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Context

It is a collaboration between different entities of EDF R&D:

« ERMES (J. Dalphin, 2. Thomas) and

e MMC (P.-E. Lhuillier, A. Schumm, Y. Gelebart, S. Wentzel,
and Z. Aghenzour)

for the APEXIS project financed by Direction Industrielle (DI).
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The set of technigues and
processes giving informations about
the health of a component or a
structure, without resulting in any
harmful alterations to their uses are
gathered under two principal
appelations: non-destructive testing
(NDT) or non-destructive
examinations.

Created in 1967, the COFREND, Confedeération
Frangaise pour les Essais Non Destructifs, is the
reference entity in the domain of Certification and
Qualification of agents in France for non-destructive
testings and evaluations.

COFREND.

SAVE  7eme Journée annuelle SHM@COFREND ™~

TRTEE Le 20 mars 2024
D ‘J ‘ a I’Université de BORDEAUX

en collaboration avec les laboratoires 12M - IMS
Une visite du Pont d’Aquitaine sera proposée sur inscription le 21 mars I

Toutes les informations sur www.cofrend.com - pole.communication@cofrend.com
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The ob{ect‘ of NDT is to determine
with reliability and at the |
appropriate scale of observations
the presence and the nature of
defects in components.

IN the specific context of EDF SA:
NDT are the main techniques the
operator disposes to guarantee
the components integrity, in
addition to the design ana
mManufacturing ones.

This requirement of detecting
defects as soon as they represent
a security threat of components
integrity of pressurized water
nuclear reactor is enforced by law
(arréte du 10/11/1999). It is oné of
the main purposes of the
operator.
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The methodology of the ultrasonic NDT laboratory

Fundamental expertise of the
ultrasonic NDT laboratory:

their controlability by
ultrasounds.

Experience

Caracterization
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General method - Experimence
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General methodology - Caracterization
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General methodology - Simulation
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diagnostics for NDT inspections and the
demonstration of performances. Internal
softwares are available for the three
types of NDT at EDF R&D

- In the qualification process of NDT,
simulations allow to evaluate the impact
of influent parameters, limiting the
number of experiments.
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Detection of realistic
defects by numerical
simulations.

- Propagation of 3D
ultrasonic waves in an
elastic media.

- Remplace ATHENA3D
by a industrial tools to
help engineers to make
decision.

- Be compatible with the
already-existing tools of
pre- and post-
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prooessmg treatements.
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Desired specifications with respect
to the new solver called ASD-CND.
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First successfull connection between Simulation over granular
A3D-CND (written in C) and MILENA microstructures highly anisotropic
(C++) on a isotropic screw of the and heterogeneous like a numerical
nuclear pressure vessel. real three-pass weld (NEMESIS).

Comparison of performances
between a Fortran short code (P.
Thomas) et code_aster on a PFC.
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Workflow

Strong physical and numerical constraints:
« Simplify methods as much as one can;
e Gain time in software development.

18



2.0 Typical workflow of an ultrasonic inspection

PHASE O (preparation): machining or generation of the component to inspect
PHASE 1 (emission): creation of an ultrasonic signal and propagating it up to the boundary of the object to inspect
PHASE 2 (inspection): propagate the signal inside the material with complex properties and arbitrary geometry

PHASE 3 (reception): recording the part of the signal that will propagate up to the sensors (A-Scan).

ametteur 150 & 500 mm récepteur

reflexions a éviter

réflexions a éviter

Fissure corrosion
P debouchante

L ]
-~ EDF

19



2.0 Typical workflow for the simulation
of an ultrasonic inspection

\\

¢ B config.json
e A3D_Supervisor
Supervise the workflow
Pl cxecution. json

]
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{-'-. PP NKX
EXT_GEOM

Inegrate external geomelry to
MILENA display and parametrization

By dispiay.st!

L Wy 72700

MILENA
Create user defined config
B» config.ray

)-. config.ray ]
RAY2ISON

Convert .ray file to Jjson
B config.json

P config.json
MILENA2SHAPER
Create SHAPER geometry

By geometry.xao

this_module_INFO.json
=y

-,

P config.json
geometry. xao

SMANDT

Mesh the goometry
B mesh.med
this_module_ INFO.json

P config.json
Ml dic.vti

b'- mesh.med
MICRO4NDT

Create Local Crystallographic Orientation ficid
ATETRERITTY e
B» mesh.med [ 3D LCO field
this_module_INFO.fson

S
-
P
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By mesh.med [ 3D iCO feld

1 this_module_INFO. json

h

-
Pl config.json
pll mesh.med
A3D pre
Precomputation and mesh conditionning
* Convert med to mesh
* Check mesh quality
* Reorder mesh elements
* Add visualisation plane / tag visu points
* Extract surface mesh
* Others manipulations: rotate, transiate,
permute axis, scale,...
By mesh.mesh[b]
B» surface.mesh
this_module_INFO.json

’. config. json
m surface.meshibj

MB - Input module

Compute the input pressure field
By asol
By Asof

B> source.mesh
this_module_INFO.json

Pl config.json
Pl =50/

MH .50l

Pl source mesh

Pl mesh.med
A3D Main

Run US FE solver
B» mesh.out.meshib]
B surface.out.mesh
B> ascan.src.dat/ascan.src. txt
.} ascan.rcp.datyascan.rep.txt

‘ reception.i.sol
- oianeview.isol

. } planeview.max.sof
Bb slurmxxx.out
this_moduwie_INFO.json




2.1 The physical constraint

The size of the defect one aims to detect determine the minimal frequency of the incident wave sent by the
emission sensor:

« frequency_minimal = speed_waveP_steel / 2 size_defect.

Example: A defect of 1 mm imposes a central frequency of 6 MHz (with 50% bandwidth) for the emission sensor.

ametteur 150 & 500 mm récepteur

reflexions a éviter

réflexions a éviter

Fissure corrosion
P debouchante
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-~ EDF

21



2.2 The spatial numerical
discretization constraint

Spatial discretization must correctly approximate the
incident waves.

The frequency of the incident wave determine the
maximal edge length possible inside the mesh:

* Length_max = speed_wave / 12 frequency_max

Example: 60 micrometers maximum for 6 MHz.
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2.3 The time
discretization
numerical constraint

unstable

torn

Condition CFL (Courant-Friedrich-
Levy): roughly speaking, the time
necessary for any physical wave to
travel over one tetrahedra in the
worst case cannot be lower than
the numerical time step.

The minimal edge length possible
inside the mesh determine the
maximal time step:

Time_step_max = 0.5 length_min

/ speed_waveP_steel. ’s

Example: 2 ns for 10 micrometers.



cNgineer: can you
simulate on a
(10cm)x(10cm)x(bcm) grio
the propagation of an
incident wave of 5MHz?

Numerician: yes, but that
implies a space
discretization step of 50
micrometers, hence a
mesh of 24 billions of
tetraedra (and 4 billions of
nodes) for 5000 iterations
of 8 ns.

24



About the number of tetraedra:
_ * Coarse mesh: 400 millions
— e Usual mesh: 1 milliard
« Fine mesh: 10 milliards

Software development choice:
- Re-implementation ex-nihilo
- A solution using code_aster

Bet made on the solver A3D-CND:

b - P1 -finite element for space

. o B discretization, explicit Euler
gt A scheme for the time

S discretization

Yo «  Parallelization with OpenMP of

the time loop.

Um,—i—l == Um -+ At Um,

Um,—{—l = Um. + At ]\[_1 [G
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Results

Two typical studies are considered for qualitative results:

« Simulate for a potentially little defect (7 MHz) on a complex
geometry (crew) with homogeneous isotropic material.

« Simulate for potentially coarser defects (2 MHz) on granular
objects (weld) with simple geometry but highly
heterogeneous and/or anisotropic material.

26
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3.1 Results
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crew in 2021 Tl e e




Mesh of a screw with specifications
(23,8mMm)x(23,8mMm)x(69,55mm):

. Nb nodes ( = nb dof) ~ 40 millions
. Nb tetra ~ 225 millions

. Nb coef 20 matrix ~ 570 millions

Length of edges in the mesh:

. Minimal = 26 micrometers
. Mean = 84 micrometers

. Maximal = 153 micrometers

Numerical constraints:

Central frequency < 4,2 MHz
0 Time step <44 ns

. Defect size ~ 1 mm




Central frequency used
for the emission: 4 MHz

Source used: punctual
and inclinated

Sampling freguency:
500 Hzg " /

RAM used : 60 GB

Standard node (cn)
onthe old cluster with
28 CpuUS

Computational time:
2N53 = 27 min
(initialization) + 4 000
iter x 2,19 sec
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3.2 Results
obtained for a e
three-pass welo = e
in 202 e |



Mesh of an_anisotropic heterogeneous
grid (14mm)x(10mMm)x(10mm):

. Nb nodes (=nb dof) ~ 175 millions
. Nb tetra ~ 1 billion

. Nb coef 20 matrix ~ 2.5 billions

Length of edges in the mesh:
. Minimal=20 micrometers
. Mean=26 micrometers

. Maximal=35 micrometers

Numerical constraints:

Source frequency < 4.8 MHz
. Time step < 3,3 Ns
 Taille defaut ~1mm




Different frequencies
used for a sensor in
IMMersion

Time of the simulation:
0,4 Us

Sampling freguency:
025 haHzg = /

RAM used : 340 GB

Big memory node (bm
on the new cluster wit
24 Ccpus

Computation time: 5h30
(4 000 iterations)

Capteur cylindrique demi-pouce]

Maillage surfacique du bloc

I




Configuration of the NEMESIS simulation

US sensor

Type : cylindrical

Incidence : normal (i=0°)

Coupling media : immersion in water
Dimension :12,7 mm (demi-inch)

Vizualization plane (Oxz) of equation (y=0)

Homogeneous isotropic zone CAFE
Material = ferritic steel @ zone

Material = Austenite (single crystal)

268|107 | 107 206 133|133
268 | 107 206 | 133
268 206
80 119
80 119
80 119

rho = 7700, VL= 5900, VT = 3230 rho = 7925, Vimax = 6184, VTmin = 2292

+ 3 Euler angles for each grain (x 3 000 000 grains)

[ J
* ~ €DF 34
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Isotropic case f=5MHz h=16cm Isotropic case f=7.5MHz h=25cm

Anisotropic case f=2MHz h=9cm Anisotropic case f=5MHz h=16cm Anisotropic case f=7.5MHz h=25cm




rent Trequencies at t=1,/us

250005-01 7 S000E-01 ZSMUE-OI 7.S000E-01

Isotropic case f=2MHz h=9cm Isotropic case f=5MHz h=16cm Isotropic case f=7.5MHz h=25cm

25000E-01 7 S000E-01 25000E-01 7 5000E-01 25000E-01 7 S000E-01
R R ———y

5.0000E~-01 5.0000E~-01 5.0000E-01

=5MHz h=16cm Anisotropic case f=7.5MHz h=25cm
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