, 

respectively. Furthermore, a range of frequency from 20 

kHz to 60 kHz was tested using this transducer array in 

experiments (Niu et al. 2017c). From the experimental 

results, the centre frequency of 37 kHz for excitation is 

proved to be the best operating frequency for pipe 

inspection. Thus, when the centre frequency of excited 

signal is reduced to 30 kHz, the performance of the 

transducer array may decline, and noise level may increase. 

Without consideration of the internal performance of 

transducers, a good agreement is found between the 

experimental results and the FE simulations, and the FE 

modelling for the guided wave propagation in the pipe are 

then verified from the experimental results. 

 

 

5. Conclusions 
 

This paper investigates the behaviour of various types of 

transducer array for pipe inspection using guided waves. A 

series of parameters are evaluated including the number of 

transducers per array, variations in array spacing and 

variability of transducer excitation. In this study, a schedule 

40 steel pipe of 4450 mm long and 219.1 mm in diameter is 

adopted for the FE simulations and the associated 

experimental studies. The excitation signal is chosen at the 

frequency of 30 kHz to propagate along a steel pipe, 

generating the torsional wave mode T(0,1) with a family of 

flexural wave modes F(n,2). In the numerical simulations, 

various cases are discussed for the outputs of guided waves, 

including arrays with 24 piezoelectric transducers, torsional 

wave mode T(0,1) excitation and different gaps between 

start and end of transducers. The sensitivity of transducer 

array is then analysed for the cases with various spacing 

reducing from 33 to 15 degrees between the top two 

transducers. Signal processing is utilised for separating 

wave modes to analyse the wave mode interaction of T(0,1) 

and F(n,2). The influence of the dimensions of a notch in 

the pipe is also investigated for various arrangements of the 

transducer array. The results from the numerical simulations 

are then compared with the experimental results. 

From the numerical simulations and experimental 

studies, following conclusions are noted:  

 As an axisymmetric pipe, a circumferential array of 

24 piezoelectric transducers with equal spacing between all 

the transducers can generate a single torsional wave mode 

T(0,1) without undesired F(n,2) flexural modes. In this case, 

the displacement amplitude is constant across all 24 

receivers in the circumferential direction.  

 With a low-frequency of 30 kHz excitation, the 

flexural wave mode F(1,2) has very low contribution for the 

cases of non-axisymmetric arrays with an odd spacing in 

the range between 20 and 15 degrees.  

 The torsional wave mode T(0,1) combining with the 

flexural wave modes F(n,2) as well as the single mode 

T(0,1) show high sensitivity to the notch size in the 

 

Fig. 15 Relative circumferential displacements from experimental studies and FE simulations 
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circumferential direction, but low sensitivity to the notch 

size in the axial direction. 

 In the FE simulation with a notch, the distribution of 

displacement amplitude reflected from the notch in polar 

plots shows a composition of the wave modes T(0,1) and 

F(1,2), depending on the notch sizes in the circumferential 

direction.   
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