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Abstract—The inspection and control of sodium-cooled
fast reactors (SFR) is a major issue for the nuclear
industry. Ultrasonic solutions are under study because of
the opacity of liquid sodium. In this paper, the use of leaky
Lamb waves is considered for non-destructive testing
(NDT) on parallel and immersed structures assimilated as
plates. The first phase of our approach involved studying
the propagation properties of leaky Lamb waves.
Equations that model the propagation of Lamb waves in
an immersed plate were solved numerically. The phase
velocity can be experimentally measured using a two
dimensional Fourier transform. The group velocity can be
experimentally measured using a short-time Fourier
transform technique. Attenuation of leaky Lamb waves is
mostly due to the re-emission of energy into the
surrounding fluid, and it can be measured by these two
techniques.
Index Terms—Group velocity, Leaky Lamb waves, NonDestructive Testing (NDT), Phase velocity, Re-emission, Sodium
Fast Reactor (SFR), Ultrasound.
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I. INTRODUCTION

he sodium-cooled fast reactor (SFR) technology has
been chosen for the French 4th generation of nuclear
power plants. With liquid sodium as coolant, the 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
in order to inspect the main vessel and different parts of
ASTRID. Fig. 1 shows different inspection strategies with
ultrasonic transducers inside and outside the main vessel.
Immersion of specific ultrasonic transducers in liquid sodium
is under study [3], [4] (1st strategy in Fig. 1). However,
inspections using a transducer located outside the main vessel
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Fig. 1. Different ultrasonic inspections strategies for ASTRID: inspection
with a transducer immersed in sodium (1st strategy), with a transducer in the
inter-vessel gap using immersed structures as a wave guide (2nd strategy),
and through the main vessel (3rd strategy)

(in the inter-vessel gap filled with gas) have shown promising
potential [5], [6]. The second strategy indicated in Fig. 1 is
also under study [7]. We will focus on the third strategy
indicated in Fig. 1.
The objective is to not only inspect the main vessel, but also
the structures behind it. This includes the redan (the
component separating the hot and the cold pool), the internal
baffles, sodium pump, and the heat exchanger skirts. The
diameter of the main vessel and internal baffles is quite large
(about 16 m) and justify to approximate locally their shape by
two parallel and immersed plates (Fig. 2). The challenge is
then to propagate ultrasonic waves from one plate to another
and to control them.
Mechanical waves that propagate in an elastic plate are
called Lamb waves [8]. Their use for NDT is widely studied in
the case of plates in vacuum (or in air) [9], [10]. However, the
configuration of several parallel and immersed plates is quite
innovative. References are rare, even if an artificial notch in
the second and third plate has been observed experimentally
under certain conditions [5], [6]. We can also cite [11]: it has
been shown that for a system of two semi-immersed plates,
Lamb waves propagate from the first plate to the second.
As a first step, this paper describes the propagation and reemission of Lamb waves in the case of an immersed plate.
Equations used to calculate the phase velocity, group velocity
and attenuation are specified. Experiments in water with two
different data processing techniques (2D Fourier transform
and short-time Fourier transform) are briefly presented.
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Finally, the experimental results are discussed.

The group velocity can be calculated from the phase velocity
[13].

Fig. 2. Cross-section of the ASTRID reactor block with location of the area to
be inspected (red box) and a schematic view of this area with the expected
ultrasonic path
Fig. 4. Attenuation coefficient 𝑘𝑘2 computed with the same parameters as in
Fig. 3. The x-axis now represents the frequency and no longer the product
frequency thickness because attenuation is strongly dependent on the
thickness. The results given are for a plate that was 7.8 mm thick.

II. PROPAGATION AND ATTENUATION OF LAMB WAVES
Two types of Lamb modes can be differentiated: symmetric
and antisymmetric, which are designated with the letters S and
A respectively. Symmetric (and antisymmetric respectively)
For an elastic plate of thickness ℎ end density 𝜌𝜌 immersed in a
fluid of density 𝜌𝜌0 , propagation equations can be found in
[12]. These equations can be solved numerically, and it allows
us to determine the phase velocity 𝑐𝑐𝑝𝑝 (Fig. 3) and attenuation
𝑘𝑘2 (Fig. 4) of the Lamb modes.

For more information, the effects of dispersive propagation on
a pulse are studied in detail in reference [14].
Phase velocity, group velocity and leaky attenuation are key
characteristics to performing NDT behind screens. We will
present the experimental set-up that we used to measure these
characteristics in the following section.
III. EXPERIMENTATION IN WATER AND DATA PROCESSING
Since experiments in liquid sodium are complex and liquid
sodium is quite similar to water from an acoustic viewpoint,
experimental measurements and observations were performed
in water at room temperature.
As shown in Fig. 5, we considered a single plate immersed in
water. A transducer was used to send a pulse at a given central
frequency and a chosen incident angle 𝜃𝜃𝑖𝑖 . The incident angle
was chosen on the basis of the Snell-Descartes law (1) in order
to excite the phase velocity of a chosen Lamb mode in the
plate. Some of the incident angles in water are shown on the
right scale in Fig. 3.
𝑐𝑐𝑤𝑤
(1)
𝑐𝑐𝑝𝑝
with 𝑐𝑐𝑤𝑤 the speed of sound in water, 𝑐𝑐𝑝𝑝 the phase velocity of
the chosen Lamb mode, and 𝜃𝜃𝑖𝑖 the incident angle to the
normal of the plate.
However, this technique may excite more than one Lamb
mode if their respective phase velocities are close enough
regardless the spreading angle of the beam [15].
sin(𝜃𝜃𝑖𝑖 ) =

Fig. 3. Phase velocity of Lamb modes for a stainless steel plate (ℎ = 7.8 𝑚𝑚𝑚𝑚,
𝜌𝜌 = 7 950 𝑘𝑘𝑘𝑘/𝑚𝑚3 , 𝑐𝑐𝐿𝐿 = 5 750 𝑚𝑚/𝑠𝑠 and 𝑐𝑐𝑇𝑇 = 3 150 𝑚𝑚/𝑠𝑠) immersed in
water. Results for a plate in vacuum are also plotted but are too similar to be
distinguished from the immersed case

Fig. 3 shows that the phase velocity of the Lamb modes is
strongly dependent on the frequency. This dispersive
propagation has two major consequences. First of all, short
time wave packets will spread in space and time as they
propagate. Therefore, the pulse duration increases with
propagation, and the maximum amplitude measured decreases
because of this spreading. Secondly, the velocity of the wave
packet is no longer the phase velocity, but the group velocity.

In order to separate the contribution of each mode, we used a
2D Fourier transform method [16]. Wave propagation was no
longer integrated into the {time; position} domain, but into the
{frequency; wave number} domain.
Moreover, the attenuation was measured by reproducing the
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service inspection and repair », in 2011 2nd International Conference
on Advancements in Nuclear Instrumentation, Measurement Methods

2D Fourier transform twice in two different propagation
zones. This technique is presented in [17], but is applied now
to measure the leaky attenuation and not anymore the
attenuation of composite material.

[2]
[3]

[4]

[5]

[6]
Fig. 5. Experimental bench: a transducer sends bulk waves at a chosen
incident angle 𝜃𝜃𝑖𝑖 onto a plate 7.8 mm thick, immersed in water. A needle
hydrophone scans the transmitted field on a line parallel to the plate. Bolds
arrows symbolize the waves in water (incident and re-emitted waves). The
thin arrow symbolizes hydrophone displacement

[7]

In the literature, group velocity are generally measured by
measuring the speed of the envelope [14], [18]. In the case of
an immersed plate, however, attenuation may be too strong
and multi-modal propagation is likely to append, preventing
the measurement of velocities on the raw data. This is why we
chose to use a time frequency technique to separate the
contribution of each mode in the frequency range. This
technique is detailed in [19] but is applied now to the case of
an immersed plate and not anymore to a plate in air.

[8]
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In addition to the ultrasonic transducer used in Fig. 5, two
other transducers with different central frequencies were used
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IV. CONCLUSION
We have shown that techniques used in the literature to
measure the propagation of Lamb waves can be applied for an
immersed plate. Then the study of the leaky attenuation
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performing NDT behind screens.
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