
AIP Conference Proceedings 1806, 050003 (2017); https://doi.org/10.1063/1.4974597 1806, 050003

© 2017 Author(s).

A new electromagnetic acoustic transducer
design for generating torsional guided wave
modes for pipe inspections
Cite as: AIP Conference Proceedings 1806, 050003 (2017); https://doi.org/10.1063/1.4974597
Published Online: 16 February 2017

Samuel Hill, Steve Dixon, Sri Harsha Reddy K., et al.

ARTICLES YOU MAY BE INTERESTED IN

Torsional wave experiments with a new magnetostrictive transducer configuration
The Journal of the Acoustical Society of America 117, 3459 (2005); https://
doi.org/10.1121/1.1904304

Excitation of horizontally polarized shear elastic waves by electromagnetic transducers with
periodic permanent magnets
Journal of Applied Physics 50, 2583 (1979); https://doi.org/10.1063/1.326265

Evaluating an SH wave EMAT system for pipeline screening and extending into quantitative
defect measurements
AIP Conference Proceedings 1706, 160001 (2016); https://doi.org/10.1063/1.4940618

https://images.scitation.org/redirect.spark?MID=176720&plid=1857432&setID=378288&channelID=0&CID=683627&banID=520741325&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=a5b61a9b1aa2152b5dc78ff6275ae2237e48c86f&location=
https://doi.org/10.1063/1.4974597
https://doi.org/10.1063/1.4974597
https://aip.scitation.org/author/Hill%2C+Samuel
https://aip.scitation.org/author/Dixon%2C+Steve
https://aip.scitation.org/author/K%2C+Sri+Harsha+Reddy
https://doi.org/10.1063/1.4974597
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.4974597
https://aip.scitation.org/doi/10.1121/1.1904304
https://doi.org/10.1121/1.1904304
https://doi.org/10.1121/1.1904304
https://aip.scitation.org/doi/10.1063/1.326265
https://aip.scitation.org/doi/10.1063/1.326265
https://doi.org/10.1063/1.326265
https://aip.scitation.org/doi/10.1063/1.4940618
https://aip.scitation.org/doi/10.1063/1.4940618
https://doi.org/10.1063/1.4940618


A New Electromagnetic Acoustic Transducer Design for
Generating Torsional Guided Wave Modes for Pipe

Inspections

Samuel Hill1,a), Steve Dixon1, Sri Harsha Reddy K2, Prabhu Rajagopal2 and

Krishnan Balasubramaniam2

1Ultrasonics Group, Department of Physics, University of Warwick, CV4 7AL, United Kingdom
2Centre for Nondestructive Evaluation, IIT Madras, India

a)Corresponding author: samuel.hill@warwick.ac.uk

Abstract. Guided waves inspection is a well-established method for the long-range ultrasonic inspection of pipes.

Guided waves, used in a pulse-echo arrangement, can inspect a large range of the pipe from a single point as the

pipe structure carries the waves over a large distance due to the relatively low attenuation of the wave modes.

However, the complexity of the dispersion characteristics of these pipe guided wave modes are well known, and

can lead to difficulty interpreting the obtained results. The torsional family of guided wave modes are generally

considered to have much simpler dispersion characteristics; especially the fundamental T(0,1) mode, which is

nominally non-dispersive, making it particularly useful for guided wave inspection. Torsional waves have been

generated by a circumferential ring of transducers to approximate an axi-symmetric load to excite this T(0, 1)

mode. Presented here is a new design of Electromagnetic Acoustic Transducer (EMAT) that can generate a T(0,

1) as a single transducer, rather than a circumferential array of transducers that all need to be excited in order to

generate an axisymmetric force. The EMAT consists of a periodic permanent magnet array and a single meander

coil, meaning that the excitation of the torsional mode is greatly simplified. The design parameters of this new

EMAT are explored, and the ability to detect notch defects on a pipe is demonstrated.

INTRODUCTION

The generation of torsional guided wave modes is of great interest for the inspection of pipes. This is primarily

due to the favourable qualities of the torsional family of wave modes, which makes them ideal for guided wave in-

spections of pipes. In particular, the fundamental torsional wave mode, like the plate wave equivalent shear horizontal

wave (SH) mode, is completely non-dispersive [1, 2]. Consequently, the energy contained within a wavepacket does

not disperse out as it propagates, meaning that the wave can travel further before the energy is lost. As the fundamental

torsional wave is non-dispersive for all frequency-thickness products, higher frequency waves can be used, whereas

lower frequencies are used for inspections using other wave modes due to the region of minimal dispersion at low

frequency-thickness products. The non-dispersive nature of the fundamental torsional wave, T(0,1), also significantly

simplifies the post-processing of the ultrasonic signals. In addition, as liquids cannot support shear waves, the tor-

sional wave modes are not affected by the presence of fluids in the pipe and the wave energy does not leak into any

surrounding fluid medium [3, 4].

Generating Torsional Waves

Due to the beneficial characteristics of torsional wave modes, attention has been given to investigating numerous

ways to generate these ultrasonic waves. As with SH waves, torsional waves can be difficult to generate using piezo-

electric transducers due to the requirement to produce shear horizontally polarised stresses [5]. However, they have

been generated using an axisymmetric array of dry-coupled piezoelectric transducers [6, 7].
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Circumferential arrays of electromagnetic acoustic transducers (EMATs) have also been used to successfully

generate torsional wave modes. Specifically, an array of periodic permanent magnet (PPM) EMATs have been used.

These transducer have been regularly deployed to generate shear horizontal waves in plates [5, 8, 9], and so the prin-

ciple is applied to torsional waves in pipes by placing a number of these PPM transducers around the circumference

of the pipe to generate the required circumferential twisting motion to launch these waves [10, 11]. As the transducers

are coupled to the sample via the Lorentz force,these arrays are non-contact and can be use to axially scan along the

pipe.

As both of these methods generate an axisymmetric force using ultrasonic arrays, there is a compromise with

regards to the amount of transducers. A greater number of transducers leads to a more axisymmetric force applied to

the pipe, but it comes at the expense of greater complexity of the torsional transducer.

Magnetostrictive transducers have also been used to generate torsional wave modes. Usually, these transducers

require a patch of highly magnetostrictive material to be bonded to the sample surface in order to enhance the strength

of the magnetostrictive force. This, of course, means that the transducers are no longer non-contact [12–14].

Consequently, reflecting upon these issues with generating torsional wave modes, a new design of EMAT is

presented that generate a series of circumferential forces around the pipe using a single coil, negating the requirement

for electronics to individually excite a number of transducers. This greatly simplifies the operation of the transducer,

and means that there is no longer the compromise between the complexity of the transducer and its ability to produce

a circumferential uniform force to launch a torsional wave. As this proposed EMAT couples to the sample using the

Lorentz force mechanism, it means that it is non-contact and does not require either dry couplant or the application of

a magnetostrictive patch. This is advantageous if the transducer needs to be scanned or if the sample to be inspected

is at an elevated temperature.

In the following section, the arrangement of the new torsional wave EMAT is described, showing how a com-

bination of two basic EMAT design principles - periodic permanent magnet arrays and meander line coils - can be

combined to produced a coherent torsional force to an electrically conductive pipe sample. The layout of this new de-

sign is then examined, specifically investigating the geometry of the coil and what effects this will have on the spatial

impulse response of the transducer. This design is further developed to include a double row of periodic permanent

magnet arrays, which can increase the effective frequency range in which these transducers can be used, thereby im-

proving the resolution of such measurements. The ultrasonic waves generated by this transducer are then examined

and analysed by looking at the dispersion characteristics of the waves.

EMAT Design

The proposed EMAT utilises the Lorentz force mechanism to generate the desired torsional waves, and it ensures

that the generated forces are torsional in nature by using a combination of a periodic permanent magnet array and

a meander line coil. These two fundamental constituents of EMAT design have been extensively used separately

to generate a range of different ultrasonic waves, including SH, SV and Lamb waves [5, 8, 15–17]. However, they

have never been used together in this way to generate torsional waves. In this design, both the meander line coil and
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the PPM array are placed circumferential around the pipe. The PPM array leads to an alternating pattern of radial

magnetic fields, whilst the meander line coil creates a circumferential arrangement of currents travelling in the axial

direction, also with a different polarisation to its nearest neighbour, as shown in Fig 1. As the polarisation of both the

magnetic field and current is alternating around the circumference of the pipe, the force generated by each ‘element’

in the circumferential array is polarised in the same direction. The result of the current polarised in the axial direction

and the radial magnetic fields mean that the Lorentz force is directed in the circumferential direction. This series of

coherent, in-phase torsional, twisting forces initial the torsional wave.

As only a single coil is used, as can be seen in Fig 2, only a single current source is required to drive the

EMAT. This means it is possible to create any number of ‘elements’ in the transducer, without the need for complex

electronics, which results in a more axisymmetric force distribution around the pipe. However, it should be noted that

there are still other technical considerations which limit the amount of elements in the transducers, such as the strength

of the magnetic field as permanent magnets are made smaller and the impedance of the coil it is made longer. As a

consequence of these considerations, the transducer was designed with eight elements as this was found to be a good

compromise between generating a wave with a good amplitude and being axisymmetric.

Spacial Impulse Response

In addition to the number of circumferential elements, the axial length of the active area of transducer was also

considered. In particular, its effect on the spatial impulse response, with regards to the bandwidth of the transducer, is

investigated. If it is assumed that only torsional wave modes are generated, then the spatial impulse response of the

transducer with a length, L, can be written as

h (L, ω) = sinc

(

πL

λ (ω)

)

. (1)

Where λ (ω) is the wavelength of the ultrasonic wave at a particular angular frequency, ω. This equation captures

the well-known relationship between the physical size of the transducer and its bandwidth; namely that as the trans-

ducer length grows, the range of frequencies that the transducer can efficient produce reduces. Equation 1 is plotted

graphically in Fig 3 for a non-dispersive wave with a phase velocity of 3277 m s−1 and shows this key tendency. For

this wave, once the transducer is over 20 mm in length, the efficiency bandwidth is less than 100 kHz.

However, of more interest than the efficiency of generating a wave of a particular frequency is the signal ampli-

tude of such a wave using a transducer of a particular length. This can be calculated multiplying equation 1 by the

transducer length, L. Whilst this approach only considers the geometric features, and neglects other factors such as

changes in electromagnetic coupling efficiencies, it does give a good indication of the expected signal amplitudes.

Figure 4 shows the expected characteristics, namely that a larger transducer will signal amplitude, due to the larger

active area, although at the expense of a smaller bandwidth. From Fig 4, it is clear that using this transducer, it would
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be difficult to generate a torsional wave mode of an appreciable amplitude with a frequency above 60 kHz. Whilst

pipeline inspections can be carried out at frequencies this low [18], it would be beneficial to be able to generate waves

of a higher frequency.

Double PPM Array

A nominal wavelength of the torsional wave can be defined by using a second PPM array shifted axially along

the pipe. This is a result of phase matching, and works in the same way as for conventional PPM and meander

line transducers [19]. If this second PPM array is in anti-phase with the original one, an ultrasonic wave is most

efficiently generated when the wavelength is equal to twice the distance between the centres of the two PPM arrays,

as demonstrated in Fig 5. Now, the frequency of the most efficiently generated wave can be tuned by adjusting the

separation of the two PPM arrays, or by varying the axial length of the magnets used to form the PPM arrays. If it is

assumed that these two PPM arrays are not separated in the axial direction, then the total axial length of transducer

is equal to twice the axial length of the magnet. With this assumption, the signal amplitude as a function of the total

axial length of the transducer and the generation frequency is shown in Fig 6.

It is immediately apparent that the frequency at which the peak amplitude occurs has been shifted to a higher

value when compared to Fig 4. Now, even the 50 mm transducer has peak amplitudes at at 50 kHz with the peak

frequencies being inversely proportional to the transducer length, so that when the transducer size is 20 mm, the peak

frequency is around 150 kHz. This is a vast improvement when compared to the single PPM torsional EMAT, and

means the inspections can be carried out with a much improved resolution as a consequence of this increase frequency.

These analytic results show how the introduction of a second PPM array can be introduced to improve the

frequency response of the torsional wave EMAT. It should also be remembered that this improvement does not result

in added transducer complexity; the transducer still consists of a single coil. The utilisation of the phase matching

principle is also expected to improve the signal to noise ratio of the generated ultrasonic wave. This is because the

axial periodicity of the transducer, when used as a detector, also inherently filters out any wavelengths that do not

match the wavelength of the generated torsional wave.
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Experimental Verification

With the theoretical basis of the design of the double PPM torsional EMAT now well understood, it is possible to

construct such a transducer and experimentally verify the results. The coil was hand wound using 40 turns of insulated

wire with a diameter of 0.2 mm. Neodymium-Iron-Boron magnets with dimensions of 20 x 10 x 5 mm were used to

provide a static biasing magnetic field. As the magnets had an axial length of 10 mm, and there was no spacing

between the two PPM arrays, this meant that the total active length of the array was 20 mm. The transducer had eight

circumferential ‘elements’ that formed the array to provide an axisymmetric force to the pipe.

The sample itself was a steel pipe with an outer diameter of 50.8 mm and a wall thickness of 6.35 mm, and an

axial length of 1 m. In order to assess what wave modes that the transducer is generating, a second transducer was

used to scan along the axial direction of the pipe to determine what waves were generated. This scan was performed

with the transmitter position fixed, so that the resultant scan results show how the wave propagates along the pipe.

Initially, the transducers were separated by 300 mm, and the detector was moved axially in 5 mm increments until the
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separation was 400 mm.

A Ritec RPR-4000 pulser receiver unit was used to excite the generation EMAT, as well as amplify and filter the

received signal from the receiver transducer. A three cycle tone burst signal with a central frequency of 150 kHz was

used to excite the transducer. The signal recorded by the detection EMAT was amplified and bandpass filtered (50 -

800 kHz) by the Ritec. The signal to noise ratio was further improved by taking 64 coherent averages of the signal

before saving the signal.

This scan result is shown in Fig 7, and shows a number of features. The first signal, which is visible between

100 and 150 µs is the direct incident wave. It appears to be generally non-dispersive with the wavepacket retaining its

shape. The slope of this envelope represents the velocity of the wave. There are also two other apparent signals, which

appear after 250 µs, with two different gradients to the wavepacket as the transducer separation is changed. The arrival

times of these signals are consistent with reflections from either end of the pipe (as the transducer will generate two

waves travelling in opposite axial directions).

The signals associated with the incident wave can be analysed using Fourier methods to reveal the dispersion

characteristics of the wave. By performing a two-dimensional Fourier transform on the scan results shown in Fig

7, it can transform data from the distance-time domain into the wavenumber-frequency domain. This will highlight

the dispersion characteristics of whatever modes are present in the signal. These modes can then be identified by

comparing the results to known solutions of the dispersion curves calculated analytically.

The dispersion relationship for the scan results are shown in Fig 8. The highest amplitude feature in this dis-

persion curve is the straight horizontal line marked in Fig 8 as a T(0,1) feature, with the peak amplitude occurring

at around 150 kHz. This feature was identified as corresponding to the T(0,1) as it conforms to the expected profile.

As the gradient of this line is constant, it confirms that this mode is non-dispersive with a constant phase speed. This

feature is quite clearly the dominant feature in this 2D spectrum, which demonstrates that the double PPM torsional

EMAT is predominantly generating the expected T(0,1) mode.

There are, however, some lower amplitude features that are indicated in the figure, which correspond to the higher

order torsional wave modes. This is to be expected from the design of the transducer and the way it was operated.

The transducer consists of only two PPM arrays in the axial direction, meaning that the spatial frequency bandwidth

of the EMAT is very large. Likewise, as the transducer is excited with a three cycle, 150 kHz tone burst signal, the
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bandwidth of the excitation signal is quite large. As a consequence of these large bandwidth, in both the wavenumber

and frequency domain, a large area in the wavenumber-frequency domain is excited, meaning some of the energy can

leak into the higher order modes. The generation area can be made more selective by increasing the number of axial

PPM arrays used to construct the transducer or the number of cycles used in the tone burst signal, but this will result

in a longer wavepacket and a reduction in the axial resolution [20, 21]. However, it should be noted that even with the

current design, the higher order modes have an amplitude around an order of magnitude lower than the fundamental

mode, so most of the energy is contained within the non-dispersive T(0,1) mode.

A new EMAT design for generating torsional wave modes in pipes has been presented, which possesses a number

of benefits over existing methods of generating these wave modes. The design of this new EMAT is based upon

combining two elements of EMAT design - meander line coils and periodic permanent magnet arrays - to generate an

axisymmetric, in-phase twisting Lorentz force around the circumference of a pipe. This twisting force can then give

rise to torsional ultrasonic guided waves.

As the new EMAT relies on the Lorentz force mechanism to couple of the sample, it will work on a range of

electrically conductive samples and does not require contact with the sample, unlike piezoelectric arrays or magne-

tostrictive transducers, which require a coupling medium and a magnetostrictive patch, respectively. Consequently,

this transducer can easily be adapted to scan along the surface of a pipe or be used if the pipe is at elevated tempera-

tures.

The design of the transducer is also extremely simple when compared to other ways of generating torsional waves

that require an array of transducers to be placed circumferentially around the pipe. This is because the transducer

consists of a single meander line coil, which is placed circumferentially around the pipe, meaning that the transducer

requires only one pulser circuit to generate an axisymmetric force distribution.

Basic physical principles, such as the spacial impulse response, were used to inform the design process of the

transducer in order to optimize certain characteristics, such as the amplitude and frequency content of the generated
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waves. Whilst it was found that a single circumferential PPM array could be used in conjunction with a meander

line coil to generate torsional waves, it was found that spacial bandwidth of such transducers were rather limited.

Consequently, another circumferential PPM array was added to create an alternating, periodic force dispersive in the

axial direction of the pipe. This was found to raise the frequency content of the transducer from below 50 kHz to being

able to generate waves with a maximum amplitude at 150 kHz.

The double PPM array design was experimentally verified and was found to be able to generate the fundamental

T(0,1) wave mode at 150 kHz. The propagation characteristics of the generated ultrasonic waves were investigated

using a two-dimensional Fourier transform. This allowed the dispersion attributes to be examined and compared

to analytic torsional wave dispersion curves. Using this method, it was confirmed that the transducer was indeed

generating the non-dispersive T(0,1) wave. Energy was found to be leaking into higher order torsional wave modes,

although the fundamental mode was the dominant wave generated. The reason for this leakage was because of the

large bandwidth - both in the frequency and wavenumber domain - of the generation event. The bandwidth can be

constrained by increasing the number of elements in the axial PPM array or the number of cycles in the current tone

burst signal. However, both of these alterations will lead to a longer wavepacket, and a reduction in the axial resolution.

Consequently, a compromise must be found between mode selectivity and axial resolution.
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