N

N

Time reversal method applied to leaky Lamb waves in
an immersed layered medium
Jean-Christophe Vallée, Marie-Aude Ploix, Francois Baqué, Matthieu Cavaro,

Jean Francois Chaix

» To cite this version:

Jean-Christophe Vallée, Marie-Aude Ploix, Francois Baqué, Matthieu Cavaro, Jean Francois Chaix.
Time reversal method applied to leaky Lamb waves in an immersed layered medium. ECNDT 2023 -
13th European Conference on Non-Destructive Testing, Jul 2023, Lisbonne, Portugal. hal-04204622

HAL Id: hal-04204622
https://hal.science/hal-04204622

Submitted on 12 Apr 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04204622
https://hal.archives-ouvertes.fr

13th EUROPEAN CONFERENCE ON NON-DESTRUCTIVE TESTING
LISBON - PORTUGAL, 3 -7 JULY 2023

. '._...

Jean-Christophe Vallée
Laboratory of Mechanics and Acoustics (LMA, France)
vallee@Ima.cnrs-mrs.fr



~ lambwawes  Timereversal  __ Topologicalenergy .. Applicationontwoplates .

Industrial context

@ Liquid sodium-cooled reactors (SFR-Na) - Generation IV
M Periodic inspection using ultrasonic waves (US)
M Internal inspection

(A) Immersion of a TUSHT sensor (wettability, resistance to sodium)

M External inspection

(B) Plate-supported guided waves

(C) Guided waves in the main tank and internal structures

=» Problem statement of this work
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Inspection configuration

B Generation of Lamb wave in the primary

vessel

M Energy leakage from the fluid to the internal

structure

B Interaction with a defect

M Energy leakage from the fluid to the primary
tank

M Recording of the echo

Main vessel
(15t plate)

Sodium replaced by water Internal structures
(2 plate) 3
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Problem statement

Lamb waves Time reversal

Propagation of leaky Lamb waves in an Application of topological energy to an

immersed multi-plate system immersed multi-plate system

\

Detecting and locating potential defects in an
I immersed multi-plate system

- Identification of the damaged plate
-> Defects: plate edge and notch 4
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Lamb waves

Conversions between longitudinal and transverse waves
5 Y
+ 8l ~-fpremmnann
T —

Two families of Lamb waves

Lamb wave =3

[Jimenez]

Each mode has a displacement
profile that is either symmetric or
antisymmetric in the thickness of
the plate

z

Antisymmetric modes Symmetric modes

Jimenez : https://nojigon.webs.upv.es/results.php
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vacuum liquid

Lamb waves characteristics

- compressional
© wave

== plate =
Lamb wave leaky Lamb wave
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* Multimodal nature: multiple modes can * Imaginary part of the solution of the dispersion
coexist at the same frequency equations
* Dispersive nature: the group velocity of e Attenuation by re-emission into the
a mode varies over a frequency range surrounding fluid = Leaky Lamb Waves (LLW)

Schmitt, M., 2013. Detection of coatings within liquid-filled tubes and containers by mode conversion of leaky Lamb waves. Journal of Sensors and Sensor Systems 2, 73—84



Time-reversal cavity

from [Fink, 1992]

Recording phase Reemission phase

In a non-dissipative Recorded
. ignal
homogeneous medium: sonas
. Wavefront
I 1 62 \Jr_m‘
L=A———
C2 atz Source
N
I e Spatial reciprocity S .
e Temporal reciprocity A S Heterogenity
* Huygens-Fresnel principle “F

I Limitations: Simultaneous knowledge of the field and its gradient, diffraction (focal spot), number of sensors ...

Fink M., 1992 Time Reversal of Ultrasonic Fields-Part I: Basic Principles, IEEE Transactions on ultrasonics, ferroelectrics and frequency control, Vol. 39, N°. 5



Topologiealenergy | L

Topological energy: calculation steps  mspired by pominguez, 200s]

Direct problem

» ¢ A

paun
Reference Inspected g ®
medium Q medium Q;n.

Simulation of the direct field uy(r.t)  Measurement of the field u,,(r.t)

=~

Calculation of the source (uy,-uy)(r.T-t)

Adjoint problem

~
Y

Reference
medium 0

Simulation of the adjoint field v(r.t)

I

Solution Topological energy calculation

&

1.

Numerical resolution of the direct problem in the reference medium:

- Response of the medium in the equivalent healthy case

Measurement of the direct problem in the unknown medium:

- Response of the inspected medium (reference medium + acoustic
signature of the defect)

Numerical resolution of the adjoint problem in the reference medium,

with the residual as the source term:

- Backpropagation of the residual: refocusing at the location of the
defect.

Calculation of topological energy:

ET(®) = j luo (&, D121ve G DI dt

Dominguez, N.,2005. Time domain topological gradient and time reversal analogy: an inverse method for ultrasonic target detection. Wave Motion 42, 31-52




Topological energy: frequential domain

I [Rodriguez, 2012] Same media
Direct problem Adjoint problem
Virtual medium Virtual medium
N
Direct field  Up(x,y, i = ) [Hi(x,y, )86
_$9taaaateet il i=1
Virtual array Virtual array =
. - i=1
Experimental emission
signals
Soluti f the direct Phase-conjugated expe- —
:rzbllzrrlono(:, yl,rf‘:; rimental measurements ETf(X’ Y) z UO (X’ Y fk) VO (X’ Y, fk)
N Iy k=1

Computation of the image <:| Solution of the adjoint
ET:(x,y) problem V,(x,y, fi)

Rodriguez, S., Sahuguet, P., Gibiat, V., Jacob, X., 2012. Fast topological imaging. Ultrasonics 52, 1010-1018



Protocols

Experimental protocol
Two plates of the same thickness (e = 7,8 mm)
Linear array : 16 sensors

y xsensor Water

L. Linear array of tranducers
“ (N elements)

l 1

A ‘\
e \— - First plate
X
L
dp \
\
e e Second plate
L xshiﬁ

Numerical protocol
I Frequential topological energy
Radiation patterns calculated on the range [1 kHz ; 700 kHz] with a step of 1 kHz in COMSOL Multiphysics®

10



Numerical direct problem

N
I Direct field calculation:  U(x,y,fy) = z H;(x,y, fi)S; (fi)

1=1

Second plate

First plate
Sensor position 0 0
Inversed FFT
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Analysis of the propagation: definition of the 3D-FFT

I T: the translation parameter of the weighting window
I FFT3D(u(X, t)) = Uk ff) = ﬂ u(x, t)\h*(t —S_i(k"”“fojdx dt
Y Y
Weighting 2D Fourier
window transform
function

Distance [mm]

Wavenumber x thickness [@]

0 100 200 300 400 500 600 0 5 10 15 12
Time [us] Frequency x thickness [MHz.mm]



Analysis of the propagation: exploitation of the 3D-FFT

I By averaging over the working frequencies for each time step t:

I 4

Progressive <
waves

== A1
S1
A2
S2

Y4
Wavenumber x thickness [@]

Regressive <
waves

100 200 300 400 500 600
Time [;:5]

— The 3D-FFT allows for the selection and temporal isolation of Lamb modes .




Measured direct problem

Distance [mm]

Wavenumber x thickness [@]

16,7°- Al

10

30

10 200 300 400 500 600 700
Time [us]

Water

W \/ \/ \

T4 : time of flight between the two plates (normal direction

to the surface)

T, : time difference of flight between two successive wave

packets

— The most energetic regressive wave packet is
isolated and backpropagated

14




Adjoint problem

N
Adjoint field calculation:  V(x,y,f) = Z H;(x, y, fi) Ry (fi)
i=1

Inversed FFT First plate
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Calculation of the topological energy

I Knowing the direct and adjoint fields, the topological energy can be calculated and represented in both
plates:
First plate Second plate
0 0 I
[ E-
E E
:. g
£ £
Q Q
=P i o
I
0 20 40 60 80 0 20 40 60 80
Position along the plate [cm] Position along the plate [cm]
1 , 1 :
3 3
S.08} Sosl 70 cm|
o3 o B3 . .
N go6f 1 [q N g06¢ Maximum of topological energy
T © T © |
E Toaf - ETo4 W - = edge of the second plate
Z -g) ,jJ\L \ Vf/ z .g» ﬁ
© 02 1 © 02 1
Q Q /
e 0 R ) W W'/f \\\l\m\,ﬂ/\\ 2 0 e N O / . h \‘\m/\ b
-20 0 20 40 60 80 100

0 20 40 60 80
Position along the plate [cm] Position along the plate [cm]

Local maxima are observed and do not correspond to known defect positions

16




Topological spots (1)

Superposition of the direct and adjoint problems & ET(¥) = [|uo (%, t)|?|vo (T, t)|? dt

Trajectory 2D: 2nd wave packet - direct problem — ========s==x

First plate Second plate
0f 0

..g_. 11D 1A fl.

P 20 : . @ 20 1|? 1A

3 20 2A 3 ;

L 3 @

£ 40 & i £

o P RF -3 =2

< s RE <

S i I @ 2

© Y ) o

cgof3Ay f1 fi30 c

§ ATV 5

S R | t B

(=) B o

a ; a
I | 5

0 200 400 600 800 1000 0 200 400 600 800 1000

I Time [ps] Time [1:8]
I Examples:

Trajectory 1A: 1st wave packet - adjoint problem. .---covaaaen

17



Topological spots (2)

The topological energy resulting from the correlation of the two fields (direct and adjoint): representation in spots

First plate Second plate First plate Second plate
0 0 0
= z e Secondary =
G G &, S
.20 1D 1A 2207 1D 1A o Spots 2 ®
© © K N «© ©
- 2D 2A = 3 a [
2 % 7 o 2 £ 40
400 § % i £ = s
2 R L1F P 2 5 5
S i P 3 S ® C
60| 3Ay fn 530 c 5 =
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= : = D 2
2 g & c
o i o
80y L .
. ,':-.'. . . N = - . N
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0 200 400 600 800 1000 0 200 400 600 800 1000 : .
Time [us] Time [us]

Time [us] Time [;:8]

The wave packet selected as the residue: 1st trajectory of the direct problem (1D)

— Intersections 1D/1A (2 solutions)

Backpropagation of the residue: 1st trajectory of the adjoint problem (1A)

18



Influence of the attenuation of the generated mode

 High attenuation: SO mode at f = 480 kHz

High
attenuation

* |ntermediate attenuation: A1 mode at f = 480 kHz

Intermediate
attenuation

. Low
e attenuation

0 1 2 3 4 5 6 7

Attenuation x thickness [Np/cm.mm]

 Low attenuation: S1 mode at f = 550 kHz

Frequency x thickness [MHz.mm]

19



Influence of the attenuation of the generated mode (1)

Low attenuation = detection in the 15t plate
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Influence of the attenuation of the generated mode (2)

16,7°- A1
0 A ¥
)
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— ()
3 £
E ©
=20 =
8 o
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£ o
A 30 2
>
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40 -
=
100 200 300 400 500 600 700 ;
Time [us] 10 200 300 400 500 600 700
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— The two wave packets A and B are isolated and backpropagated independently

21




Influence of the attenuation of the generated mode (3)
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Conclusions & perspectives

We can locate a defect in the second plate hidden by the first one

The concept of topological spots has been introduced

The study of topological spots allowed discrimination of the main image of the detected defect among the
secondary images

The influence of attenuation has been discussed

Perspectives :

* Potential for more complex systems (3 plates, different thickness..)

I * Identification of defect nature and dimensioning
— Study of Lamb waves mode conversion
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