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Abstract

The transmission and re-emission of energy by leaky Lamb waves from an immersed
plate is being studied in the case of multi-modal propagation. When more than two
Lamb modes propagate together, interferences can be generated in the re-emitted field.
The latter have to be well understood and mastered because they can distort the
diagnosis of a Non-Destructive Testing of an immersed plate. They are experimentally
observed with C-scan visualisation, but they are not consistent with the Bertoni and
Tamir model which describes the theoretical re-emitted acoustic field by leaky Lamb
modes excited by an incident ultrasonic beam. The same interferences are also observed
by finite-element simulation. The Bertoni and Tamir model is then modified to take into
account the incidence of side lobes generated by an immersed ultrasonic transducer.
That way, the same interferences observed are theoretically predicted, confirming that
side lobes are the cause of it. Side lobes can generate a second leaky Lamb mode which
propagate and interfere with the mode generated by the main acoustic beam. This
secondary Lamb mode is non-negligible if it has higher leaky attenuation than the
targeted mode. Thus, to avoid multi-modal generation with an incident beam, the best
method is to aim at the leaky Lamb mode with the highest leaky attenuation coefficient

at the chosen frequency.

Keywords
Leaky Lamb wave; re-emission; re-emitted field; transmitted field; leaky attenuation;

interferences; multi-modal propagation
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1. INTRODUCTION

The sodium-cooled fast reactor (SFR) technology has been chosen for the 4™
generation of nuclear power plants in France. With liquid sodium as the coolant,
improvement of in-service inspection and repair (ISI&R) techniques has been identified
as a major issue for the ASTRID project (Advanced Sodium Technological Reactor for
Industrial Demonstration) [1,2]. Ultrasonic solutions are being studied for the inspection
of the main vessel and different internal parts of ASTRID: waves guided in elastic
plates (Lamb waves) seem to be suitable candidates to achieve this objective [3,4]. The
final objective of this work will be then to perform NDT in several parallel and
immersed plates by using Lamb waves.

Lamb waves are frequently used for long-range non-destructive testing (NDT) of
plates [5-10]. When the structure to be controlled is immersed in a fluid, Lamb waves
leak energy into the surrounding fluid, which is why they are called leaky Lamb waves
[10-14]. This is the case for the ASTRID main vessel filled with liquid sodium. To
understand the physical phenomena occurring in such conditions, we decided to study
the similar case of a stainless steel plate in water (given the wide diameter of the vessel,
about 15 meters, we primarily choose to approximate it locally as a plate). In the case of
a steel plate immersed in water, it has been shown that variations induced by the
surrounding fluid on Lamb wave velocities are negligible [15]. However, leaky Lamb
waves are highly attenuated, and this reduces the inspection range. To overcome this
issue, we can use leaky Lamb modes with dominant longitudinal displacements and
therefore with almost no leaky damping [16,17]. However, by reciprocity, these modes
are particularly difficult to excite using a bounded-beam incident at a Lamb-wave

generating angle [16].
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The oblique incidence technique is widely used to generate leaky Lamb waves in an
immersed plate: the required leaky Lamb mode is selected by the incidence of an
acoustic beam generated by an immersed transducer or through a wedge
[4,5,7,10,13,18-21]. This technique may result in the excitation of several leaky Lamb
modes together because of the beam-spreading angle, thereby opening the door to multi-
modal propagation [5].

In the case of multi-modal propagation, we can observe spatial interferences in the
acoustic field emitted by the plate in the fluid [22-24]. Moreover, as a function of the
defect, the creation of others Lamb modes can occur when the incident Lamb mode is
reflecting on the defect. Thus, it can also lead to multi-modal propagation. The
interferences in the re-emitted field could eventually complicate the diagnosis of NDT,
and then they have to be well understood.

To compute the acoustic field reflected by and transmitted through a plate, an
analytical model has been developed in reference [18], applied to the case of leaky
Lamb waves in references [25,26], and numerically solved to take into account multi-
modal propagation generated by the main incident beam in references [27,28]. This
analytical model is referred to as the Bertoni and Tamir model in this paper. This model
had never been used to study multi-modal interferences until now. The Bertoni and
Tamir model takes into account the angle spreading of the acoustic beam, but it does not
take into account the effect of side lobes inevitably generated by a real transducer. This
effect has not been studied for the case of leaky Lamb waves, except in the recently
published reference [29] which discusses finite-element simulations (FEM) of a
complete acoustic field incident on a plate, but only for the normal incidence. We will

show that side lobes can generate different leaky Lamb modes to that targeted by the
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main beam under specific conditions, and we adapted the Bertoni and Tamir model in
order to completely model all these phenomena.

In the first section, we present the general background of generation and re-emission
of leaky Lamb waves, as well as the initial Bertoni and Tamir model. We
experimentally highlight the presence of interferences in the re-emitted acoustic field in
a configuration where the Bertoni and Tamir model does not predict any. Then, the
Bertoni and Tamir model is modified to take into account the effect of side lobes on
leaky Lamb mode generation. This clarifies the generation of leaky Lamb modes that

lead to multi-modal propagation.

2. GENERATION AND RE-EMISSION: THEORETICAL AND EXPERIMENTAL
BACKGROUND
2.1. Generalities on generation, leakage and interferences

Lamb waves are generated in immersion with oblique incidence technique. For the
sake of clarity, the same configuration is used in this paper and hereafter referred to as
"our configuration": it refers to one stainless steel plate 7.8 mm thick, with an acoustic
beam incident at an angle 6 (different incidences will be tested), generated by a 500
kHz central frequency transducer (i.e. a product frequency x thickness of 3.9 MHz.mm)
with an active diameter of 38.1 mm. Other numerical values that were used as input in
the modelling are given in the appendix.

In order to visualize the experimental re-emitted field, Cscan acquisitions are
performed and results are presented all along the paper. A picture of the experimental
bench is shown in Figure 1. The transducer sends a wave train of 40 cycles at 500 kHz
at the chosen incident angle 8. We choose a long wave train (40 cycles of sinusoid)

because it is long enough to approximate the steady state. The transmitted field is
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scanned and recorded by a needle hydrophone (@ 0.5 mm) in the area perpendicular to

the plate shown in dashed-dotted lines.

=3

Figure 1: Experimental bench: incident bulk waves are sent by a transducer onto a plate
immersed in water (7.8 mm thick and 700 mm long). Leaky Lamb waves are generated
(symbolized by dashed blue arrow), and the transmitted acoustic field (bold red arrows) is

scanned by a needle hydrophone in an area perpendicular to the plate (dash-dotted yellow line).

The plane wave reflection and transmission coefficients of the immersed plate are
plotted as a function of the incident angle 6 in Figure 2.a. These coefficients were
calculated on the basis of reference [27] and will be applied later in the Bertoni and
Tamir model. They provide a convenient way of visualising angles generating leaky
Lamb modes that are characterised by a complete transmission and null reflection. Thus,
in our configuration, S2 is generated at 8 = 7.6°, S1 at 8 = 15°, Al at = 17.2°, SO at
0 = 29.5°and AQ at 6 = 31.3°.

Besides the leaky attenuation coefficient that quantifies leakage into the fluid [16]

was calculated for each mode and is represented in Figure 2.b. It was calculated on the
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basis of the formulation published in reference [12]. Its knowledge allows to provide for
the level of re-emission of a mode, and by reciprocity the ability to generate a mode in
the plate. For example, at 300 kHz, SO presents the maximum of leaky attenuation
coefficient and then will be the best mode available to be generated with oblique
incidence technique. At the same time, it will be quickly attenuated along the plate and

then will not be able to test long distance.
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Figure 2: a) Theoretical reflection and transmission modulus at 500 kHz of the immersed
stainless-steel plate as a function of the incidence angle 6. b) Theoretical leaky attenuation

coefficient of Lamb modes for a stainless-steel plate with a thickness of 7.8 mm.

When a single mode is generated, the leakage along the plate is directed with the
same angle as incident one [10-12]. When several modes are generated simultaneously
in the immersed plate, their different leakages (with different directions) interfere with a
constructive or destructive manner and can result in a new apparent leakage direction.
The theoretical direction of these interference fringes for two different leaky Lamb

modes (with directions 6; and 8,) is given by equation 1 from references [23,24]:

(cos(ez) - cos(91)>
0, = —arctan

sin(6,) — sin(6,) (1)
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where 6; is the direction of interferences, 6; and 6, the respective re-emission direction

of leaky Lamb modes 1 and 2 that are propagating together.

2.2. The Bertoni and Tamir model

This part outlines the initial Bertoni and Tamir model. The model is then applied and

compared to experimentation, and their limitations in our configuration are shown.
2.2.1. Principle

The Bertoni and Tamir model is an analytical model solved numerically to compute
the reflected and transmitted steady state acoustical fields by an immersed plate. This
model is extensively described in [27] and the same notations will be used, except for
the half-width of the incident beam and its projection onto the plate that are noted r and
1, respectively (instead of w and wy) and the half-width spreading angle of the incident
beam that is noted ©y, (instead of W,).

The plate is considered made of a homogeneous linear elastic isotropic medium.
Coordinate systems are shown in Figure 3. The X and Y axes are associated with the
plate (with X being parallel to the surface of the plate) and the ¢ and 7 axis are linked
with the incident acoustic beam (with ¢ perpendicular to the incident acoustic beam).
The incidence of the beam is centred on the angle 6, with a half-width spreading angle
0 (for which two definitions will be used, noted Oy, and 0, see below).

The Bertoni and Tamir model defines the incident acoustic field as a superposition of
an infinite number of plane waves having the same wavelength but different incidence

angles, through the following Fourier integral transforms [27]:

1 k+m/1o

Uine (X, Y) = o ) V(kx) expl[i(Xky + Yky)] dky (2)
k—-m/7g

and V(ky) = f_’go Uine (X, —e) exp(—iXky) dX (3)
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with k = 2rf /c the wave number in the liquid, ¢ representing the speed of sound in the
relevant liquid, f the frequency, kx and ky the components of k on the X and Y axes,

and U;,.(X, —e) the incident amplitude at the upper surface of the plate.

Figure 3: An example of a transmitted beam profile with representation of the main acoustic

beam spreading phenomena

The propagation through the plate is then modelled by applying the plane wave
reflection or transmission coefficients (please see [27] for detailed equations). We focus
here on the way the incident beam is modelled. The incident beam is considered by the
authors to have a gaussian distribution, with an angular spreading ©. The definition and
quantification of ® may vary in the literature. We use two definitions:

" Oyw which is defines in reference [27] as:

s AN o
Oy = sin~? (sm@ +0.53 Ccosﬁ) —sin™! (sm@ —-0.53 Ccosﬁ) (4)

* and 0, as defined in equation (5) that gives the direction of the first zero amplitude

enclosing the theoretical main beam [30,31]:

0, = sin~! (1.22 Dc—f) (5)

with and D the diameter of the emitter.
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The analytical expression of Gaussian beam incident at the upper surface of the plate

(Y = —e) used in [27] is described in equation (6):

- (f—o)z + iX. k.sin(0) (6)

with 1y = r/cos(0) the projection of the beam half-width on the plate as illustrated in

Uinc(X,—e) = exp

Figure 3.
The equation (6) is then used as input: a spectral decomposition is applied, and the
reflected or transmitted acoustic field is integrated using the plane wave reflection and

transmission coefficients of the immersed plate that are presented in the Figure 2.a.

2.2.2. Comparison to experimental measurements

Experimentation with our configuration defined earlier, was performed with 30.4°
incidence in order to generate both A0 and SO by the main beam, as shown in Figure
4.a. One can observed one weak interference in the two acoustic fields presented,
labelled 2 in the experimentation of Figure 4.b and in Bertoni and Tamir modelling in
Figure 4.c: it is oriented at 30°, which is compatible with an interference between A0
and SO according to equation (1). The experimentation is in good agreement with the
Bertoni and Tamir model. Moreover, these results show that the Bertoni and Tamir

model is able to predict interferences in the case of multimodal propagation.
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Figure 4: a) Reflection and transmission modulus with superposition of the main beam
spreading angles Opy,, and 0y and incidence angles of side lobes for 8 = 30.4° at 500kHz.
Comparison of the transmitted field: b) experimental C-scan, and c¢) Bertoni and Tamir model.

The plate is illustrated by two parallel black lines and is immersed on both sides.

2.3. Limits of the model

Our configuration, this time with the incidence 6 = 17.2°, implies the excitation of
two Lamb modes by the main beam: Al and S1 (see Figure 5.a). However, S1 presents
zero re-emission at the working frequency of 500 kHz: its longitudinal displacements
are predominant, inducing almost no leakage in the fluid [16,17]. This effect is
highlighted by the null leaky attenuation coefficient of Figure 1.b. The zero attenuation
of S1 at 500 kHz is clearly visible: this mode will almost induce no re-emission and by
reciprocity will be hard to generate using an incident beam [16]. Therefore, the S1 mode
will not have any influence in this case. Thus, only Al should be generated considering
only the main beam.

The C-scan image acquired in this case and represented in Figure 5.b reveals a
stripped re-emitted acoustic field. At the very beginning of the acoustic field, a weak
beam (labelled 1) is re-emitted around 9°. The main re-emission (labelled 2) is directed

at around 18°, which is compatible with the re-emission of the A1 mode excited by the

11
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main beam. However, the re-emission of strips soon occurs, directed between 23° and
25° (labelled 3).

Figure 5.c shows the transmitted field calculated by the initial Bertoni and Tamir
model. We can observe the re-emission of the A1 mode which re-emits around 17°. The
computed acoustic field is characteristic of the re-emission of a single leaky Lamb
mode: one acoustic beam directed at a precise single angle, with an exponential
decrease in the amplitude with propagation along the plate (example of Figure 5.d). It

confirms that the contribution of the S1 mode has no measurable effect as expected.
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Figure 5: a) Reflection and transmission modulus with superposition of the main beam
spreading angles Opy,, and 0, and incidence angles of side lobes for 8 = 17.2° at 500kHz.
Comparison of the transmitted field: b) experimental C-scan, and c) Bertoni and Tamir model,

with d) extracted normalised amplitude for ¥ = —20 mm.
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However, the experimental and theoretical re-emitted acoustic fields are very
different. This example highlights the necessity of taking into account the effect of side
lobes in the modelling.

To ensure that experimentation is valid, we choose to confront it with finite elements
simulation using the commercially available software COMSOL Multiphysics®.
Calculations are made in the frequency domain to ensure the validity of the steady state
hypothesis, which was made in the Bertoni and Tamir model. Since Lamb modes are
purely 2D symmetrical, we use a 2D model to simplify and speed up our calculations.
The transducer is classically modelled as a perfect piston source (with imposed pressure
at its surface), which then generates a main beam and side lobes. Their characteristics
were checked (near field length, and directions and amplitudes of the lobes) to match
with our configuration.

Resulting reflected and transmitted field are represented in Figure 6. Perfectly
matched layers (PML) were used to minimise reflections on the edges of the model.
Some weak reflections still occur (because incidence angles on them are in the limits of

their abilities) but they do not affect the part of interest.
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Figure 6: Transmitted acoustic field in our configuration computed with the FEM: the absolute

pressure is plotted in water and vertical displacements in the plate
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We can observe the same directions and interferences as in experimentation in the
transmitted field: the first direction (labelled 1) at a low amplitude at 9°, the main beam
(labelled 2) at 17.5°, and strips (labelled 3) oriented between 24° and 25°. This confirms
the experimentation results plotted in Figure 5.b, which lead to the conclusion that the
Bertoni and Tamir model is not relevant for this configuration. Since side lobes are

neglected in this model, we now modify the model to take them into account.

3. MODIFICATION OF THE BERTONI AND TAMIR MODEL

This part describes how side lobes were integrated in the Bertoni and Tamir model
and discuss several results compared to experimentations.

3.1. Measurement of the experimental incident acoustic field

For an accurate modelling of side lobes, we have chosen to measure the incident
acoustic field emitted by the transducer (500 kHz, @ 38.1 mm). It is scanned with a
needle hydrophone (@ 0.5mm). The signal is a wave train of 40 cycles at 500 kHz (the
same signal used for leaky Lamb wave experimentation). The resulting C-scan is shown
in Figure 7, where the red line represents the mean abscissa of the plate during
experimentation. The amplitudes measured on this line are plotted further in Figure 8.

Side lobes can be observed at -20 dB. The directions of the side lobes in Figure 7 are
12.5°, 20° and 26.5° for the first, second and third side lobe respectively. We then
model the amplitude and direction of these side lobes to take them into account in the

Bertoni and Tamir model.

14
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Figure 7: Experimental characterisation of the incident acoustic beam used in our configuration.
The red line shows the near field length, representing also the mean abscissa where the plate is

located during experimentation

3.2. Modeling of side lobes amplitude

Figure 8 shows that the Gaussian function used in Bertoni and Tamir model works
well for the main beam but does not take into account the side lobes. To take them into
account, we assessed two functions: the Bessel function of the first kind (its cardinal
form is the theoretical cross section of an acoustic beam) in equation (7), and the
Lorentz function in equation (8). Both of them were optimised with respect to the
experimental data shown in Figure 8 using a least-squares method to approach the

experimental conditions at best.

&
] 2
Upne (X, —0)] = [2 22 gﬁ %

B
with J; representing the Bessel function of the first kind, and § the parameter for

optimisation which depends on the transducer, the frequency and the distance to the

transducer. For our configuration, we have f = 5.6 mm.

15
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[Uinc (X, —€)| =

£)? (8)
1+ (%)
with y representing the parameter for optimisation which depends on the transducer, the

frequency and the distance to the transducer. For our configuration, y = 10.8 mm.

1 . . . . O  Experimentation
Gaussian (Bertoni and Tamir)
° Bessel Cardinal
5 08r Lorentz
2
o
E 06 ]
®©
§e]
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204 1
©
£
o
Z 021 i
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Figure 8: Incident acoustic beam profile with superposition of different model: the Bertoni and
Tamir modelling (Gaussian) and optimised least-squares models (Bessel Cardinal and Lorentz

functions)

The Bessel Cardinal function is able to well locate the side lobes and will be used to
define angles (see next paragraph). However, it introduces zero values that are not
experimentally measured. The Lorentz function appears to model the main beam and
the mean amplitude of each side lobe quite well, which is why we chose it.

We have integrated the amplitude of side lobes using the Lorentz function into the

modulus of U,.(X, —e) in the equation (9) below.
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3.3. Modeling of side lobes directions

The incidence angle of the experimentally observed side lobes has to be taken into
account into the phase of U;,.(X,—e). To do so, we introduced a piecewise-defined
function 8,, which returns the direction experimentally measured of the considered lobes
as a function of the position in the ¢ axis. The correspondence with the X axis was then
easily obtained by a projection on the surface of the plate. The considered lobe itself
was identified thanks to the zeros of the Bessel function. The first four zeros used are
recalled in Table 1, with the corresponding angles experimentally measured and applied
to the case of an incidence centred on 8. B, = §/cos(8) is used to take into account the

projection on the surface of the plate illustrated in Figure 3.

X X
X/, <383 0
e
383 <X/p <7.02 6 +12.5°
7.02<X/5 <1017 6 +20°
10.17 < X/p <1332 6 +26.5°

Table 1: Piecewise definition of 8,, for X positive. The definition of 8, for X negative is based

on the same scheme, with directions symmetrical to

The complete formulation of the incident acoustic field is presented in equation (9):
Uine (X, —€) = ——
inc(X,—e) =————.exp
1+ ()

i.X.k.sin <9n (g))l 9)
- 0
Yo

with Yo = y/cos(08) and f, representing optimised parameters which depend on the

transducer, the frequency and the distance to the transducer to the plate.
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3.4. Results and discussion

3.4.1. At500kHz
The equation (9) was then used as input in the Bertoni and Tamir model. Numerical
values used as input in the model are given in the appendix. The new results for the case

of Figure 5 are given in Figure 9.

Side lobes
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Figure 9: a) Transmitted acoustic field in our configuration computed with the modified Bertoni
and Tamir model. b) Reflection and transmission modulus with superposition of the main beam
spreading angles Oy, and O, and incidence angles of side lobes. ¢) Comparison of the
amplitude at Y = —20 mm for the experimentation and the Bertoni and Tamir model with and

without side lobes implementation.
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The theoretical acoustic field in Figure 9.a reveals the same interferences than those
observed experimentally and by FEM. At the very beginning of the acoustic field, a
weak beam (labelled 1) is re-emitted around 9°, compatible with the re-emission of the
S2 mode exited by the side lobe located left to the main beam (see incidences of side
lobes in Figure 9.b). The main re-emission (labelled 2) was directed at around 17.5°,
which is compatible with the A1 mode excited by the main beam. The side lobe on the
right of the main beam excites A0 and/or SO modes around 30° (theoretically 29.5° for
SO and 31.3° for A0O). These modes propagate with Al and these three modes are
reemitting together, which creates interferences. These interferences are oriented
between 24° and 25° (labelled 3).

Moreover, the theoretical direction of these interference fringes for two different
leaky Lamb modes given by equation (1) results in 85 = 23.4° if considering SO (with
0, = 17.2° and 6, = 29.5°) and 65 = 24.3° if considering AO (with 8; = 17.2° and
6, = 31.3°), which is in very good agreement with experimentation, FEM and modified
Bertoni and Tamir model.

S0 and/or AO modes are excited with a weaker amplitude (-20 dB) in comparison to
the excitation of Al, but their leaky attenuation coefficients are greater than A1l at 500
kHz (see Figure 2.b). This means that AO and SO are easier to excite with an incident
beam and have a stronger re-emission than Al. This effect balances out the amplitude
re-emitted by each mode and allows for non-negligible interferences.

The improvement of the model is highlighted by the extracted amplitudes at Y =
—20 mm plotted in Figure 9.c. We can also note that a slight gap between the modified
model and the experimental results tends to increase with the distance X. It can be partly

explained by the fact that between labels 2 and 3, the interferences are not always
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straight and probably indicate that more than two different Lamb modes are propagating
together (probably A1, S2 and A0 and/or SO in our configuration).

This proves that side lobes are indeed exciting AO and/or SO modes in the plate,
inducing interference patterns in their re-emitted field in the fluid. This also underlines
that side lobes cannot be neglected when incident at a highly attenuated Lamb mode and
validates the way that the side lobes have been modelled. This point is confirmed by the
other experimentations presented below.

Finally, the three different techniques used to study the transmitted field are brought
together in Figure 10 and rescaled to simplify comparison. It can be seen that the
directions and places of interference are in very good agreement between

experimentation, FEM and the modified analytical model.
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a)
Figure 10: Comparison of the transmitted field on the same scale: a) experimental C-scan, b)

finite-element simulation and c¢) modified analytical Bertoni and Tamir model

3.4.2. At250 kHz
Other experimentations have been performed at 250 kHz with another transducer (&
46 mm, central frequency at 250 kHz) and compared to the results of the modified
model. The new incident acoustic field has been characterised in Figure 11 with the

same protocol as previously.
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Figure 11: Experimental characterisation of the incident acoustic beam used at 250 kHz. The red
line shows the near field length, representing the mean abscissa where the plate is located during

experimentation

This leads to new values of the § and y in equations (7) and (8): respectively 5.5 mm
and 12.5 mm. The incidence of the first three lobes labelled in Figure 11 have been
measured at 11.5°, 21° and 28°. These new parameters have been used as input of our
modified Bertoni and Tamir model to take into account the incidence of side lobes.

Two different incidence angles are applied successively with this transducer: 8 = 9°
to generate the A1 mode (Figure 12) and 8 = 34.2° to generate AO (Figure 13).

The A1 mode (at 8 = 9°) is the mode with the smallest leaky attenuation at 250 kHz
(see Figure 2.b), which means that A0 and SO modes will be easier to generate. The
Figure 12.a shows that the SO mode at 18.2° is at the extreme incidence of the main
beam to be excited by it. However, this mode is likely to be excited by the first incident
lobe, and the A0 mode (at 34.2°) by the second and the third incident lobe.

The initial Bertoni and Tamir model plotted in Figure 12.c predicts the re-emission
of the only mode Al at 9° (labelled 1) with a slow decrease along the plate because this
mode is poorly attenuated. However experimentation (Figure 12.b) and modified

Bertoni and Tamir model (Figure 12.d) reveals strong interferences, proving that other
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modes are excited by side lobes. The first beam (labelled 1) is the re-emission of the Al
mode at 9°. The second beam (labelled 2) is directed at 13.5°, which corresponds to the
interference between Al and SO that is excited by the first side lobe: the equation (1)
evaluates the interference at 13.6°. The third beam is measured at 18° and is the re-
emission of the SO mode without interference: the A1 mode has become negligible. The
last double beam (labelled 4) is measured at about 25°, which is compatible with the
interference between SO mode and AO predicted at 26.2°, the AO mode being excited by
the second and third side lobe. Experimentation and our modified Bertoni and Tamir

model are in good agreement.
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Figure 12: a) Reflection and transmission modulus with superposition of the main beam
spreading angles Oy, and 0y and incidence angles of side lobes for 8 = 9° at 250kHz.
Comparison of the transmitted field: b) experimental C-scan, c) initial Bertoni and Tamir model

and d) modified Bertoni and Tamir model with side lobes taken into account

Finally, the AO mode has been targeted at = 34.2°: this mode has a leaky attenuation
close to SO but both are higher than Al. The Figure 13.a shows that the main beam
excites only the AO mode, and that SO and A1 can be excited by the three left side lobes.
We can expect small interferences with SO and negligible interferences with Al.

The initial Bertoni and Tamir model (Figure 13.c) only predict the re-emission of AQ
(labelled 1) at 34° as expected. This direction was also measured on the experimentation
(Figure 13.b) and with our modified Bertoni and Tamir model (Figure 13.d). However it
is difficult to measure other directions Figure 13.b and Figure 13.d because the re-
emitted field is distorted by interferences of small amplitudes, probably with the SO

mode.
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Figure 13: a) Reflection and transmission modulus with superposition of the main beam
spreading angles ®yy, and 0y and incidence angles of side lobes for 8 = 34.2° at 250 kHz.
Comparison of the transmitted field: b) experimental C-scan, c) initial Bertoni and Tamir model

and d) modified Bertoni and Tamir model with side lobes taken into account

4. CONCLUSION

The analytical Bertoni and Tamir model is modified to take into account side lobes
inherent to an experimental transducer. A finite-element simulation was also ran with
the same incident bounded beam and validated these two techniques by experimental
observation. We confirm the importance of taking the side lobes of the incident acoustic
beam into account, in order to model correctly the re-emitted field that can present
strong interferences in case of multimodal propagation. These interferences are
predictable if the incident beam is well known.

When Lamb waves are used for NDT, it is usually better to excite a single Lamb
mode for clarity of signals. Moreover, as a function of the defect, the creation of others
Lamb modes can occur when the incident Lamb mode is reflecting on the defect. To

avoid initial multi-modal propagation, one could suppress side lobes by using a
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nonuniform transducer: such a transducer has his piezo-electric disk dividing into two
zones, enabling a mean windowing of the initial excitation [33,34]. However, we can
reduce the effect of side lobes on the plate by aiming with the main beam the leaky
Lamb mode with the highest leaky attenuation coefficient. Others leaky Lamb modes
are harder to be generated [16] and are likely to be negligible if a side lobe excites them.
However, such highly attenuated modes are bad candidates for long range inspection of
immersed plate. There is a compromise to be found case by case regarding the length of
the plate to be controlled and the purity of the Lamb mode excited.

If multiple Lamb modes are generated by the only main beam, we could also increase
its directivity by increasing the transducer diameter. Another way to achieve this goal is
to use higher frequencies (some MHz) with thinner plates (few millimetres) as in [28]:
the main incident beam will have better directivity, and Lamb modes will be easily
decoupled from each other.

The finality of this work will be to achieve NDT in several parallel and immersed
plates. To reach this goal, a complete study of leaky Lamb waves that propagates in two
parallel and immersed plate is available in [35], and experimental detection of defects in

the second plate are compared with theory in [36].
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Appendix: Properties of the plate and water used for numerical applications
The immersed plate is homogeneous, elastic and isotropic in stainless steel (density

1 and

of 7950 kg. m™3, longitudinal and shear velocities respectively of 5750 m.s™~
3 150 m.s™1), with no attenuation due to the material (absorption and scattering). These
values were measured on the stainless steel plate used for experimentation.

Water is modelled with a density of 1 000 kg. m™3 and a speed of sound equal to

1490 m.s™ 1. The viscosity of water is neglected.
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Collected figure captions

Figure 1: Experimental bench: incident bulk waves are sent by a transducer onto a plate
immersed in water (7.8 mm thick and 700 mm long). Leaky Lamb waves are generated
(symbolized by dashed blue arrow), and the transmitted acoustic field (bold red arrows)
is scanned by a needle hydrophone in an area perpendicular to the plate (dash-dotted

yellow line).

Figure 2: a) Theoretical reflection and transmission modulus at 500 kHz of the
immersed stainless-steel plate as a function of the incidence angle 0. b) Theoretical
leaky attenuation coefficient of Lamb modes for a stainless-steel plate with a thickness

of 7.8 mm.

Figure 3: An example of a transmitted beam profile with representation of the main

acoustic beam spreading phenomena

Figure 4: a) Reflection and transmission modulus with superposition of the main beam
spreading angles Oy and O, and incidence angles of side lobes for 8 = 30.4° at
500kHz. Comparison of the transmitted field: b) experimental C-scan, and c) Bertoni
and Tamir model. The plate is illustrated by two parallel black lines and is immersed on

both sides.

Figure 5: a) Reflection and transmission modulus with superposition of the main beam
spreading angles Oy and O, and incidence angles of side lobes for 8 = 17.2° at
500kHz. Comparison of the transmitted field: b) experimental C-scan, and c) Bertoni

and Tamir model, with d) extracted normalised amplitude for Y = —20 mm.

Figure 6: Transmitted acoustic field in our configuration computed with the FEM: the

absolute pressure is plotted in water and vertical displacements in the plate
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Figure 7: Experimental characterisation of the incident acoustic beam used in our
configuration. The red line shows the near field length, representing also the mean

abscissa where the plate is located during experimentation

Figure 8: Incident acoustic beam profile with superposition of different model: the
Bertoni and Tamir modelling (Gaussian) and optimised least-squares models (Bessel

Cardinal and Lorentz functions)

Figure 9: a) Transmitted acoustic field in our configuration computed with the modified
Bertoni and Tamir model. b) Reflection and transmission modulus with superposition of
the main beam spreading angles Oy and 0, and incidence angles of side lobes. c)
Comparison of the amplitude at Y = —20 mm for the experimentation and the Bertoni

and Tamir model with and without side lobes implementation.

Figure 10: Comparison of the transmitted field on the same scale: a) experimental C-

scan, b) finite-element simulation and c) modified analytical Bertoni and Tamir model

Figure 11: Experimental characterisation of the incident acoustic beam used at 250 kHz.
The red line shows the near field length, representing the mean abscissa where the plate

is located during experimentation

Figure 12: a) Reflection and transmission modulus with superposition of the main beam
spreading angles Oy and 0 and incidence angles of side lobes for 8 = 9° at 250kHz.
Comparison of the transmitted field: b) experimental C-scan, c) initial Bertoni and
Tamir model and d) modified Bertoni and Tamir model with side lobes taken into

account

Figure 13: a) Reflection and transmission modulus with superposition of the main beam

spreading angles Oy and 0, and incidence angles of side lobes for 8 = 34.2° at 250
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kHz. Comparison of the transmitted field: b) experimental C-scan, c) initial Bertoni and
Tamir model and d) modified Bertoni and Tamir model with side lobes taken into

account

Collected table captions
Table 1: Piecewise definition of 6, for X positive. The definition of 8, for X

negative is based on the same scheme, with directions symmetrical to 6
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