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a b s t r a c t

This paper presents the simulation and experimental study of the radiation pattern of a meander-line-coil
EMAT. A wholly analytical method, which involves the coupling of two models: an analytical EM model
and an analytical UT model, has been developed to build EMAT models and analyse the Rayleigh waves’
beam directivity. For a specific sensor configuration, Lorentz forces are calculated using the EM analytical
method, which is adapted from the classic Deeds and Dodd solution. The calculated Lorentz force density
are imported to an analytical ultrasonic model as driven point sources, which produce the Rayleigh waves
within a layered medium. The effect of the length of the meander-line-coil on the Rayleigh waves’ beam
directivity is analysed quantitatively and verified experimentally.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

A variety of non-destructive testing (NDT) techniques are avail-
able in industries, such as radiographic testing (RT), magnetic par-
ticle testing (MPT), eddy current methods, magnetic flux leakage
(MFL) and ultrasonic methods [1–5]. Due to its advantages of good
penetration depth and mechanical flexibility, the piezoelectric
ultrasonic method is widely used for thickness measurement, flaw
evaluation and material characterization [6–11]. The transducer
frequently used for the conventional ultrasonic non-destructive
testing is piezoelectric ceramics or crystals [10–12]. However,
one primary disadvantage of the piezoelectric ultrasonic testing
is the need to have good sonic contact with the test piece, typically
by means of a couplant for acoustic impedance matching [13].
Because an EMAT generates ultrasonic waves directly into the test-
ing piece instead of coupling through the transducer, it has advan-
tages in applications where surface contact is not possible or
desirable [14,15]. Another attractive feature of EMAT is that a vari-
ety of waves modes can be produced based on different combina-
tions of coils and magnets [16,17].

There are two EMAT interactions which can produce ultra-
sound: the magnetostriction mechanism and the Lorentz force

mechanism; both the magnetostriction mechanism and the Lor-
entz force mechanism are for ferromagnetic materials while only
the Lorentz force mechanism is for conductive metallic materials
[16,18,19]. In this paper, only EMAT based on Lorentz force mech-
anism to generate Rayleigh waves is discussed. As shown in Fig. 1,
an EMAT system consists basically of a coil carrying an alternating
current, a permanent magnet providing a large static magnetic
field, and the test piece. In this work, the test piece used is an alu-
minium plate, which is mainly affected by Lorentz force mecha-
nism, so magnetostriction is not considered. The Lorentz force
mechanism is: the coil induces eddy currents J in the surface layers
of the testing material, and the interaction between the static mag-
netic field B and eddy currents J produces a Lorentz stress F based
on Eq. (1), which in turn generates ultrasound waves propagating
within the testing sample.

F ¼ J� B ð1Þ
Considerable works were reported on the electromagnetic

acoustic transducers (EMATs) simulation, which contained the
electromagnetic model and the ultrasonic model [20–23]. In addi-
tion, significant works were reported on the effect of parameters,
such as the dimension of the coil, the dimension of the magnet,
and the lift-off, on the EMATs efficiency for the optimal design of
EMATs [24–27]. Because 3-D modelling has a high demand of the
computer capacity and requires significant running time, most of
the previous work were 2-D simulation focusing on the x-y plane
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(i.e. vertical plane) of the material. The orientation of the coordi-
nate system is shown in Fig. 1, and all of the subsequent simula-
tions are based on this coordinate system. Two examples of the
2-D modelling methods for the x-y plane of the material have been
detailed in [28,29], however, there is little research on the Rayleigh
waves’ beam directivity on the surface of the material, that is, the
y-z plane of the material [30].

Consequently, this paper proposes a wholly analytical mod-
elling method to study the Rayleigh waves’ beam directivity on
the surface of the material. This method involves the coupling of
two models: an analytical electromagnetic (EM) model and an ana-
lytical ultrasonic (UT) model. The analytical EM model is used to
calculate Lorentz force density, which then feed through to the
analytical ultrasonic model to study the Rayleigh waves’ beam
directivity. In addition, the application of this model to the quanti-
tative evaluation of the effect of the length of the meander-line-
coil (‘‘L” in Fig. 1) was conducted, and experiments were carried
out to validate the simulation results.

2. EMAT modelling

In this work, the test piece used is an aluminium plate with a
dimension of 600 mm � 600 mm � 25 mm; the coil used is a
meander-line-coil with a dimension of 30 mm � 34.163 mm �
0.035 mm; the permanent magnet used is NdFeB35, whose size
is 60 mm � 60 mm � 25 mm. The operation frequency is
483 kHz, and the skin depth calculated is 0.117 mm. The velocity
of Rayleigh waves used in the aluminium plate is 2.93 mm/ls, so
the spacing between two adjacent lines of the meander-line-coil
is 3.03 mm, which is equalling to one half of the Rayleigh waves’
wavelength, to form the constructive interference. The meander-
line-coil carries an alternating current with the peak of 5 A, and
the lift-off of the meander-line-coil is 1 mm.

2.1. EM simulation

2.1.1. Adapted analytical solution
The analytical EM solution is adapted from the classic Deeds

and Dodd solution, which was originally for the circular coil. This
adapted analytical solution proposed by authors has been pub-
lished in [28]; a brief introduction is presented here. The governing
equations for the eddy current phenomena is shown in Eqs. (2)–(4),
where A is the magnetic vector potential, l, r and e are the perme-
ability, conductivity and permittivity of the material respectively, I
is the applied current density, x is the angular frequency of the
applied alternating current, E is the electric field, and J is the
induced eddy current [31].

r2A ¼ �lIþ lr @A
@t

þ le @
2A
@t2

þ lr 1
l

� �
� ðr� AÞ ð2Þ

E ¼ �jxA ð3Þ

J ¼ rE ð4Þ

For a circular coil with a rectangular cross-section over a layered
conductor [14], provided the final analytical solutions for the vector
potential calculation, which can be extended to calculate other elec-
tromagnetic induction phenomenon. Assuming the conductor only
has one layer (as shown in Fig. 2), the solutions can be simplified as:

Aðy;xÞ¼l0I
Z 1

0

1
a2

Z ar2

ar1

cJ1ðcÞdc
� �

J1ðayÞ e�al�e�aðlþhÞ� � eð2a1xÞ

ðaþa1Þda

ð5Þ

a1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ jxl1r1

q
ð6Þ

where Aðy; xÞ is the vector potential within the conductor, l0 is the
permeability of air, I is the applied current density, c and a are the
integration variables, r1 and r2 are the inside radius and outside
radius of the coil respectively, J1ðcÞ and J1ðayÞ are the Bessel func-
tions of first kind, l is the lift-off, h is the height of the coil, l1

and r1 are the permeability and conductivity of the conductor
respectively, and x is the angular frequency.

An axis-symmetrical geometry, with detailed parameters
shown in Table 1, is built to study the analytical solution. Fig. 3
(a) illustrates the distribution of the vector potential along the sur-
face of the aluminium plate (x = 0); the red1 square in this curve
means the maximum vector potential. From this image, the vector
potential is not symmetrical with y = 5 mm, where the circular coil
is located; that is because the wire of the circular coil is bent.

We proposed a hypothesis, that is, when the radius of the circu-
lar coil is large enough, the bent wire of the circular coil can be
approximated to a straight wire, and the vector potential should
be symmetrical. The model used is the same with the one used
in Table 1, with only one difference that the radius of the circular
coil is enlarged to 10.04 mm. Fig. 3(b) shows the result of the vec-
tor potential distribution for a large-radius coil. The vector poten-
tial is now symmetrical with y = 10.04 mm; this verifies the
hypothesis that, when the radius of the circular coil is very large,
the bent wire of the circular coil can be approximated to a straight
wire, and the magnitude distribution of the vector potential is
symmetrical with the radius [28].

In order to analyse the accuracy of the proposed adapted ana-
lytical solutions, the finite element method (FEM) is employed to
compare the results between the analytical and the numerical
methods. Maxwell Ansoft based on the finite element method
(FEM) is used to solve the vector potential; the model built with
Maxwell Ansoft is the same with the one built in Fig. 3(b). The
computation of the FEM solver is based on minimising the energy
error; the vacuum region to be solved is four times as larger as the
aluminium plate; the mesh number used is over 7000, which
makes the energy error below to 0.1%. The comparison between
the analytical method and the finite element method (FEM) is
undertaken, not only at a low frequency but also at a high fre-
quency. The comparison results are shown in Fig. 4, revealing that
the analytical method shows an accuracy benefit over the finite
element method (FEM): the vector potential from the finite ele-
ment method (FEM) does not approach to zero when it is far away
from the wire (Fig. 4(a)–(c)); the curve from the finite element
method (FEM) is not smooth at the high frequency, that is due to
the numerical nature of the FEM: numerical approximation due
to finite mesh density and element interpolation are inevitable.

1 For interpretation of color in Figs. 3 and 9, the reader is referred to the web
version of this article.

Fig. 1. The configuration of a typical meander-line-coil EMAT.
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