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Résumé général

Les réacteurs de recherche jouent un réle majeur dans de nombreux domaines scien-
tifiques, de la médecine aux énergies nouvelles sans oublier la biologie et la physique
fondamentale. Or, la plupart de ces réacteurs utilisent des éléments combustibles
dotés d’un enrichissement d’Uranium élevé, typiquement a 93 %. L’utilisation de
I’Uranium hautement enrichi constituant un risque important de prolifération, de
nombreux programmes internationaux ont été lancés afin de convertir les réacteurs
de recherche a l'utilisation de combustibles faiblement enrichis, c’est-a-dire avec un
enrichissement inférieur a 19.75 %.

Les Réacteurs de Recherche européens a Haute Performance (HPRR) nécessitent
en particulier le développement d’un nouveau type de combustible & haute den-
sité afin de convertir leurs éléments combustibles & un faible enrichissement. Si
la sireté demeure la préoccupation principale, le maintien de leurs performances
initiales avec de moindres modifications est trés important. Pour cela, le consor-
tium européen HERACLES étudie depuis plusieurs années le développement d'un
combustible prometteur a base d’alliage UMo. Des irradiations sont en cours pour
qualifier ce nouveau combustible.

Une fois les irradiations terminées, des examinations post-irradiations sont néces-
saires & I’étude des phénoménes dévoilant le comportement du combustible. Parmi
ces phénoménes, le gonflement des plaques est une source majeure d’interprétation
de I'historique d’irradiation. Plusieurs méthodes destructives et non-destructives de
controle du gonflement sont utilisées en fonction des différentes formes des éléments
combustibles des réacteurs. Un exemple d’imagerie destructive de gonflement d’une
plaque combustible |1] est présentée sur la figure 1.

Figure 1: Imagerie d’une plaque combustible dévoilant un gonflement.

11



12 Résumé général

Parmi les HPRR intégrés dans le programme HERACLES, le Réacteur a Haut Flux
(RHF) de I'Institut Laue Langevin (ILL), doté d’une puissance thermique de 58 MW,
produit le flux de neutrons le plus intense au monde a 1.5 % 10'° n/cm?/s. Le RHF
posséde un élément combustible unique composé de 280 plaques combustibles cour-
bées et placées en développante de cercle afin de maintenir une distance constante
entre les plaques. Une image de dessus de I’élément combustible du RHF [2] est
présenté sur la figure 2.

Figure 2: Image de I’élément combustible du RHF.

Dans le cadre de sa conversion & un combustible faiblement enrichi, I'ILL souhaite
développer des systémes de mesure non-destructifs afin de caractériser son élément
combustible prototype aprés irradiation. Le gonflement des plaques de ce dernier
génére des modifications microscopiques de la structure ainsi que la variation de la
distance inter-plaques initialement fixée a 1.8 mm. Le suivi de variation de cette
distance constitue I'objectif principal du projet PERSEUS en collaboration avec
I'Institut d’Electronique et des Systémes (IES) de 1'Université de Montpellier (UM).
Il vise ainsi a développer un systéme de mesure de la distance inter-plaques par
méthode ultrasonore hautes fréquences a caractére non-destructif.

Pour la mesure de la distance inter-plaques, le dispositif ultrasonore doit respecter
plusieurs contraintes. Premiérement 1’élément combustible est placé sous 5 m d’eau.
Ensuite, les plaques sont : de forme courbée, disposées en développante de cercle au
sein de I’élément combustible et séparées d’une distance nominale fixée & 1.8 mm
(voir figure 2). Sachant que la résolution souhaitée est de ’ordre micrométrique pour
évaluer un gonflement supposé de 25 um par canal, ’élément combustible ne doit
pas étre démantelé. Enfin, & terme, la mesure est réalisée dans un environnement
hautement radiatif. De ce fait, soit les éléments du systéme de mesure doivent
présenter une résistance aux radiations, soit 'impact de cet environnement sur la
mesure doit étre quantifié.
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Dans le cadre d’une premiére thése, un dispositif ultrasonore a été développé. Des-
tiné & s’introduire dans l'interstice séparant deux plaques, le dispositif est congu
avec les dimensions suivantes : une longueur de 1500 mm, une largeur de 10 mm et
une épaisseur de 1 mm. Dans cette épaisseur sont usinées deux cavités a I’extrémité
du dispositif. Chaque cavité accueille ainsi un transducteur ultrasonore opérant a
des fréquences allant jusqu’a 100 MHz pour obtenir la résolution souhaitée.

L’élément combustible étant placé en piscine de refroidissement suite & 'irradiation,
les ondes ultrasonores émises par chaque transducteur sont ainsi transmises dans
I'eau et réfléchies sur l'interface eau/plaque combustible. Les signaux réfléchis sont
ensuite réceptionnés par chaque méme transducteur et acquis par un ensemble de
composants électroniques. Un schéma de la composition des transducteurs et un
exemple de signal ultrasonore réceptionné sont présentés sur la figure 3.

Aluminium Or
OIS Iy 4 .
04- Echos réfléchis Echos réfléchis
' (sur la silice sur la plaque
: , 02
05 T
2
- - a—
«— a 0
| §
7 -0,2-
04-
05 T T T T [
s Plaque
Elément gl 300n oo 2% o 3/
piézoélectrique Silice Temps (s)

Figure 3: Composition multicouche du transducteur ultrasonore et signal recu suite a la
propagation des ondes jusqu’a l'interface eau/plaque.

Suite a un traitement du signal adapté, les mesures de temps de vol et de vitesse
ultrasonore sont alors réalisées via les signaux acquis. FElles permettent ainsi de
remonter a la mesure de la distance inter-plaques.

Une expérimentation in-situ a été réalisée sur un élément combustible du RHF.
En dépit de la nature fortement irradiée de 'environnement, la qualité des signaux
acquis a été suffisante pour assurer une stabilité des estimations de la variation
relative de la distance inter-plaques. Ce qui a permis de prouver la faisabilité de
la mesure de la distance inter-plaques par méthode ultrasonore hautes fréquences
non-destructive.
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Néanmoins, plusieurs sources d’optimisation ont pu étre identifiées. Premiérement,
la mesure du temps de vol est influencée par le positionnement manuel du sabre.
En effet, 'insertion des transducteurs dans deux cavités induit leur non-alignement.
Ceci implique une difficulté de réception simultanée des signaux par les deux trans-
ducteurs. Ensuite, ces intégrations en cavités séparées ne permettent pas d’identifier
précisément la distance inter-transducteurs. De plus, la position verticale du dis-
positif en élément combustible n’est pas déterminée et donc la zone de la plaque
analysée est inconnue. Ces éléments influencent la précision de la mesure de la
distance inter-plaques et ont ainsi généré la nécessité d’une seconde thése.

Cette nouvelle thése a eu pour principal objectif I'optimisation du dispositif ul-
trasonore a des fins de fiabilité et de reproductibilité de mesures de la distance
inter-plaques. C’est ainsi qu’en premier lieu, une analyse du dispositif en fonction
des résultats précédents a été réalisée et a aboutie & son optimisation le long de
la chaine d’acquisition. Ensuite, son positionnement a été étudié permettant des
mesures de reproductibilité. La résolution recherchée a, par la suite, été optimisée
via 'amélioration du traitement du signal. D’autre part, I’environnement nucléaire
a été étudié. Ainsi, une expérimentation de résistivité de plusieurs dispositifs sous
irradiation a I'Institut Arc-Nucléart de Grenoble et une expérimentation de mesure
de distance inter-plaques au sein du RHF ont été réalisées avec succeés.

L’analyse de la conception et de la réalisation du dispositif ultrasonore en fonc-
tion des résultats antécédents a permis d’aboutir & une innovation majeure de la
structure ultrasonore fournissant ainsi un nouveau prototype du dispositif. En effet,
les transducteurs ultrasonores ont été disposés sur un seul et méme support, unifi-
ant ainsi la cavité d’intégration. Cette innovation apporte de nombreux avantages.
Entre autres, la distance séparant les transducteurs est précisément déterminée, le
parallélisme inter-transducteurs est optimisé, et leur alignement avec les plaques
combustibles est optimisé.

Ensuite, la modélisation de la composition multicouche a été utilisée afin de fixer la
gamme de fréquence de résonance des transducteurs ultrasonores adéquate dans le
cadre de I'amélioration de la résolution de mesure. L’impact de chaque composant
du systéme électronique sur le signal acquis a, par la suite, été étudié. Ce qui
a permis une identification de la nature des échos et une analyse approfondie du
signal ultrasonore. Sur la figure 4 sont présentés : une image du dispositif de
mesure comprenant la nouvelle structure, et un signal ultrasonore réceptionné. Ce
dernier permet de distinguer les échos électriques (en rouge) des échos acoustiques
(en bleu).
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Figure 4: Image du sabre et signal ultrasonore a échos électriques (en rouge) et échos
acoustiques (en bleu).

Ultérieurement, un banc de mesure motorisé a été étudié et monté. 4 axes de liberté
du dispositif ultrasonore ont été motorisés et 2 axes sont controlés manuellement a
I’échelle micrométrique. De plus, un capteur linéaire a cable destiné au suivi de la
position verticale du dispositif ultrasonore a été introduit. Ce banc de mesure est
présenté sur la figure 5.

N
iy

Figure 5: Banc de mesure.
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L’étape suivante concerne le traitement du signal. Fn effet, la mesure de la distance
inter-plaques se base sur la mesure du temps de vol et de la vitesse ultrasonore, via
les signaux acquis.

La mesure du temps de vol repose sur la corrélation croisée entre un signal de
référence, comprenant la signature acoustique du transducteur, et le signal réfléchi,
comprenant deux séries, notamment la signature acoustique et la réflexion de la
complémentaire de cette derniére sur l'interface eau/plaque. Afin d’améliorer cette
mesure, la sélection des signaux a été conditionnée par la mesure de I’énergie du
signal, et une méthode optimisée de soustraction inter-signaux a été introduite. Un
résultat de cette soustraction optimisée sur un signal dévoilant un recouvrement des
séries est présenté sur la figure 6.

Armplitude

T T T T T T T T T T T 1
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Figure 6: Superposition des signaux avant (rouge) et aprés (noir) soustraction optimisée
de référence.

De plus, l'identification de la nature des échos, précédemment introduite, a permis
de développer une méthode de vérification de la validité du résultat de la corrélation
via la superposition des deux séries. Un exemple de vérification de corrélation est
présenté sur la figure 7.

Amplitude

Time (s)

Figure 7: Résultat de corrélation via le positionnement du signal de référence (rouge) a
Pemplacement de détection de la seconde série (noir).
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D’autre part, pour la mesure de la vitesse ultrasonore le méme dispositif est em-
ployé. En effet, la vitesse ultrasonore dépend de I’évaluation de la température
de l'eau. Celle-ci est évaluée via la variation de la fréquence de résonance du
transducteur. C’est ainsi que la mesure de la vitesse ultrasonore s’est améliorée
de part l'identification de la nature des échos, permettant ainsi le suivi adéquat de
la fréquence de résonance du transducteur.

Ces optimisations ont été testées sur des éléments représentatifs de la distance inter-
plaques. Dans un premier temps, une mesure de distance a été réalisée avec succés
sur un élément en titane usiné par électro-érosion dans les locaux de I'lLL et com-
portant des pas de 50 um. Ensuite, la reproductibilité des mesures a été prouvée
via le déploiement de la méthode sur un élément en silice doté d’'une distance en-
tre faces de 1800 pym =£ 10 pm. Enfin, le dispositif ultrasonore a été testé sur un
modéle du RHF & disposition au laboratoire. Un exemple de résultat de mesures
de reproductibilité sur une zone de 1 cm de I'élément en silice est présenté sur la
figure 8.
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Figure 8: Résultat de 10 mesures de reproductibilité sur 1’élément en silice de
1800 um + 10 pum d’interstice.

Les résultats présentés sur la figure 8 indiquent que I’épaisseur du canal d’eau décroit
de maniére quasi-linéaire. Sur la zone étudiée, la valeur moyenne de I’épaisseur est
identifiée égale & 1789.9 um, avec un écart-type de 1.8 pym et une variation globale
sur les 1 em de 5.9 pm. Pour chaque position, les mesures réalisées lors des descentes
et des montées de la sonde se situent dans un intervalle de 500 nm maximum.

Toutes les expériences réalisées sur les différents éléments ont permis de prouver,
d’une part, la faisabilité de la mesure de la distance inter-plaques via le nouveau
dispositif ultrasonore et, d’autre part, la fiabilisation de cette mesure via la repro-
ductibilité des résultats étudiée grace au banc de mesure avec une résolution de
500 nm.
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A ce stade, la contrainte primordiale a étudier est I’environnement hautement radi-
atif auquel sont soumis les composants du dispositif ultrasonore. C’est ainsi que la
résistance de ce dernier aux irradiations a été caractérisée via une expérimentation
de reproductibilité. Pour cela, 12 transducteurs ultrasonores dans une gamme de
fréquence allant de 38 & 160 MHz et des éléments des composants du dispositif ul-
trasonore ont été soumis a une irradiation avec une dose de 3500 kGy durant 4 mois
au sein de la cellule d’irradiation de I'Institut Arc-Nucléart de Grenoble. Cette
expérimentation a nécessité un ensemble de composants électroniques controlé par
un programme d’acquisition et d’enregistrement adéquat. Ces composants ont été
disposés hors de la cellule d’irradiation.

Une image des dispositifs et des éléments disposés en cellule d’irradiation est présen-
tée sur la figure 9 (a) et le systéme électronique de suivi disposé or de la cellule est
présenté sur la figure 9 (b).

[b]

Figure 9: (a) Installation des dispositifs et ses composants en cellule d’irradiation, (b)
Composants électroniques pour le suivi des dispositifs sous irradiation.

La récupération des données ainsi que le suivi en continu et en temps réel de
I’évolution des paramétres des transducteurs ont été réalisés lors de cette expéri-
mentation. Celle-ci a permis de démontrer la résistivité et la stabilité du dispositif
ultrasonore, de ses composants et des paramétres influencant la mesure de la distance
inter-plaques sous flux radiatif.

Toujours dans le cadre de I'environnent radiatif, le traitement du signal développé a
été testé sur une série de mesures réalisée lors d’une expérimentation précédente. Des
valeurs définies, autrefois, comme aberrantes ont pu étre rectifiées et ont permis une
identification adéquate de la distance inter-plaques. Ce qui confirme I'optimisation
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du traitement du signal via les nouvelles étapes introduites et ses capacités a extraire
des informations initialement inconnues.

Enfin, une expérimentation pour la mesure de la distance inter-plaques au sein de
I’élément combustible du RHF via le nouveau dispositif ultrasonore a été réalisée
et le traitement du signal optimisé a été appliqué. Une image de l'insertion du
dispositif ultrasonore entre les plaques d’un élément combustible est présentée sur
la figure 10 et les résultats de mesure de distance inter-plaques en fonction de la
position verticale du dispositif sont présentés sur le graphe de la méme figure.
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Figure 10: Image du sabre introduit entre deux plaques combustibles et graphe de mesure
de distance en fonction de la position verticale.

Les résultats du graphe de la figure 10 démontrent une stabilité de mesure de la
distance inter-plaques via le dispositif ultrasonore. Ainsi, une valeur moyenne de la
mesure de la distance inter-plaques est estimée & d = 1.815 mm avec un écart-type
de o =+ 1 um.

Ainsi, le nouveau dispositif ultrasonore a permis d’augmenter la fiabilité des mesures
de distance inter-plaques et de température tout en effectuant le suivi de la position
verticale du dispositif ultrasonore au sein de ’élément combustible. Ces mesures ont
permis de dévoiler une précision sur la mesure de la variation relative de I’épaisseur
du canal d’eau avec une résolution de 1 pm.

Plusieurs perspectives sont envisagées suite a ces optimisations via le nouveau dis-
positif ultrasonore. Premiérement, une prochaine campagne de mesure de distance
inter-plaques au sein du RHF via le nouveau dispositif ultrasonore et de son banc
de mesure aura pour but d’effectuer un scan de la variation de la distance inter-
plaques sur la hauteur globale de I’élément combustible du RHF. Ce qui permettra
éventuellement d’identifier les zones de gonflement des plaques.
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Ensuite, les sources de cet éventuel gonflement seront explorées. En effet, une mod-
élisation des transducteurs prenant en compte I’éventuelle existence d’une couche
d’oxyde est en cours d’étude afin d’analyser son impact sur le signal ultrasonore recu
et de promouvoir les paramétres a développer et les compétences a déployer sur le
dispositif ultrasonore.

Par la suite, I'intégration de transducteurs focalisés permettra d’explorer les pos-
sibilités d’extraire des informations en profondeur et d’utiliser le dispositif afin de
remonter a la composition interne et in fine globale de la plaque combustible.

Enfin, le dispositif ultrasonore est destiné, a terme, a pouvoir caractériser ’ensemble
des plaques de I’élément combustible du RHF. C’est ainsi qu'un historique d’irradiation
globale d’un nouveau combustible pourra étre décrit par méthode ultrasonore non-
destructive.

De plus, compte-tenu des dimensions actuelles et prochaines du dispositif, celui-ci
pourra facilement étre intégré dans d’autres éléments combustibles et utilisé pour la
caractérisation de leur irradiation.
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The nuclear reactors are nowadays extensively employed all around the world for
either civilian applications such as energy production or research activities in vari-
ous domains such as medical investigations. Mainly based on the fission reaction of
235U isotope, a high amount of this latter element is needed, attaining 93 % of the
fuel composition. Consequently, High Enriched Uranium (HEU) is used worldwide.
Proliferation concerns about the HEU use have recently motivated national and in-
ternational programs to replace HEU with Low Enriched Uranium (LEU). It implies
a fuel type including an amount of 23° U isotope limited to 19.75 %, thus eliminat-
ing the proliferation risks [3]. Numerous fuel candidates are then under study in
function of each nuclear reactor specifications to maintain the initial objectives.

A qualification process is necessary to validate each selected candidate. In this
view, a post-irradiation examination of a LEU fuel element must be undertaken [4].
Several irradiation phenomena are then considered. Among them, the fuel swelling
consists in a highly investigated phenomenon and is considered as an irradiation per-
formance indicator. In this case, destructive examination methods are available and
have widely been employed. These methods include: scanning electron microscopy
(SEM) [5], electron-probe micro-analysis (EPMA) [6], optical microscopy (OM) |[7],
X-ray diffraction [8], etc. They have contributed to the irradiation monitoring and
analysis. However, such methods are extremely costly and do not allow the element
reuse. On the other hand, non-destructive methods are also employed. Among oth-
ers, the main useful non-destructive techniques are: visual inspection 9], gamma-ray
spectrometry [10], neutron radiography [11], Bench fOr Non-destructive Analyses of
Plate And Rod Type fuel Elements (BONAPARTE) [12], etc. Each type of methods
is complementary, allowing the understanding of the fuel behavior and its further
development according to its performance.

Based in Grenoble (France), the Institute Laue-Langevin (ILL) is an international
research organism [13]| that provides the most intense neutron flux through a High
Flux Reactor (RHF). Integrated in the LEU conversion program: Reduced Enrich-
ment for Research and Test Reactors program (RERTR), the ILL has studied, under
a collaboration with the Argonne National Laboratory (ANL), the LEU designs for
the RHF conversion in a way to maintain the performances of the HEU. After con-
version feasibility studies, a promising candidate has been selected. In particular,

21
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the RHF fuel element is constituted of involute shape plates with specific dimensions
including a constant inter-plate distance. The selected candidate for the RHF al-
lows a fuel amount increase, maintaining the same external plate dimensions [14]. In
order to investigate the RHF fuel plate swelling, the methods mentioned above are
clearly applicable. However, in both cases, the fuel element structure is dismantled,
at least for the fuel plate removing.

Non-destructive testing of the fuel element is of high interest, especially through its
great advantages such as reduced cost, improved security, possible element reuse and
so on. As one of the main domains of the industrial community, ultrasonic waves
can clearly carry qualitative and quantitative information about the fuel element
structure irradiation. In this view, an innovative non-destructive ultrasonic method
has been proposed in the framework of the PERSEUS project for Post-Examination
of Reactor high flux Single Element with Ultra-Sounds under a collaboration between
the Institute Laue Langevin (ILL) and the Institute of Electronics and Systems (IES)
of Montpellier University (UM). The project objective consists in the development
of a non-destructive high frequency ultrasonic device dedicated to the measurement
of the swelling phenomenon of the fuel plates.

At the fuel element conception, the plates are disposed assuming a constant sep-
arating distance fixed at 1.8 mm. After irradiation, the fuel plates demonstrate
swelling inducing micrometric modifications of the inter-plate distance. The post-
irradiation monitoring of this distance will consequently provide information about
the fuel element irradiation history. To address this issue, the PERSEUS device is
manufactured with two high frequency ultrasonic transducers, based on the pulse-
echo method, and developed respecting the High Flux Reactor fuel element access
constraints. Indeed, it needs to be long enough to attain the fuel element placed
under 5 m of water, thin enough to be introduced in the plates’ separating interstice
and resoluted enough to evaluate distance micrometric modifications.

In the early stages of the project, a first thesis has allowed the conception of the high
frequency ultrasonic device according to the experimental constraints. An electronic
system was also developed for the signal acquisition and processing to allow the
distance measurements. It was finally tested for inter-fuel-plate distance evaluation.
The proof-of-concept has then been achieved through two successful experiments
allowing the estimation of both inter-plate distance and cooling water temperature.
These experiments have however allowed the determination of several flaws of the
first device prototype. Consequently, to optimize the first ultrasonic device reliability
and measurement resolution, a second thesis was set-up to analyze each component
of the measurement chain and finally leads to a new ultrasonic device prototype.
The realization and testing results of this second device are presented in the current
document.
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Chapters’ overview

The High Flux Reactor fuel element, dedicated to research activities, is composed
of separated fuel plates. After an irradiation cycle, the plates demonstrate swelling,
inducing a modification of the initial fixed inter-plate distance. The swelling phe-
nomenon needs to be evaluated according to the fuel type in order to analyze a LEU
conversion ability. A high frequency ultrasonic device was developed to estimate
the inter-plate distance and its testing demonstrated its proof-of-concept. Its opti-
mization according an experimental feedback is realized through the second thesis.
This latter is here composed of two parts. While the first one deals with the com-
plete characterization and optimization of the ultrasonic device at the laboratory
through the first four chapters, the second part is constituted of the fifth and sixth
chapters displaying the ultrasonic device testing under the experimental conditions.
An overview over all chapters is here presented.

In the first chapter, the nuclear reactors’ concept and the principle components
are first presented. Then, the conversion to LEU objective is developed through
the conditions to be fulfilled and the fuel candidates. For this, several programs
were established, including the HERACLES program: the European Reactors’ con-
version program. A main fuel behavior revealed during the conversion program
HERACLES is the fuel plate swelling. Its examination methods are then displayed.
In this view, an innovative method was proposed through the PERSEUS project,
through a collaboration between the Institute Laue-Langevin (ILL) and the Institute
of Electronics and Systems (IES) of Montpellier University (UM). It consists in the
post-irradiation measurement of the initially fixed inter-fuel-plate distance through
the development of a non-destructive high frequency ultrasonic device. For this,
the ILL High Flux Reactor and its fuel element are described, thus displaying the
device experimental constraints. Then, the project first thesis feedback is presented,
leading to the objectives’ description of the project second thesis.

The second chapter describes in details the new high frequency ultrasonic device
prototype. First, the experimental constraints are briefly reminded. After that,
the modification advances in comparison with the first ultrasonic device and facing
the initial measurement flaws are displayed. The ultrasonic device is a combina-
tion of ultrasonic components, a mechanical part and electronic instruments. Each
component of this measurement chain is discussed according to its parameters in
the objective of a micrometric distance measurement resolution. Then, a motor-
ized measurement bench is discussed in a way to identify the prominent axes for
the device positioning, according to the inter-faces distance estimation. Finally, a
linear cable sensor is added to the measurement bench, allowing the device vertical
position monitoring. This position is then matched with the distance measurement,
enabling samples’ characterization.
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The third chapter deals with the distance measurement concept. Based on the pulse-
echo method, two elements are then needed: the time of flight and the ultrasound
velocity. An overview of both parameters’ measurement methods are discussed.
Then, the methods applied in the current case are developed. Indeed, the signal
processing steps and advances are illustrated and justified.

After that, in the fourth chapter, the distance measurement concept is applied in the
laboratory on three representative samples. The first one implies abrupt distance
variations and allows the verification of the device ability to measure important
distance variations. The second sample is representative of the nominal inter-plate
distance value at 1.8 mm and the third one consists in a model of the fuel element
to be characterized. On these samples, transducers’ parallelism is analyzed and
reproducibility distance measurements are achieved.

After the laboratory characterization of the new ultrasonic device, it was tested in
the radiative environment through two different experiments. The first experiment
was realized in order to evaluate the ultrasonic transducers’ resistivity under irra-
diation and the second experiment allowed inter-plate distance estimations in the
RHF fuel element.

In the fifth chapter, a radiation impact on the device reproducibility experiment re-
alized in the Arc-Nucleart Institute is developed. First, the Arc-Nucleart Institute
and installation are presented. Then, the experimental constraints for a continuous
distant monitoring and the pre-irradiation characteristics of the 12 tested ultra-
sonic transducers and the device components are displayed. Indeed, 4 months of
irradiation were necessary to expose the transducers and device components to a
3500 kGray irradiation. A continuous monitoring of the main parameters influenc-
ing the inter-plate distance estimation is then realized. The post-irradiation results
are displayed and the radiation impact on the ultrasonic device is finally discussed.

In the sixth chapter, two elements are discussed. First, the advanced signal process-
ing steps developed in the third chapter are applied to experimental data acquired
on the ILL High Flux Reactor fuel element. Consequently, its modifications over the
inter-fuel-plate distance measurement results are observed and analyzed. Moreover,
an experiment realized in a fuel element of the RHF is exposed. A vertical position
monitoring device was then introduced and the new ultrasonic device was tested.
The full experimental protocol and proof-of-concept are displayed and the distance
measurement results employing the new signal processing are discussed.
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1.1 Introduction

Nowadays, radioisotopes highly contribute to save hundreds of lives [4]. Their pro-
duction constitutes one of the multitudes outstanding services provided by the Euro-
pean High Performance Research Reactors (HPRR). Several problematics are then
explored and improved such as the development of new materials, the engineering
solutions for energy, automative, computational and environmental domains and so
on. In particular, the HPRR are concerned by nuclear proliferation risks. Conse-
quently, they have joined in an international project so as to reduce the enrichment
of their fuels [15] [16]. The main objective is to remove Highly Enriched Uranium
(HEU) fuel from the civil nuclear fuel cycle as far as reasonable.

Most of the HPRR are currently using HEU bored fuels made of aluminide (UAl,)
or silicide (U3Siy) dispersed in a pure Al matrix. Converting them to LEU is chal-
lenging, assuming that the conversion should achieve the initial fuels’ performance
or with minor losses [17] [18]. In fact, a minimum increase of the cores’ fuel load
of a factor 5 or more could be expected. Thus, a reasonable solution could be to
develop a fuel material with a higher Uranium density. The UMo alloy is one of
the most promising candidates and is being investigated by the HERACLES fuel
development group.

The conversion program includes several steps in order to qualify a developed fuel
candidate. For this, the Post Irradiation Examination (PIE) of the new fuel el-
ement is required. While destructive PTE methods are commonly employed, the
development of non-destructive (ND) PIE tools appeared to be more adapted to
the ILL needs and expectations, the ILL fuel element having a particular complex
configuration. Thus, the ILL has launched a collaboration 6 years ago with the Insti-
tute of Electronics and Systems (IES) of Montpellier University (UM) through the
PERSEUS Project, for Post Examination of the RHF Single Flement with Ultra-
Sounds, involved in the HERACLES program.

In this first chapter, a general description of nuclear reactors’ components and pro-
cess are exposed. As the deep problematic of this thesis is the ND PIE of HPRR
LEU fuel elements, the conversion of HPRR to LEU is discussed thereafter and fol-
lowed by the HERACLES program development. The fuel behaviour PIE methods
are then briefly presented. One of the main fuel behaviour phenomena is the fuel
swelling. For its investigation, the PERSEUS Project non-destructive ultrasonic de-
vice has already proved its measurement feasibility in the RHF fuel element through
a first thesis. The RHF installation and fuel element are presented and followed by
a summary of the first thesis feedback [19] [20]. This latter leads to the project
second thesis problematic determination further exposed.
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1.2 Nuclear reactors

1.2.1 The HPRR

A nuclear reactor is a combined structure made to initiate, moderate and control a
nuclear fuel chain reaction. Two categories of nuclear reactors are distinguished:

e nuclear power reactors: Their primary purpose is to employ the released energy
as heat for electric power generation [21].

e nuclear research reactors (RR): they are usually under the control of a re-
search organism. The primary objective of RR is to provide a neutron source
for several purposes such as medical diagnosis and therapy, testing materials
and conducting basic research [22], [23], [24], [25]. This nuclear reactor cate-
gory is the main environment of study for this project, in particular the High
Performance Research Reactors (HPRR).

The major steps of the nuclear reaction are presented in the following and an example
of the entire installation of a HPRR is presented in figure 1.1 [13].

DOUBLE-WALLED REACTOR BUILDING (1)

LEVEL D - REACTOR HALL (@)

CRANE FOR REACTOR DERATIONS LEVELD (@)
GAKTRY FOR HAHDLING OF FUEL ELEMENTS (&)
HoT CELL (8)

LEVEL € - EXPERIMENTAL HALL (8

CRANE FOR EXPERIMENTAL OPERATIONS ()
BIOLOGICAL SHIELDING [CONCRETE]  (8)
COLLIMATED NEUTRON EXIT POINT (8

LEVEL & - REACTOR AUXILLARY EQUIPMENT 40
REACTOR POOL [LIGHT WATER] @)

HEAVY WATER (MODERATOR & FUEL ELEMENT COOLING] @2
FUEL ELEMENT 43

SPENT FUEL ELEMENTS STORAGE &)

HEAT EXHANGERS [PRIMARY/SECONDARY] @5)
SECONDARY CODLING CIRCUIT ‘DRAC RIVER] 48)

Figure 1.1: Scheme of the High Flux Reactor installation of the Institute Laue Langevin
of Grenoble in France.

The nuclear reactor process is based on the fission reaction. It is a nuclear reaction
in which the nucleus of a fuel atom splits in two parts after its collision with a first
generated neutron. The fission process thus releases a large amount of energy and
2 or 3 free neutrons. The fission principle is represented in figure 1.2.

Energy and neutrons are generated in a fuel container and surrounded by a modera-
tor. This latter allows to slow down the neutrons. Consequently, they are captured
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235 Nucleus

Slow Fission Fast
Neutron products neutrons
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Figure 1.2: Schematic overview of the neutron capture by a 2% U nucleus [26].

by another atom. Indeed, each neutron produces a new fission, hence creating the
chain reaction.

In order for the chain reaction not to increase indefinitely, a neutron absorbing
material, such as boron, in the form of control rods is employed. The reactor can
then be controlled by introducing or removing these bars into the reactor core.

Most of the times, the fuel is made of dispersed particles enclosed in a curved or flat
metal matrix, generally made of pure aluminum. An assembly of several matrices
constitutes a fuel element which may have various configurations, most of them
being unique. Examples of plate assemblies are displayed on figure 1.3.

SQUARE TUBULAR RING-SHAPED
FLAT PLATES CURVED PLATES

Figure 1.3: Curved and flat fuel plate assemblies [27].

Most of HPRR are plate-type reactors, with a large variety of fuel configurations

(one or several elements, curvature, material ...) [28] [27]. They generally employ
highly enriched uranium for their core.
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1.2.2 Reactors uranium enrichment

Uranium found in nature is composed of two main isotopes, 2*®* U and 23 U. In
nuclear reactors, the energy and neutrons are generated from the fission of the 23U
isotope, the main fissile isotope of uranium.

Natural uranium contains 0.7 % of the 23° U isotope. Most of the remaining 99.3 %
is made of #*® U isotope which does not significantly contribute to nuclear fission
process for reactors using thermal neutrons. Enriching uranium means increasing
the ratio of 23° U isotope relatively to the 238U isotope typically by isotope separation
physical process [29].

During the second half of the previous century, research reactors showed a consid-
erable expansion over the world. Either the United Stated or the USSR provided
significant amount of Highly Enriched Uranium (HEU) to support these experimen-
tal reactors. The uranium enrichment attained an amount of 93 % of 23> U in order to
maximize the neutron flux, constituting the essential characteristic of experimental
reactors.

The high enrichment induces proliferation risks such as misemployment or theft.
The International Atomic Energy Agency (IAEA) evaluated the difficulty of the
construction of a nuclear weapon or an explosive device in function of the enrichment
rate. Thus, highly enriched uranium (HEU) and low-enriched uranium (LEU) have
been introduced, considering this latter as enriched uranium containing less than
19.75 % of the ?3° U isotope [3].

In order to reduce the proliferation risks, the United States established in 1978 the
program Reduced Enrichment for Research and Test Reactors (RERTR). In the same
purpose, the Nuclear Security Summit (NSS), held in 2010, focuses on improving the
safeguard weapons-grade plutonium and uranium while the Research Reactor Fuel
Management conference (RRFM), initiated in 1997 by the European Nuclear Society
(ENS), aims to promote advances in peaceful uses of nuclear energy. A common
objective is the conversion of Research Reactors from HEU to LEU. The conversion
programs imply the investigation of numerous further discussed phenomena.

1.3 Conversion to LEU (Low Enriched Uranium)

The conversion of HPRR to LEU [26] requires specific conditions. First, new fuel
safety margins and reliability should be comparable to those of the existing de-
sign based on HEU. Moreover, only limited losses of the reactor performances and
marginal increases of operational costs can be accepted.

Most of time, a mere replacement of the HEU by LEU is not possible because of the
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reactors performance losses that may be dramatic, especially for the HPRR. One
conversion solution could thus be to increase the amount of fuel in a fuel element.
This can be achieved by increasing either (1) the volume occupied by the fuel or (2)
the fuel density.

The first option requires to explore whether the fuel assembly geometry can be
modified to increase the available fuel volume, e.g. using thicker plates, larger
plates, more plates per assembly, etc. Reactor operators and safety authorities will
only endorse this option if the modifications are minor and do not affect the safety
margins of reactor operation.

Under the second option, two solutions can be proposed:

e Increasing the volume fraction of fuel compound in a dispersion fuel,

e Introducing or developing a different fuel compound with a proportional in-
creased Uranium density for use in a dispersed fuel,

All Research Reactors that required uranium densities lower than the technological
limit have already converted. For the others, conversion programs are handling the
development and qualification of high density LEU fuels.

1.3.1 Conversion into LEU high density fuel of the HPRR
LEU high density fuel types

In order to reach the desired power density of the fuel element with LEU, an increase
of the fuel density remains necessary. In this view, two types of fuel are being
considered:

e Monolithic fuel: it is composed of an uranium-containing alloy foil (fuel foil)
surrounded by a cladding. The density of a fuel foil of a particular alloy is
fixed by the alloy composition. Consequently, to increase the uranium mass
in a monolithic fuel plate, the fuel foil thickness must be increased. A cross
section scheme of a monolithic fuel plate is provided in figure 1.4 (a).

i Al matrix Al-alloy cladding
rAI-aIon cladding Fuel meat ( Fuel particle
— Fuel foil r

i
[a] [b]

Figure 1.4: (a) Monolithic Fuel Cross-section, (b) Dispersion Fuel Cross-section.
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e Dispersed fuel: the fuel meat is made of particles of an uranium-containing
compound or alloy. These particles are dispersed within a metallic matrix. The
uranium density can be increased by selecting particles with higher uranium
density or by increasing the volume fraction of uranium-containing particles
within the fuel meat. A cross section scheme of a dispersion fuel plate is
provided in the figure 1.4 (b) [30].

Both types were experimented over the years to develop high density fuel. Some
candidates qualification results are presented in the following paragraph.

LEU high density fuel candidates

In the 1980’s, the high density fuel development studies [26] were mainly on the
uranium silicides such as U3Si [31]. After experiments, only UAl, and U3Si, proved
to remain stable up to high fission densities. The Uj3Siy dispersion fuel was further
evaluated and consequently plate fuels could be fabricated with UsSis/Al dispersion
compacts with uranium loadings up to 4.8 g/cm? [32], [33].

For HPRR [15], it was not possible to manufacture the fuel plates using the UsSiy
with a density of uranium sufficient to avoid the performance losses associated with
the initial qualified fuel configurations. The development of a new fuel, based on
a metallic uranium-molybdenum alloy (UMo) with very high density was initiated
nearly twenty years ago. In this view, the goal of establishing UMo as an accepted
and approved standard fuel for HPRR is much nearer but still a couple of steps
away. Consequently, it was chosen for the HERACLES European Reactors conver-
sion program study, developed in section 1.4.

1.4 HERACLES Consortium

In the framework of the European HERACLES Consortium program (Highly en-
riched European Reactor Action for their Conversion into Lower Enriched Solu-
tion), the UMo candidate is being developed among other options like the high
loaded UsSis.

1.4.1 HERACLES program description

The HERACLES program was launched in 2013, when CEA (Commissariat a 'énergie
atomique), CERCA (Compagnie pour 'Etude et la Réalisation de Combustibles
Atomiques), ILL (Institut Laue Langevin), SCK-CEN (Dutch: Studiecentrum voor
Kernenergie; French: Centre d’Etude de 'énergie Nucléaire) and TUM (The Tech-
nische Universitdat Miinchen, a research university in Munich) have teamed-up to
optimally share experience and equipment. The U.S./DoE (Department of Energy)
is a partner of the HERACLES program.
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The HERACLES program aims to improve the understanding of the fuel irradiation
behavior [30]. It consequently consists in the main foundation for the manufactur-
ing /industrialization process planning. Concerning UMo, two fuel types are under
study:

e Monolithic UMo fuel: it consists in metallic UMo foils with a uranium density
of 15.5 gU/cm?. The U.S. reactors are developping this LEU fuel candidate.

e UMo dispersion fuel: it is a UMo alloy dispersed in an Al matrix with uranium
densities up to 8.5 gU/cm?®. This LEU fuel is developed for the RHF, BR2
and JHR2 european reactors conversion.

The manufacturing challenges concern both the fuel types’ production process and
the plate manufacturing. In this view, the main objectives of the program are:

e Irradiation test technology and analysis tools development,
e [rradiation test realization,

e Post-Irradiation Examinations (PIE) performance.

The validation of a LEU fuel conversion is directly related to its irradiation perfor-
mance. This performance is manifested through the fuel behavior after the step of
PIE performance, naturally following the fuel irradiation testing. The HERACLES
general program scheme is presented in figure 1.5.
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Figure 1.5: Irradiation comprehension phase steps of the HERACLES program.

The post-irradiation fuel behaviour of UMo dispersion fuel, the dispersion fuel ded-
icated to the European Research reactors, is presented hereafter.
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1.4.2 UDMo dispersion fuel behaviour

Fission reactions produce a large number of atoms called fission products. Approxi-
mately 25 % of these fission products are xenon or krypton gas atoms [34]. Over time,
these atoms coalesce into bubbles resulting in swelling phenomenon which may have
crucial importance for the fuel plates behavior. This phenomenon increases with
burn-up [35].

For UMo/Al fuels, the irradiation experiments realized on the UMo/Al dispersion
fuel reveal mainly three phenomena: the fuel-matrix interaction, fission product
swelling of the fuel plate, and finally cladding corrosion. Indeed, the swelling of the
cladding is relatively low. However, the swelling of the uranium-molybdenum alloys
as a function of burn-up is more considerable. Then, Aluminum cladding corro-
sion by water results in a reaction product that is a mixture of alumina hydrates,
but is often assumed to be either totally or predominantly boehmite (Al,O3H50).
Boehmite has a low thermal conductivity (0.002 W /cm-°C). Thus, even relatively
thin layers on the cladding surface, referred to as the oxide layers, can lead to sig-
nificant increases in fuel temperatures.

The previous phenomena are visible through a combined behaviour: the fuel plate
volume increase, commonly known as the fuel plate swelling. This latter is an
unavoidable consequence of fission. Mechanical constraints on the plates’ borders
minimize their dimensional changes in width and length. Consequently, fuel plate
swelling is essentially exhibited through a plate thickness increase, leading to a
decrease of the inter-plate distance.

The fuel plate swelling is considered as a major aspect of fuel qualification. Con-
sequently, it is of paramount importance to evaluate and estimate this parameter,
bearing information on the irradiation history. This is the main objective of this
thesis. To inspect this phenomenon, several post-irradiation examination methods
were developed. These methods are displayed in the following section.

1.5 Plate swelling post-irradiation examination

The LEU fuel swelling can only be understood through post-irradiation examina-
tions. In this view, many post-irradiation examination methods are employed and /or
compared to improve the irradiation performance investigations.

The post-irradiation examination methods are identified according to a prominent
characteristic: the non-destructive aspect. Two technique types are thus proposed
and presented: non-destructive and destructive methods.
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1.5.1 Destructive methods

First, the fuel plate is cut perpendicularly to the fuel meat layer in a way to visualize
all the plate layer composition. Then the examination method is applied. The main
useful destructive examination methods are briefly described in the following:

e The scanning electron microscopy (SEM) [36], [37],[5]: It generates electron
focused beams that interact with the polished samples. The acquired signals
allow the sample topography and distribution imaging within a depth of 1.0 —
1.5 pm from the surface and with a 1 pum lateral resolution.

e The electron-probe micro-analysis (EPMA) [6], [38]: The EPMA has the same
principle as the SEM, with additional chemical analysis performances. It al-
lows quantitative elemental analyzes and high resoluted images of the samples.

e The optical microscopy (OM) [7]: It employs visible light and a system of
lenses to magnify surface images of cutted plate samples. These images are
captured by normal light-sensitive cameras to generate a micrograph. This
latter allows the micro-structural behaviour characterization such as manufac-
turing porosity and fuel swelling.

e The radiochemical technique [39]: Chemical separation of the samples and
spectrometry measurements are employed in this method in order to evaluate
the % loss of initial 23° U, linked to the fuel element burn-up.

1.5.2 Non-destructive methods

The main non-destructive examination methods of the fuel plates are:

e Visual inspection [9] [40]: Features are observed through a video recording and
noted, on the external constituents and through the channels with element
backlighted. This inspection allows visualisation of defects such as bowing,
cladding blisters or cracks on the plate.

e Gamma-ray spectrometry [10], [41], [42], [43]: This system consists of a colli-
mator tube, a lead shielding, a high-purity germanium (HPGe) detector with
electronics and an acquisition module. The collimator is placed between the
plate and the detector. Detected Gamma-ray spectra are accumulated accord-
ing to axial and transversal positions. They provide the amount of each fission
product, related to the plate absolute burn-up.

e Bench fOr Non-destructive Analyses of Plate And Rod Type fuel Elements
[12], [44]: The BONAPARTE bench of the SCK-CEN belgian nuclear research
centre performs analyzes of irradiated curved or flat plates. It consists of a
modular plate clamping system which allows plate rotation and a modular
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measurement head with motorized X- and Y-movements. Positioning feed-
back is provided to the stepper motors by a magnetic ruler system with a
repeatability of + 100 pm (68 % confidence interval). The measuring head
holds probes for plate thickness measurement under eddy current principle,
and oxide thickness measurements based on a magnetic ruler.

Discussion

According to the section 1.4.2, the fuel swelling is a highly important irradiation
consequence to be considered for fuel qualification. The non-destructive PIE meth-
ods may assess the plate swelling and the destructive PIE methods go deeper in the
analyzes. However, these methods require to remove fuel plates from the fuel ele-
ment. The fuel element structure is then obviously destructed. As a consequence,
in the first part of the project, the Institute of Electronics and Systems (IES) of
University of Montpellier (UM) has been developing a device allowing the in-situ
non-destructive control of the plates inside the fuel element. It is based on the
water-channel thickness measurement. This device is the ultrasound probe of the
PERSEUS project for PIE of the 'RHF’ with Ultra-Sounds. The description of the
RHEF and the first proof-of-concept validation results are presented in the following
sections.

1.6 The High Flux Reactor

1.6.1 The Reactor and its plant description

The Institute Laue Langevin (ILL) is an international research organization operat-
ing the worldwide most intense neutron source, primarily dedicated to fundamental
sciences. It is the High Flux Reactor (RHF), generating an unperturbed thermal
neutron flux of 1.5 % 10'® n/cm?/s. The RHF scheme is showed on figure 1.6.

The reactor is composed of three concentric regions and centralized in a cylindrical
building of a 60 m diameter. This building, displayed on part (a) of figure 1.6, is
constituted of 4 main parts:

e part 1: storage pool,
e part 2: light water pool,
e part 3: experimental hall,

e part 4: reactor tank.

The light water pool is of 6 m diameter and 4 m height. In this water pool, a
heavy water tank, with a diameter of 2.50 m, contains the fuel element. It is conse-
quently cooled and moderated. A more detailed scheme of the reactor components
is displayed on part (b) of figure 1.6.
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Figure 1.6: The High Flux Reactor structure [13], (a) main components of the reactor
building, (b) specified components of the High Flux Reactor.

The reactor is controlled by an absorbing control rod extracted during the uranium
consumption [14]. Five other bars are dedicated to the emergency shutdown of
the reactor. Hot and cold neutrons are respectively slowed down by graphite and
liquid deuterium volumes set up in the heavy water tank and linked to beam tubes.
Neutrons are then collected by twenty channels, some of them for the cold sources
and others for hot ones. The hot, cold and ultra cold neutron sources are respectively
of 1071 eV, 1073 eV and 10~7 eV. Neutron guides then extend these channels to the
experimental instruments located 100 meters away from the reactor fuel element.

1.6.2 The fuel element

The High Flux Reactor has one fuel element made of 280 curved plates, similar
to that of the Oak Ridge National Laboratory (ORNL) High Flux Isotope Reac-
tor (HFIR) [14]. It is manufactured by CERCA (Compagnie pour I'Etude et la

Reéalisation de Combustibles Atomiques, AREVA group) and showed on figure 1.7.

Each fuel plate is bent into an involute shape with an originating radius of 13.681 4
0.005 cm [45]. The involute shape advantage is to maintain a constant distance
between each plate. This distance optimizes the thermal-hydraulic cooling of the
compact core. Nominally fixed at 1.8 mm, this distance has uncertainties specified
locally of £ 0.3 mm and in average for the outer dimensions of + 0.25 mm. The fuel
plates are then welded to two concentric aluminum tubes, forming the fuel element.
The internal and external diameters of the element are 26.08 cm and 41.36 cm.
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[b]

Figure 1.7: (a) General structure of the RHF fuel element [13], (b) zoom over fuel plates.

The fuel plate has a total height of 90.3 £ 0.02 cm including a fuel part height of
81.3 = 0.02 cm. This fuel part is centrally located between two borated zones, at
the upper and lower extremities. The borated zones act as a reactivity reserve for
the end of cycles and moderate the peak of flux on the edges of the plate. The total
fuel plate thickness is 1.27 + 0.035 mm. It is composed of a 0.51 £+ 0.08 mm thick
dispersed UAlx fuel, situated between two zones of 0.38 4+ 0.08 mm thick AlFeNi
cladding. The fuel plate dimensions are presented on the figure 1.8.
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Figure 1.8: The fuel plate dimensions [45].
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1.6.3 RHF conversion into LEU high density fuel

The current RHEF HEU fuel is a UAlx powder dispersed in an Al matrix. It is
enriched at 93 % in 2% U leading to 30.6 g of > U per plate. It was designed for
continuous operation of 45 day cycles with a thermal power of 58.3 MW. The new
LEU UMo fuel proposed is based on a dispersed technology, a UMo powder mixed
in an Al matrix.

For the RHF, performances are defined by the cycle length and the neutron flux
magnitude in the beam tubes [45] [14]. Direct replacement by U—7Mo fuel would
lead to a loss of performance, the cycle length would be shortened and the magnitude
of the flux would be too decreased for being acceptable.

To address this issue, in the framework of a conversion study into LEU, the ILL
and the ANL have collaborated to investigate LEU designs for the RHF [46]. A
promising candidate has been selected and studied. It would allow the increase of
the total amount of fuel without changing the external plate dimensions by relocating
the burnable poison. This proposed LEU design has been called TOUTATIS. Both
preliminary hydraulic safety margins and performance losses for the neutron flux
have been evaluated with favorable results. In fact, there are still several conditions
to fulfill for the RHF conversion ability, such as the experimental validation of the
UMo in normal and transient operating conditions for which PIE would be necessary.

In this view, the ILL and the IES are collaborating in the PERSEUS Project to
develop a non-destructive high frequency ultrasonic device. It allowed inter-plate
distance measurements and was first tested on an ILL fuel element [47]. The mea-
surement set-up and the first thesis feedback are following.

1.6.4 PERSEUS Project
Ultrasonic device constraints

For inter-plate distance measurements, several constraints need to be considered.
First, the fuel element is placed under, at least, 5 m of moderating water. Moreover,
the plates are manufactured in involute shapes in order to maintain constant inter-
plate distances of 1.8 mm. Both of these constraints induce waterproof and height
parameter aspects of the measuring device.

Besides, the fuel element must not be dismantled to observe accurate inter-plate
distances. These latter measurements necessitate a micrometric resolution due to
the microscopic plate structural modifications expected at 25 um. These constraints
imply a non-destructive aspect, limiting the device thickness at 1 mm, and a mea-
suring objective of a 1 pum resolution.
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Finally, the radiative environment must be taken into account for the whole measure-
ment system components. In this view, its influence over the distance measurement,
obviously on the ultrasonic device components, should be determined.

Ultrasonic device principle

In the early stages of the project, the developed device was mainly constituted of
two ultrasonic transducers with frequencies around 100 MHz to achieve the expected
resolution. These latter were introduced in two cavities realized on a steel blade.
This latter was intended to be inserted between two fuel plates. Consequently, the
blade was designed with a thickness/width/length of 1/10/1500 mm. As the fuel
element is placed in cooling water, ultrasonic waves transmitted by each transducer
propagates through water and then reflect on the water/plate interface. Reflected
signals are then received by the same transducer and acquired by a set of electronic
instruments. The measurement principle is presented in figure 1.9.
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Figure 1.9: General principle of inter-plate distance measurement.

Consequently, the inter-plate distance measurement d depends on the following pa-
rameters: the time of flight (ToF) [48] of the ultrasonic wave propagating in the
coupling medium (¢; and ¢5), the ultrasound velocity V' and the distance separating
the two ultrasonic transducers h, via the following equation (1.6.4):

bt
d=h+ V(2D

). (1.1)
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Experimental results

The ultrasonic device was first tested in RHF spent fuel element in December 2013
and July 2015. Both experiments were successfully handled proving the measure-
ment feasibility of both the time of flight and the ultrasonic velocity parameters in
a high radiative environment. Indeed, for each transducer, the acquired signal has
the shape of figure 1.10.

Amplitude

06 s e ra—. Il s s cow e -

1 1 1 ] ] ] ]
0 250n 500n 750n 1lu 1.25u 15u 1.75u
Time (s)

Figure 1.10: Experimental ultrasonic signal displaying two echo series, (I) reflected echo
series on the silica support, (IT) reflected echo series on the plate.

In figure 1.10, the acquired signal is composed of two identified echo series: the first
series (I) corresponds to the transducer ultrasonic signature and allows resonance
frequency monitoring. This frequency is related to the water temperature, enabling
ultrasound velocity estimation. More details are presented in the chapter 3 and in the
articles [49] and [50]. Then, the second series (II) corresponds to the reflection of the
first series’ complement on the fuel plates. Time of flight evaluation is realized thanks
to a cross-correlation of these two series, allowing inter-plate distance estimations
through the equation (1.6.4).

An example of an inter-plate distance measurement realized inside a water channel,
during the July 2015 experiment, is shown in figure 1.11. Blue points represent raw
data and the red line corresponds to an average value measured every 10 acquisitions.
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Figure 1.11: Inter-plate distance measurements.
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Here, the blade was positioned in the water channel with no control over the blade
displacement velocity. On the average line the water channel thickness varies from
1.81 + 0.01 mm to 1.84 + 0.01 mm with a local standard deviation of 15 pm. The
first thesis then allows the proof-of-concept on the feasibility measurement of the
inter-plate distance using a high frequency ultrasonic method. More information are
available in the first thesis manuscript [51].

First thesis feedback and second thesis objectives

In a way to briefly summarize the feedback of the first thesis, it is clearly important to
mention the challenge of the conception of a device combining mechanical, electronic
and ultrasonic performances to be introduced in a hostile environment respecting
fuel element constraints. The ultrasonic transducer structure was modeled allowing
the understanding of its behaviour and its optimization.

The device components demonstrated radiation resistance during the experiments.
The signal to noise ratio quality was clearly sufficient to obtain a stable estimation
of inter-plate distance and water temperature. Despite the difficult conditions of the
experiment, appropriate relative variation measurements of the inter-plate distance
were obtained as the one presented on the previous figure 1.11. These relative
measurements were consequently estimated with a global precision of 20 um.

On the other hand, the experiments allowed the identification of several flaws. It
was first observed that the time of flight measurements were influenced by the ul-
trasonic device handling. Indeed, it can be observed in figure 1.9 that ultrasonic
transducers are inserted in different cavities of the blade. This fact implies a difficult
simultaneous alignment of both ultrasonic transducers to the facing plates. Con-
sequently, either a variation or a lack of the signals is observed and impacts time
of flight estimations. Secondly, the ultrasonic velocity identification depends on
the water temperature estimation based on an analysis of the transducer frequency
variation measured through the acquired signals. These signals include electrical re-
flections and noise that complicate the transducer frequency identification. Thirdly,
the inter-transducer distance influences the distance measurement accuracy. Finally,
the ultrasonic device vertical position inside the fuel element is not determined. Con-
sequently, the plate zone where the distance is measured is not identified.

All these issues are clearly affecting the inter-plate distance measurements’ accuracy.
A second thesis has consequently been set-up in a way to improve the first ultrasonic
device reliability and measurement reproducibility. In this view, a deep reflection
over the ultrasonic device conception and realization has been undertaken accord-
ing to the previous experimental results. Each part of the measurement chain has
been analyzed and optimized to respect the measurement constraints and has conse-
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quently led to a second ultrasonic device prototype. A monitoring of the ultrasonic
device vertical position has been introduced. The signal acquisition and processing
have been optimized, consequently improving the measurement resolution. A study
of the ultrasonic device resistivity under the high radiations has also been carried
out in a way to precisely quantify the impact over the ultrasonic measurements. Fi-
nally, inter-plate distance measurement experiments were realized on the High Flux
Reactor fuel element by the second prototype ultrasonic device. These different
points will be presented in the following chapters.

1.7 Conclusion

The conversion from HEU to LEU of HPRR requires a LEU high density fuel de-
velopment and qualification. For this, the HERACLES program has several steps.
In particular, it includes PIE methods to monitor irradiation fuel behaviour phe-
nomena. Among these latters, the fuel swelling is considered as a highly significant
parameter to be examined. For this purpose, several methods, either destructing
the fuel plate or not, have been employed.

For plate swelling characterization, a new method has been proposed in the early
stages of the project, focusing on the inter-fuel-plate distance evaluation. This
method has the great advantage of being non-destructive. It is the PERSEUS project
being a collaboration between the Electronics and Systems Institute of Montpellier
University and the Institute Laue Langevin. As a part of the HERACLES consor-
tium, the ILL allowed the test of the PERSEUS device in the High Flux Reactor
fuel element for a first thesis project.

During the first thesis, the high frequency ultrasonic device was modeled, developed
according to the experimental constraints and tested over the High Flux Reactor
fuel element. These experiments allowed the validation of the inter-plate distance
proof-of-concept feasibility. They also allowed the identification of several flaws to
be optimized in order to increase the distance measurement reliability and resolu-
tion, consequently leading to a new ultrasonic device prototype. This new ultrasonic
device is the actual objective of this thesis project. The new structure of the ultra-
sonic device including all the optimizing elements will be presented in the following
chapter.
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2.1 Introduction

The High Flux Reactor (RHF) of the Institute Laue-Langevin (ILL) [13] is made
of a unique fuel element presented on figure 1.7 of the first chapter. This element
is constituted of 280 curved aluminum plates. Initially, two adjacent plates are
separated by a nominal distance of 1.8 & 0.3 mm and each plate includes high
enriched Uranium.

After a radiation cycle, the fuel element is placed in a moderating water pool so that
its nuclear activity can cool down safely. According to the previous chapter, one of
the main irradiation behaviour phenomena is the plate swelling. Consequently, its
examination is necessary. For this, as previously mentioned, an ultrasonic device
was developed to allow inter-plate channel thickness measurement. Considering the
previous thesis experimental feedback, a new prototype high frequency ultrasonic
device has been developed allowing a significant performance improvement.

In this chapter, an overview of the inter-plate distance experimental constraints is
first reminded. Then, the manufacturing process of the new non-destructive high
frequency ultrasonic device prototype is detailed with an emphasis on each initial
flaw of the measurement chain components. Several parameters are discussed in a
way to achieve distance measurement with a micrometric resolution. After that,
a new measurement bench is developed in the laboratory according to the deter-
mined axes influencing the measurement and allowing element inter-faces distance
characterization.

2.2 Ultrasonic device constraints

The ultrasonic device experimental constraints are briefly reminded. First, the mea-
surements take place in the RHF radiative environment. Second, the fuel element is
situated 5 meters below the surface of the water pool. Third, the fuel element struc-
ture is made of involute curved plates that have constant inter-plate pre-irradiation
distances of 1.8 £0.3 mm. The device thickness was limited to 1 mm. Finally, a mi-
crometric resolution is the end-goal due to the microscopic structure modifications
of curved plates.

Moreover, the previous experiment feedback comes up with several flaws [52] [53].
Indeed, the insertion of the transducers in separate cavities induces misalignment.
This misalignment is amplified by the device handling. Consequently, this induces
difficulties in the optimization of both transducers’ signals and influences time of
flight estimation reliability. Besides, electrical reflections in the cables interfere with
both the time of flight and the ultrasonic velocity estimations. Furthermore, the
influence of the irradiated environment on distance parameters is not identified. Fi-
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nally, the vertical device position identification remains necessary to link the distance
measurement to the analyzed plate zone.

2.3 New ultrasonic device realization

The ultrasonic device is composed of three main parts : the active ultrasonic part,
the electronic part, and the mechanical part. In the following is presented the
conception of each part of the new ultrasonic device prototype realization.

2.3.1 Ultrasonic device principle

For the new ultrasonic device, the distance measurement is bazed on the principle
presented in figure 2.1. In comparison with the first ultrasonic device principle
of figure 1.9, the new ultrasonic device in figure 2.1 displays the device position
monitoring, and the transducers’ structure modification as two principle innovations.
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Figure 2.1: General principle of inter-plate distance measurement.

The inter-plate distance measurement depends on: time of flight [54] in water, the
ultrasound velocity in water, and inter-transducer distance. Except for the ultra-
sound velocity, the other parameters are directly optimized thanks to the innovative
transducer structure and their advances are described in the following.

Innovative structure and its advances

In the first ultrasonic device prototype, transducers were independent, fixed to silica
supports and integrated into two different cavities of the mechanical support as
presented in figure 2.2 (a). This separated integration induced an uncertainty on
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the inter-transducer distance denominated h in the distance equation (2.1) refering
to figure 2.2:
d=h+dy +ds. (2.1)

It also influences the transducer alignments yielding potential errors on the estima-
tion of the transducer to plate distances d; and d».
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Figure 2.2: Innovative structure improvement illustration.

In the new structure of figure 2.2.(b), the silica support diameter has been fixed to
6 mm and the transducers miniaturized to a diameter of 2 mm so that they can be
positioned vertically as close as possible. The main advantages of this new device
structure are:

e The inter-transducer distance, nominated h’' in figure 2.2 (b), is precisely
known and equal to the silica thickness of A’ = 400 pm,

e The unique support optimizes the inter-transducer-parallelism,

e A simultaneous alignment of both transducers’ ultrasonic beams to the fuel
plates is optimized,

e A smaller zone of the plates is analyzed since the transducers’ separating
distance is reduced from 8 mm to 2 mm,

e A deeper hole is realized for the new structure insertion, allowing a 300 pm
increase of the water distance, to limit echo overlapping and simplify signal
processing,

e Temperature measurements are performed for both sensors on the same silica
support.

Both transducers possess the same structure and behavior presented in the following.
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2.3.2 Ultrasonic transducer

The two transducers of figure 2.2 are mainly composed of a piezoelectric element
linked to a unique silica support such as:

e The piezoelectric elements chosen in this project are of LiNbOs, due to its
high stability in hostile environments [55].

e The silica support element is made of high pure SiOs. As previously mentioned,
its thickness is of 400 ym and its diameter of 6 mm.

Ultrasonic transducer manufacturing

The transducer manufacturing process starts with the metallization of both piezo-
electric elements and of the silica support. It consists in chrome and gold deposits,
ensuring the electrical conductivity. The piezoelectric element and the silica support
are then bonded.

The following step consists in the thinning of the piezoelectric element downto a
specified thickness. This thinning is realized through polishing. The resulting piezo-
electric element thickness, referred to as e€pjez0, is of a paramount importance as it
is the parameter directly related to the transducer resonant frequency, referred to
as fpiezo- This parameter is developed in the following section. The final step con-
sists in the second face metalization. It is realized thanks to an aluminum thickness
deposit.

Ultrasonic transducer resonant frequency

The following equation 2.2 links epic.o and fpic.o through the piezoelectric element
longitudinal velocity, referred to as cpiezo:

Cpiezo
Frieso = — 2522 (2.2)
piezo 2 % Epiczo
To achieve a specified resonance frequency, the piezoelectric element then should be
thinned down to the corresponding thickness.

As a matter of fact, the resonance frequency is one of the most relevant parame-
ters influencing the measurement accuracy. Indeed, it is related to the ultrasonic
wavelength in the propagation medium. This latter, known as Ayqzer constitutes the
double of the acoustic resolution. The wavelength relates, through the equation 2.3,
the frequency and the longitudinal velocity in the environment the wave is going
through.

Cwater
Awater — . (2 . 3)
fpiezo
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For instance, for a frequency range from 75 MHz to 150 MHz, the distance mea-
surement resolution goes from 10 um to 5 pum. As a consequence, to achieve the
highest resolution, the first choice would be to increase as much as possible the res-
onant frequency. However, the higher is the frequency the more important are the
attenuation phenomena manifested in the water and in the electric cables. These
phenomena are investigated in the following parts.

Transducer structure impact on the resonance frequency

The transducer resonant frequency defines the generated acoustic echo form. This
echo then propagates in the transducer multilayered structure. This latter comprises:
the piezoelectric element, the chrome and gold electrode layers, the adhesive layer
and finally the silica support. The multilayered structure is displayed in the scheme
of figure 2.3.

Transducer multilayered Propagation
composition environment Plate

( . —

LiNbO Cr Au Adhesi| Au Cr Si02 Al

H20

Figure 2.3: Multilayered composition of the transducer.

At the high working frequencies of the device, the structure of the multilayered
sensor is of the order of the ultrasonic wavelength and plays a crucial role in the
shape of transmitted and received signals. Their complex nature and the expected
resolution then imply a close understanding of the structure of the sensor ultrasonic
signature. The modeling of the acoustic behavior of the transducers has been made
thanks to the transfer matrix method [50], [56], [57], [58] and results are presented
in the following section.

Utrasonic signal modeling

When an ultrasonic wave is generated by the ultrasonic element, it propagates
through the layers to the Silica/Water interface where some of its energy is reflected.
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Multiple reflections then occur in the silica support leading to an echo series, de-
noted SW for Silica/Water. It is presented in figure 2.4 (a). The complement of this
series is transmitted into the water and reflects on the plate, generating a second
series, denoted in the following as WP for Water/Plate. It is presented in figure 2.4

(b).

(a) (b)
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Figure 2.4: Modeled ultrasonic signal of a 90 MHz central frequency transducer displaying
two echo series, (a) reflected echo series on the silica/water interface, (b) reflected echo
series on the water/plate interface.

The following example allows the visualization of the adhesive material impact. The
ultrasonic signal is modeled assuming a resonant frequency of f = 90 MHz and the
corresponding thickness of the piezoelectric element is:

& 7331
Epiezo = = S
P 2% f  2%90 %106

In the transducer manufacturing process, the adhesive layer thickness is of the order
of 10 pum. Moreover, the acoustic wavelength in the glue is equal to:

= 40.5 pm. (2.4)

c 2400
Aadh = =

This indicates that the adhesive layer thickness is of the order of \,4,/2, possibly
yielding resonance phenomena. To understand the influence of the adhesive thick-
ness on the ultrasonic signal, a first modeling is performed with a glue thickness fixed
to 13 pm. The resulting ultrasonic series are presented in figure 2.5 (a) and a zoom
of the WP series is displayed in figure 2.5 (b) where the adhesive layer resonance is
clearly visible through an echoes’ overlapping.

A second modeling of the transducer response is now proposed with an adhesive
layer thickness of 10 um. The resulting signal is displayed in figures 2.6 (a) and (b).
The echoes are now clearly separated, facilitating the future time of flight evaluation.
Consequently, in the manufacturing process, attention must be paid to the relation
between the frequency and the adhesive layer thickness. The adhesive layer thickness
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Figure 2.5: (a) Modeled received ultrasonic signal with an adhesive layer thickness of
13 um; (b) Reflected series on the WP interface.
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Figure 2.6: Modeled received ultrasonic signal with an adhesive layer thickness of 10 pm;
(b) Reflected series on the WP interface.

is then initially measured to determine the convenient frequency range. If the allowed
frequency range is not compliant with the expected resolution, the piezoelectric
element is removed to modify the adhesive layer thickness. This operation is also
applied during the second transducer manufacturing if its bandwidth frequency does
not match the first transducer one.

Signal attenuation

The electrical cable attenuation influences the signal acquisition. In this view, an
adequate electric cable has been chosen. Indeed, its specification assumes that for
the frequency range from 70 MHz to 150 MHz, the attenuation goes from 0.14 dB/m
to 0.30 dB/m. The cable length is the second relevant parameter influencing the
attenuation and will be investigated in section 2.3.5. However, considering the
electrical cable length in a range of 8 m to 20 m to position the electrical devices
away from the radiative environment, the consequent attenuation level goes from
1 dB for a 70 MHz resonant frequency, to 6 dB for a 150 MHz resonant frequency.

The ultrasonic signal will also be influenced by attenuation in water which is given
as a function of the frequency through the following equation 2.6 [59]:

a=217x10""% % 2 dB/mm. (2.6)
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This corresponds, in the [70-150] MHz frequency bandwidth, to an attenuation rang-
ing from 1 dB/mm to 4.8 dB/mm. As a consequence, the maximum attenuation
underwent by the ultrasonic signal is of the order of 20 dB, propagation in the cables
and water corresponding to 12 dB and 8 dB, respectively.

Ultrasonic field

This section presents the ultrasonic field generated by the transducer in the silica
delay line and water. The objective is, in particular, to quantify the effect of the elec-
trodes’ dimensions on the device radiation. To do so, each point of the piezoelectric
element surface is considered as an ultrasonic spherical source. The multiple waves
consequently generated interact to form the ultrasonic field [60]. This is known as
the Huygens-Fresnel principle. The ultrasonic pressure P at a point from the space
with the coordinate r, provided from a surface S, is calculated from the pulsation w,
the propagation environment density pg, the velocity normal to the surface V,,, the
wave vector K and the distance R separating the point r and the radiation surface
points, under the following equation 2.7:

P(r 1) = 120 /S Val)e ™ g (2.7)

21 R

In the case of a plane surface radiating in water, the ultrasonic fields possess the form
presented in Figure 2.7. The characteristics of the radiated surface are here : 1 mm
diameter and a 90 MHz central frequency. Figure 2.7 shows that the ultrasonic field

oz2p

Amplitule (4.U)
o

0z e

B
04l
06

-0.8

-1
o 5 1 15 20 25 =0 35 40 45 S0
Distance {mrm)

Figure 2.7: Ultrasonic field generated in water by a 1 mm diameter plane surface at
90 MHz.

consists of two parts. The first one, for which the field intensity is mostly affected by
constructive and destructive wave interferences, is known as the near field or Fresnel
zone. The ultrasonic field is more uniform far from the transducer in the second
part known as the far field or Fraunhofer zone [61]. The transition between the near
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field and the far field occurs at a distance Z,, related to the piezoelectric element
disc radius, a, and the ultrasonic wavelength, A\, through the following equation 2.8:

Zn =2 (2.8)

Figure 2.8 now presents the transducer ultrasonic field modeled considering the
following parameters: the piezoelectric element diameter is of 1 mm, the resonant
frequency is of 90 MHz, and the silica thickness is of 400 ym. The two media
contributing to the propagation of ultrasonic waves are then taken into account.
Figure 2.8 (a) shows that, in the silica support, the ultrasonic field corresponds to
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Figure 2.8: Ultrasonic field generated in silica and water by a 1 mm diameter plane
surface at 90 MHz. (a) displayed in the silica of 0.4 mm, (b) displayed until 20 mm.

the near field. Moreover, the Huygens model indicates a far field beginning at the
distance of Z,, = 15 mm in water, consistent with the ultrasonic field presented in
figure 2.8 (b). Assuming that the inter-plate distance to identify is of the order of
2 mm, the measurement will have to be made in the near field. Note however that
the above computation is performed at a single frequency and that the ultrasonic
field in a frequency bandwidth would integrate the radiation of the source for each
frequency, smoothing the near-field energy distribution.

The experimental constraints fixing the device geometry, most of the measurements
presented in this manuscript have been done in this configuration. However, the
distance Z,, can be optimized by either increasing the wavelength A\ or reducing the
piezoelectric element disc radius a. Both solutions possess drawbacks. The first one
will reduce the resolution and the second one decreases the energy surface reception.

On the other hand, reducing the disc radius a modifies the opening angle 6 of
the acoustic field defined by the equation 2.9:

§inf = 0.6+ 2. (2.9)

a
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While increasing the acoustic spot dimensions on the plate, this could help the
device alignment with the plates, as discussed in the last chapter. As an example,
the figure 2.9 presents the ultrasonic field corresponding to a transducer with a disc
diameter reduced from 1 mm to 500 pm.

Silica Water
7

Amplitude (A U)
O T - T SR P Y

lal

Figure 2.9: Ultrasonic field generated in silica and water by a 0.5 mm diameter plane
surface at 90 MHz. (a) displayed until 2 mm, (b) displayed until 20 mm.

[b]

Note that the far field distance is reduced to Z,, = 3.75 mm, possibly increasing
the ultrasonic energy on the plate surfaces. This has to be tempered by the fact
that a pressure local minimum exists at Z,,/2 close to the expected device/plate
distance. This discussion will be reconsidered in the last chapter when analyzing
in-situ measurements.

2.3.3 Mechanical support

The mechanical support, named here as the blade, is designed to respect the exper-
imental constraints. First, a tube support of 4 m is provided to handle the device
and to allow the access to the fuel element. Second, to be introduced into the inter-
curved-plate nominal 1.8 mm water-channel, the device is manufactured of stainless
steel with the dimensions 1 mm thick, 10 mm wide and 750 mm long. This latter
was chosen to estimate the inter-plate distances of the first height half of the plate.
Third, one hole is realized on the blade to comprise the new ultrasonic structure.
Finally, a groove is made on each face of the blade to integrate cable. A scheme of
the mechanical support is presented in figure 2.10.

750 mm

o 1 0 e |

Blade Connection
piece

Tube support

Figure 2.10: Blade to support connection and stainless tube support.
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2.3.4 Ultrasonic device assembly

The ultrasonic structure is introduced in its blade emplacement. Then, a semi-rigid
coax cable of 750 mm long is placed in the groove. This cable is characterized by
a 0.6 mm diameter, allowing its insertion in the 1 mm blade thickness. Then, the
ultrasonic transducer of each face is linked to this cable via a conducting mate-
rial. Finally, an insulator material, forming the backing element, is deposited. It
allows the attenuation of ultrasonic waves generated in the inverse direction of the
silica support. In fact, if reflected, these waves could be superposed with the ones
transmitted through the silica support. It is also a protection of the electric contact.

Figure 2.11: Assembled ultrasonic device.

The coax cable is related to a second cable connected to the electronic system de-
scribed in 2.3.5. This second cable is not constrained by the fuel element dimensions.
However, its length needs to be at least of the distance between the fuel element and
the electronic system. In fact, the cable length influences the acquired signals. The
electronic system components and their impact on the signals are further discussed.

2.3.5 Electronic system

The acquisition chain starts by a dual transmitter /receiver board designed and pro-
duced by IES generating the excitation signal. It is transmitted through a coaxial
cable connected to the transducer. The reflection is acquired and converted into a
digital form by the NI PXIe—5162 acquisition card. It was chosen for its 2%2.5 GS/s
sampling frequency and 10 bits resolution. Then, digital signal processing is applied.

NI PXle-1062Q

Figure 2.12: The chassis including electronic instruments.
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The acquisition chain implies that the signal includes electric and acoustic echoes.
Indeed, reflections on cable/piezoelectric element interface form electric echoes and
reflections on silica/air interface form acoustic ones. While only acoustic echoes are
required for ToF evaluation, implicitly for cross-correlation with water/plate series,
both types’ distinction is necessary. System components’ impacts are then analyzed.

Signal generated in the cable

The excitation signal is transmitted through a 8 m cable. One cable side is related
to the excitation signal transmitter while the other one is free. This later fact was
intentional to acquire reflected echoes from impedance difference between the cable
and the air. The cable response with and without digital filtering is presented in
figure 2.13.
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Figure 2.13: Signal received through a cable of 8 m: (a) before (b) after filtering.

The time interval between each echoes’ pair is of 80 ns. It corresponds to the time
of flight of the electromagnetic wave in the 8 m cable. To distinguish electric from
acoustic echoes, a simulation of time arrival values follows.

Simulation of the electric and acoustic echoes considering a cable of 8 m:

In figure 2.14, the black signal presents electric reflections through a 8 m cable while
the red signal is the acoustic signal generated only from the first electric echo.
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Figure 2.14: Electric (black) and acoustic (red) echoes considering a cable of 8 m.

In figure 2.14, while acoustic echoes are separated by At = 145 ns, electric ones are
separated by At = 80 ns. The comparison of electric and acoustic echoes displays
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an overlapping of the first acoustic echo, at 225 ns, and of the third electric echo,
before other following echoes’ overlappings.

To avoid echoes’ overlapping, two solutions can be proposed, implying either ul-
trasonic or electric ToF control. The first one deals with silica support thickness
modification, while the second one modifies the cable length. Due to experimental
constraint of the blade introduction in the fuel element, the second solution is fa-
vored. Simulations with different lengths were tested leading to a convenient value
of 20 m. It was applied for the device realization and results are following.

Experimental signal analysis

The figure 2.15 (a) displays electric echoes using only the cable. This signal is
transmitted through the transducer leading to acoustic echoes of figure 2.15 (b).
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Figure 2.15: (a) Reflected signal on the cable (b) reflected signal through the transducer.

Electric echoes are separated of At = 200 ns corresponding to ToF in the cable and
acoustic echoes are separated by At = 145 ns, the ToF in silica support. These
latters form the first acoustic echo series, necessary for ToF evaluation.

To verify the echo type identification, a comparison of the signal of figure 2.15 (b)
with and without digital filtering is realized in figure 2.16.
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Figure 2.16: Two signals: (red) signal received after the transducer excitation and filtered;
(black) signal received after the transducer excitation without filtering.

This comparison confirms the previous identification of electric and acoustic echoes.
To sum up, in this section the new ultrasonic device structure advantages were
presented. Then, the mechanical modifications were displayed. Finally, the electric
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system analyzes and modifications induced a better understanding of the signal.
The next section deals with the ultrasonic device positioning stabilization.

2.4 Ultrasonic device positioning

In order to ensure an adequate and stabilized positioning of the ultrasonic device,
its automatic control is required. This latter is subjected to three main objectives:

e Analyzing the impact of identified freedom axis over the ultrasonic field align-
ment and consequently the distance measurement: the main required move-
ments in this case are referred to in figure 2.17 as R(x), R(y) and R(z).

e Realizing inter-faces distance measurements of calibrated samples according to
the axes Y and Z: the main required movements in this case are the translation
according to the axes Y and Z, referred to in figure 2.17 as T(y) and T(z).

e Distance estimation according to transducers’ horizontal positions: translation
movement according to X axis and presented in figure 2.17 as T(x) is necessary.

Figure 2.17: Scheme of the blade positioning between two plates.

In the laboratory experiences, the movements corresponding to a motorized control
are: T(x), T(y), T(z) and R(z), consequently allowing adequate inter-faces distance
estimation, ultrasonic field characterization and reproducibility measurements. For
the other movements, a manual micrometric real-time control will allow a convenient
alignment between the transducer and the sample faces.
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2.4.1 Laboratory measurement bench

According to the previous movements’ analysis, a mechanical bench has been de-
signed and its scheme is presented in the figure 2.18.

Ultrasonic
device

Figure 2.18: Measurement bench design: (1) ULM-TILT, (2) rotational motor, (3)
mounting support, (4) dual translation plates, (5) translation plate.

To ensure the precited movement of the ultrasonic device, this latter is inserted in
a containing piece assuring its relation to a first element called ULM—TILT and
presented as the element 1 in figure 2.18. This element provides two axes of angular
adjustment, namely R(x) and R(y) and allows a tilt control of +4.5 °.

The ULM—TILT element is related to a rotational motor, the element 2 in figure
2.18, in which the ultrasonic device is inserted. This motor allows the R(z) movement
with a resolution of 0.00016 ° and a unidirectional reproducibility of 0.002 °. Tt is
fixed on a mounting support, the element 3 in figure 2.18, with a central opening
for the ultrasonic device insertion.

The mounting support is fixed on dual translation plates, the element 4 in figure
2.18. These plates are perpendicularly linked in order to assure the T(x) and T(y)
translations. Finally, the whole structure is placed on a translation plate, the element
5 in figure 2.18, assuring the T(z) movement with a 1.25 pm resolution.
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A controller allows the monitoring of all of these aforesaid elements. It is also
configured to be controlled by the acquisition program. This mechanical system has
been mounted in the laboratory and allows measurement experiences with a precised
monitoring of the ultrasonic device positioning.

In a view to assure the ultrasonic device height in-situ monitoring along inter-plate
distance measurements, a new component was included in the measurement bench
and is described in the following section.

2.4.2 Linear cable sensor

New components were related to the ultrasonic device in order to identify the blade
emplacement inside the element interstice. These elements are:

e Linear cable sensor: It consists mainly in an incremental encoder and a linear
cable of 5 m. While the cable is related to the device introduced between
the plates, the coder allows the monitoring and recording of the blade vertical
position with a resolution of 0.05 mm. It is presented on figure 2.19 (b).

e High-speed counter and position indicator: This element consists in the NI—9411
card and allows the retrieving of the linear cable sensor signal. It makes the
transmission of positions to the acquisition system with an update rate of
500 ns. It is presented on figure 2.19 (a).

[b]

Figure 2.19: (a) NI-9411 card for counting and position indicating; (b) Linear cable
sensor.

The positioning element was installed in the laboratory experimental bench in a way
to quantify its precision. It was then tested and integrated in the acquisition pro-
gram, thus allowing a direct relation between each acquisition and the corresponding
blade position with a precision of 100 pm. An image of the full experimental bench
of the laboratory is presented in the following figure 2.20.
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Figure 2.20: Laboratory experimental bench.

2.5 Conclusion

This chapter has presented in details the new prototype of the high frequency ul-
trasonic device, allowing the measurement of the water channel thickness variations
inside the RHF fuel element. It consists of two ultrasonic transducers both imple-
mented on one unique silica support, consequently allowing an improved precision
distance measurement. The transducers’ frequency has been investigated in a way to
obtain the best resolution, considering the acquisition noise and attenuation sources.

The ultrasonic device, with a thickness of 1 mm, was designed and will be introduced
between two fuel plates thanks to a manipulating holder. Its 750 mm height will
permit to inspect more than the half of the fuel element. Moreover, the convenient
electrical cable length has been modeled and optimized according to the ultrasonic
signals acquisition, in a way that will clearly allow to distinguish the electric and the
acoustic echoes. Furthermore, the device vertical position inside the element will be
controlled with a linear cable sensor. A whole ultrasonic device measurement bench
was also designed and will allow the specific characterization of each axis influence
on distance measurements and the adequate positioning of the ultrasonic device.
In the following chapter, the developped device applied to distance measurements
and the signal processing are presented.
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3.1 Introduction

To measure the inter-plate distance, reflected signals are subjected to a specific signal
processing. Indeed, two parameters need to be evaluated for distance evaluation,
namely the time of flight and the ultrasonic velocity. First, an overview of the
signal processing methods allowing either the time of flight or the ultrasonic velocity
estimations are exposed. Then, the proposed methods applied in this current case
are presented and developed.

3.2 Time of flight measurement

3.2.1 Introduction

For ToF estimation, the pulse echo method is applied. Indeed, the transducer is
mainly composed of the piezoelectric element and the silica support. The interface
silica/water implies reflections, constituting a first echo series received by the trans-
ducer. Its complementary is then completely transmitted through the water, and
reflects on the plate. The principle is presented in figure 3.1.

Gold and chrome Reflection in the Multiple reflection
electrodes silica on the plate

! Time
| of flight
Piezoelectric‘ /\\
element Fuel plate

P

Water

Figure 3.1: Ultrasonic wave propagation through the mediums and the corresponding
acquired signal including two echo series.

For inter-plate distance estimation, the distance to be measured by each ultrasonic
transducer constitutes the interval distance between the silica support interface with
the water and the water interface with the fuel plate. In this view, the time of flight
to be investigated is the time between the first echo series reception and the second
echo series reception.
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3.2.2 Time of flight measurement signal processing methods

For the time of flight estimation, several signal processing methods can be applied.
The main useful ones are briefly presented in the following.

Signal Envelope method

The signal envelope method consists in using the analytical signal of the experi-
mental signal. This latter is calculated by the Hilbert Transform and its modulus
permits to obtain the envelope of the experimental signal. This envelope method
allows the elimination of the negative parts of the signals and smooths both echo se-
ries. An identification of both the series maximum peaks would allow a time-of-flight
estimation.

For the current ToF evaluation, the envelope method can be employed. However,
it has been found that the first echo series include electrical echoes that should
not be considered. The envelope method can unfortunately lead to inaccurate ToF
estimations.

Curve-fitting method

Time of flight measurements can be achieved through the curve fitting method.
This latter employs a nonlinear least-squares method to calculate a fitting curve
according to the received acoustic echo onset. The calculated curve consists in a
parabolic curve of the form ag*(t - to)? fitted to the signal envelope around the rising
echo edge. In this view, both the parameters ty and ay are estimated.

While for the first parameter estimation a thresholding method is applied [62], the
second parameter estimation is realized through the second derivative approxima-
tion around the threshold point. Employing both parameters, an iterative numeri-
cal method is exploited: the Levenberg-Marquardt nonlinear least-squares method
[63].The final value obtained for tq is taken as the ToF.

The curve-fitting method depends mainly on the thresholding step. Assuming high
frequency signals, the thresholding method is highly influenced by the noise, there-
fore impacting the ToF measurements.

Cross-correlation method

Cross-correlation is a standard method to estimate the similarity between two series
[64] [65] [66]. For ToF achievement, this similarity degree is calculated through the
correlation between the two received signals. It allows the determination of the
time delay. This method advantages mainly consist in its high robustness over the
random noise and its significant measurement resolution.
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Knowing that the transducer structure implies two echo series and assuming the
high accuracy of the cross-correlation method, this latter is employed for inter-plate
distance estimation.

In the signals presented in figure 3.1, the presence of the silica support implies
multiple reflections of the ultrasonic signals on the silica/water interface. In the
following is presented a comparison between the time of flight estimation with and
without the silica support presence.

3.2.3 Multiple echoes cross-correlation

To compare the ToF estimation for both the cases with and without the silica support
presence, the time delay corresponding to the distance to be measured is noted 6.

In the first case, the reflection is realized directly on the fuel plate interface. The
time of flight is then calculated through the cross-correlation between the excitation
signal z(t) and the echo reflected by the fuel plate y(¢). The equation displaying the
cross-correlation is:

+oo

R, (t) =x(t) @ y(t) = / (1) *x y(t + 7)dr. (3.1)
The second case includes the presence of the silica support. Consequently, multi-
ple reflections occur on the silica/water interface. Indeed, x(t) and y(t) are series
constituted of several echoes such as x(t) = XL x;(t) and y(t) = X7_,y;(t).

Noting the time of flight in the silica support as ¢ = 7, the parameters are then
zi(t) = a;s(t —i7) and y;(t) = bjs(t — j7 — 6) where a; and b; are the echoes’
amplitudes of the elementary bursts s(t). The cross-correlation is then realized
between the first echo series and the second echo series. The equation displaying
this cross-correlation is presented in the following (3.2):

ny(t) = Z?lei(t) X Ejzlyj (t), (32)
Ryy(t) = X1, 50 aibjs(t —i7) @ s(t — j7 — 0). (3.3)

Compared to the previous correlation abs(t) ® s(t — 6) of two single bursts of am-
plitudes a and b separated by the time of flight 6, the maximum of similarity of the
two composite signals is strenghtened through the contribution of each pair of bursts
increasing the signal to noise ratio in the correlation result. In other terms, the more
reflections available and considered, the more accurate the correlation result.
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3.2.4 Time of flight applied measurement concept

The signal processing adopted for the time of flight evaluation is here developed.
After the ultrasonic device insertion in water, the same signal processing steps are
applied to both the ultrasonic transducers’ signals. These steps are presented here-
after. At each step, signals are displayed in a way to illustrate the impact of each
process.

Signal bandpass filtering

The ultrasonic device is first inserted in water environment. For each transducer,
the ultrasonic signal is acquired with a sampling frequency of Fy,,,=2.5 GHz. A
digital filtering is then applied to this signal according to the transducer bandwidth.
The filtering result is visualized in figures 3.2 (a) and (b).
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Figure 3.2: (a) Acquired ultrasonic signal before bandpass filtering; (b) Acquired ultra-
sonic signal after bandpass filtering.

The numerical filtering remains necessary to decrease the noise and to identify the
acoustic echoes. The ultrasonic transducer signature, presented in figure 3.2 (b) is
then recorded. It constitutes the reference ultrasonic signal and consists in the first
main element for the cross-correlation measurement.

Signal energy measurement

Secondly, the ultrasonic device is inserted in a silica sample consisting of a predefined
interstice distance. The transducers’ orientation is controlled to optimize the am-
plitude of the received signals, corresponding to an alignment of the acoustic beam
with the normal to the silica sample surface. An example of a maximum alignment
allowing three reflected echo series from the facing surface is presented in figure 3.3.
For each signal S(¢) similar to that of figure 3.3, the energy is computed thanks to
the following equation (3.4).

n

E(S(t) =) (a:(t))*. (3.4)

i=1
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Figure 3.3: An ultrasonic signal with three reflected echo series from the facing sample
surface.

where x;(t) is the echo amplitude of the elementary burst (see equation 3.4).
This energy estimation will be used in the following to fix a threshold allowing the
selection of adequate ultrasonic signals.

Reference signal subtraction

For time of flight evaluation, the signal processing consists in the cross-correlation
between the series of echoes coming from the silica/water interface, denoted as SW
series, and that coming from the water/plate interface, denoted WP series.

Two cases can be observed and are displayed in the following figures 3.4 (a) and (b).
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Figure 3.4: (a) Acquired ultrasonic signal with distinguished reflected series; (b) Acquired
ultrasonic signal with overlapped reflected series.

For the first experimental signal of figure 3.4 (a), the two series are completely
separated, yielding an easy identification of the time of flight. The second signal of
3.4 (b) displays an overlapping that occurs between the SW and the WP echo series
because of the close positioning of the ultrasonic transducer with the facing surface.
To overcome this problem, it is here proposed to subtract from these signals the
reference signal of figure 3.2. The results are presented in figures 3.5 (a) and (b).
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Figure 3.5: (a) First case ultrasonic signal after reference signal subtraction; (b) Second
case ultrasonic signal after reference signal subtraction.

e For the first case, it is clearly observed that the subtraction does not allow a
total removal of the SW series, leaving a residual part.

e For the second case, not only the residual part is still present but it interferes
with the beginning of the WP echo series.

To understand the origin of this problem, a comparison between the reference signal
and the SW series of each experimental signal is realized and displayed in the figures
3.6 (a) and (b). Figure 3.6 (a) displays the superposed signals in lines where figure
3.6 (b) displays one time period of both the signals in points.
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Figure 3.6: (a) Supperposition of the acquired ultrasonic signal and the reference signal;
(b) One time period of both the signals in points.

A first visualization of the signals superposition in figure 3.6 (a) suggests that they
perfectly match. However, on figure 3.6 (b), a shift is clearly observed. This is due
to a non synchronization of the electronic trigger with the sampling frequency.

The fact that the whole signal is delayed would lead to the cross correlation between
a non-delayed reference and a delayed experimental signal. Consequently, the time of
flight measurement is inaccurate as presented in the graph of figure 3.7 where a step-
like structure can be observed. It is linked to this non-synchronization. Knowing
that the adequate time of flight is 2.4 us, two inaccurate time of flight are observed:
2.39 ps and 2.25 ps. These results are explained here.
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Figure 3.7: Time of flight measurement results.

e Knowing that the analyzed transducer central frequency is of F, = 90 MHz,
the first one corresponds to an artificial time of flight equal to 1/F. = 0.01 us
leading to time of flight values of 2.39 us in figure 3.7.

e The second one corresponds to a propagation in the silica support equal to
0.145 ps leading to time of flight values of 2.25 us in figure 3.7.

To limit these errors, a numerical method has been developed and allows the con-
stitution of the convenient reference signal. It is bazed on the signal oversampling
and is presented in the following.

Signal oversampling

e Oversampling of the reference signal with a factor 200, which corresponds to
an artificial sampling frequency of Fupsam = 500 GHz. Reference echoes before
and after the oversampling are superposed in figure 3.8.
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Figure 3.8: An ultrasonic signal superposed with its oversampled signal, (a) ultrasonic
echo, (b) a zoom over 2 ns.
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e Due to the oversampling, 198 points are artificially inserted between each pair
of points. Sub-sampled signals are then extracted and substracted to the

experimental signal. The signal with the smallest residue is then considered
as the local reference signal.

These previous steps are applied to both cases previously presented on figures
3.5 (a) and (b). Results of both cases are displayed on figures 3.9 and 3.10.
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Figure 3.9: First case after reference signal subtraction; (a) without oversampling, (b)
with oversampling.

For the first case, the SW echo series is appropriately removed from the ex-
perimental signal. The WP echo series is therefore correctly extracted. A
negligible residual part can be observed on the beginning of the subtracted
signal. It is mainly due to the electrical saturation of the acquisition cards but
does not affect the following steps.
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Figure 3.10: Second case after reference signal subtraction; (a) without oversampling,

(b) with oversampling.

For the second case, the SW echo series has also been adequately eliminated.
The most important advantage of this oversampling subtraction operation is
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demonstrated through the second part of the resulting signal. Indeed, the

beginning of the second echo series, initially completely covered is now clearly
identified.

e This oversampling before subtraction is then used, in the following of the
manuscript where its profits will be proved.

Cross-correlation operation

After the adequate subtraction of the reference series from the experimental signal,
the cross-correlation operation can be applied. The artificial reference sub-series,
considered as the most convenient reference for the SW echo series subtraction, is
employed as a local reference signal for the cross-correlation.

In a way to verify the cross-correlation results, the reference signal is delayed by
the time identified by the cross-correlation operation. Then, it is superposed on the
experimental signal after the reference subtraction. A graph with both the signals
superposed is presented in the following figure 3.11.
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Figure 3.11: Superposed reference and experimental signals: delayed reference signal in
red and subtracted signal in black, (a) visualization of complete signals (b) a zoom on the
WP series.

The superposition of the signals allows the verification of the quality of the cross-
correlation operation. Indeed, from this superposition, it is displayed that the acous-
tical echoes of the SW echo series match with the ones of the WP echo series with-
out being disturbed by the electrical echoes, with shapes different from those of the
acoustic echoes. They are positioned at the beginning of the red signal of the figure
3.11 and are not considered as relevant by the cross-correlation.
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3.3 Ultrasound velocity measurement

3.3.1 Introduction

For inter-plate distance estimation, the second element to be measured is ultrasound
velocity, knowing that the medium to be crossed by ultrasonic waves is demineralized
water. Several methods are available to estimate that ultrasound velocity.

In the following, an overview of the ultrasound velocity measurement methods is
first displayed. Then, the applied one is presented and developed.

3.3.2 Ultrasound velocity measurement methods
Temperature-velocity relation

Assuming a direct relation between the temperature and the velocity parameters of
a fluid, the temperature measurement can be employed to infer the ultrasound ve-
locity. Several temperature measurement methods are available. The most famous
devices are: thermocouples [67] [68], thermal resistances [69], and optical devices|70].
According to the experiment, only the thermocouples can be immersed and posi-
tionned next to the measurement area. Indeed, the thermocouples analyze temper-
atures over wide ranges from —180 to 2320 °C. Moreover, they are acknowledged
for their high robustness, their miniaturized diameters, and their high tolerance.

For local temperature estimations, introducing an additional sensor with the ultra-
sonic device in the experimental area, such as thermocouples, remains problematic.
Moreover, evenif this proposition is supposed available, the differences in the em-
placement of both types of sensors could lead to some errors.

In these conditions, an ultrasound velocity measurement method has been developed
with the main advantage of employing the ultrasonic device. The theoretical part
of this method is first discussed before further displaying the experimental setup.

3.3.3 Ultrasound velocity measurement method applied
The ultrasound velocity-temperature relation

The influence of the temperature on the sound velocity has already been confirmed
in the literature. According to [71], the velocity dependence on the temperature can
be computed as in the following equation 3.5:

c=ag+ T+ aT? + asT? + a,T* + asT°, (3.5)

such as the a; coefficients are given in the following table 3.1:
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Coefficient ag a 102 % ag | 10*x a3 | 10° x a4 | 10° x a5 | Error | °C' range
Value 1402.388 | 5.037 | -5.808 3.342 -1.478 3.146 0.002 | 0-100

Table 3.1: Coefficients of the polynomial approximation of the temperature dependance
of the ultrasonic velocity in water.

The ultrasound velocity variation curve in function of the experimental temperature
range, according to the previous equation 3.5 is presented in the graph 3.12.
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Figure 3.12: Ultrasound velocity in function of temperature.

Thanks to the previous curve 3.12, the ultrasound velocity will be calculated after
the water temperature identification.

The temperature measurement theory

The thermal expansion of the transducer layers is affected by the temperature. From
their thicknesses, the chrome, gold, adhesive and aluminum layers are negligible in
comparison to those of the silica support and the piezoelectric element. While
the piezoelectric element thermal expansion coefficient ranges between ar;nvo, =
7.5%107% /°C and arinpo, = 15 % 107° /°C [72], the silica thermal expansion is of
asio, = 4.1 %1077 /°C [73] [74]. This means that the silica thermal expansion is
negligible according to that of the piezoelectric element.

Assuming that the piezoelectric element manifests a thermal expansion ap;np0s,
its thickness is modified in function of the medium temperature. Moreover, this
has an influence on its resonance frequency. In order to investigate the frequency-
temperature equation [51], the resonance frequency is first related to the piezoelectric
element velocity V' and its thickness d according to the following equation 3.6:

v

=5

(3.6)
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The frequency variation df/f is then calculated as the following:

5f 6V o
L-7-7 (3.7

Each part of the equation 3.7 is further developed.

The piezoelectric element velocity is related to its young modulus F and its density
pby V= \/%. Consequently, the first part is expressed thanks to equation 3.8:

=125 ). (3.8)

e The young modulus is related to elastic moduli S1; as E = 1/S1; [75]. Knowing
that a is temperature coefficient in a range of [0.8 — 8.9] x 10~*/°C [76]:

0B __dSu
E S11

= —adT. (3.9)

e The piezoelectric element density is as: p = *. Knowing that the piezoelectric
element volume is expressed as v = vg(1 + 70T, with v = 36.5 % 107¢/°C' the
volume expansion coefficient [77|, the density variation is under equation 3.10:

£ — 6T (3.10)

According to both the equations 3.10 and 3.9, the first part of the equation 3.7 is:

o
v

The second part of the equation 3.7 concerns the variation of the piezoelectric ele-
ment thickness %d. Indeed, at a constant pressure the piezoelectric element thickness
is modified according to the thermal expansion law |78] [79] as in the following:

= —1/2% (a —7)éT. (3.11)

dd = a* 0T * d(Tp). (3.12)
Consequently, the thickness variation is expressed as in the following equation 3.13:
od ax*x 0T
—_— = 3.13
d 1+ axdT ( )
According to equations 3.11 and 3.13, frequency variation of equation 3.7 becomes:
of axoT
— =—-1/2 - 0T — —— 3.14
f /2% (a=7) 1+axdT’ (3.14)
of EXe
— =—1/2 — —)0T. 3.15
7 [2x(a =+ o) (3.15)
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Thanks to the previous equation 3.15, the frequency variation is expressed in func-
tion of the temperature variation. Consequently, knowing the frequency allows the
estimation of the water temperature and obviously the ultrasonic velocity. In a way
to obtain a local ultrasonic velocity estimation, an experimental method based on a
local temperature estimation has been developed.

In the following, the simulation curve of frequency in function of temperature is
compared to an experimental curve realized with a laboratory measurement bench.

The ultrasound velocity experimental measurement
Measurement bench

To identify temperature dependance of the transducer frequency, a measurement
bench has been developed. It consists of the previous ToF acquisition system joined
to a specific temperature bath that allows the water temperature modification. This
measurement bench is employed to verify the simulation curve. The water variation
bath allows the variation of the temperature with a step of 0.02 °C. An image of
the temperature measurement bench is presented on the figure 3.13.

Figure 3.13: Temperature measurement bench.



3.3. ULTRASOUND VELOCITY MEASUREMENT 75

Frequency variation measurement concept

In order to evaluate the ultrasonic transducer frequency variation in function of
the temperature, one echo is studied and displayed on the figure 3.14 (a). The
measurement of the corresponding resonance frequency is then realized through the
Fast Fourier Transform presented in figure 3.14 (b).
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Figure 3.14: Ultrasonic signals received by the transducer 1 (a) and the transducer 2 (b)
under the first device positioning 1.

The resonance frequency of the ultrasonic transducer is then monitored while varying
the temperature of the water medium. This experiment enables to come up with
an experimental curve of the frequency variation in function of the temperature
variation. This experimental curve is compared to the frequency variation simulation
curve for which the employed temperature coefficient value is a = 8 * 107, the
expansion coefficient value is o = 15 * 107% and the volume expansion coefficient is
v = 36.5% 107%. Both curves are presented in figure 3.15.
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Figure 3.15: Frequency variation according to the temperature. Blue squares correspond
to the simulated values and red points to the experimental data

On the previous graph, a good concordance between simulated and experimental
values can be observed. This curve is realized for each ultrasonic transducer and
enables to retrieve the temperature according to the in-situ and real-time frequency
estimation experiments.
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The previous curve of figure 3.12 allows then the determination of the in-situ ul-
trasound velocity corresponding to the identified temperature. As a consequence,
a curve of the ultrasound velocity variation in function of the central frequency
variation can be obtained. It is presented in figure 3.16.
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Figure 3.16: Ultrasound velocity in function of central frequency.

After the ToF and the ultrasonic velocity evaluation, the inter-plate distance estima-
tions will be performed in the following chapter to validate the developed methods.

3.4 Conclusion

In the framework of inter-fuel-plate distance evaluation, a new non-destructive high
frequency ultrasonic device has been developed and its measurement chain was op-
timized.

The signal processing must allow the determination of two parameters: the ToF and
the ultrasonic velocity. For the ToF, the measurement process has been optimized.
Indeed, the energy parameter has been introduced to select the adequate signals
for the distance measurements. The SW echo series subtraction has been optimized
thanks to the signal oversampling, corresponding to a numerical sampling frequency
of 500 GHz. Finally, the echo type identification, either electrical or acoustical,
allows the optimization of the cross-correlation and obviously the time of flight eval-
uation. For the ultrasound velocity, the new ultrasonic device simultaneously allows
the identification of this second main parameter. Indeed, the ultrasonic velocity is
directly related to the temperature. Consequently, this latter has been investigated
and a relevant link was established with the transducer resonance frequency, leading
to the elaboration of an experimental relation between frequency and temperature.

After the distance signal processing development, the following step is the valida-
tion of the distance measurement concept through reproducibility and reliability
experiences presented in the following chapter.
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4.1 Introduction

After the presentation of the distance measurement principle, here are presented
reproducibility and reliability experiences. For this, inter-plate distance is estimated
on several samples. They were manufactured to allow the estimation of the ultrasonic
device measurement accuracy and resolution. In this view, the device is tested under
a process of three steps:

e the first one allows the validation of the device ability to detect defined distance
variations,

e the second one is employed for reproducibility estimation on a distance repre-
sentative of the water channel thickness,

e the third one consists in a RHF fuel element model available in the laboratory,
including the involute shape constraint.

4.2 Inter-plate distance variation measurements

In a way to first estimate the accuracy of the ultrasonic device on distance varia-
tion, measurements have been realized on a first sample. This latter was realized
from titanium and includes 4 steps of 50 um manufactured by electro-erosion [80]
assuming a resolution of 1 pum at the Laue-Langevin Institute (ILL). The scheme of
this element is presented on figure 4.1 (a). It was first analyzed by optic imaging in
a way to visualize the different steps. It is displayed in figure 4.1 (b).
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Figure 4.1: (a) Titanium element scheme (b) Optic imaging of the titanium element
steps.

On the optical image of figure 4.1 (b), the five abrupt 50 pm steps are clearly
observed. To achieve distance measurements over the titanium element with the ul-
trasonic device, several experimental steps are followed. First the ultrasonic device
is introduced in the titanium element in front of the deepest step. Second, its paral-
lelism to this latter step is controlled through the WP echo series reception. Finally,
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the acquisition program is launched simultaneously with the controlled displacement
of the ultrasonic device all along the titanium steps.

For each transducer, distance measurements are realized over the side including the
steps. The distance separating the transducer to the first step is then subtracted in
order to display relative measurement results. They are presented in figure 4.2.
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Figure 4.2: Titanium element relative measurements.

First, on figure 4.2, four of the five 50 pum steps of titanium element are clearly
observed. In fact, due to the first step length of 3 mm and the transducer manufac-
turing, the first step cannot be observed. Then, between each pair of steps, namely
around the variation emplacements, aberrant values are displayed. These values
are due to the 50 pm abrupt variation of the width, inducing either diffraction or
interference phenomena. Such abrupt variations are not present in the fuel element
but are clearly required for transducer characterization.

For the first step, the measurements manifest a standard deviation of o = 2.2 ym
and an average difference distance of Ad; = 47 um with the second step. This second
step is estimated with a standard deviation of 0 = 2.9 ym and an average difference
distance of Ady = 51 pum with the third one. While the third step shows a 0 = 3 um
standard deviation, its average difference to the fourth step is of Ads = 48 pm.
Finally the fourth step displays a standard deviation of 0 = 1.9 um.

To conclude, this first measurement experiment over the step-composition titanium
element enables the confirmation of the high ultrasonic device ability to detect width
variations. The 50 pm steps were clearly observed with a general resolution of 3 ym
during the positioning system displacement.

After this first validation, the next step consists in the realization of inter-plate dis-
tance reproducibility measurements. For this, the device structure is first analyzed.
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4.3 Device structure and transducers parallelism

In a view to analyze the inter-transducer beam alignment, the ultrasonic device is
tested on an experimental silica sample with parallel faces and an inter-faces distance
of 1800 £ 10 um. The acquired signals reflected on the faces of the sample allow the
analysis of the transducer parallelism. The signals received under a first positioning
of the ultrasonic device are presented in figures 4.3 (a) and (b).
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Figure 4.3: Ultrasonic signals received by the transducer 1 (a) and the transducer 2 (b)
under the first device positioning 1.

The two previous figures display the WP echo series of both transducers. The
identification of the beginning of the second WP echo series displayed in red on figure
(a) confirms the adequate parallelism of the transducer 1 to the sample surface. On
the signal of figure 4.3 (b), the second WP echo series are received, however a weak
misalignment can be observed between the transducer and the sample face leading
to a small amplitude of the echoes.

In a view to quantify this misalignment, a modification of the device positioning
is realized in order to improve the alignment of the second transducer. The conse-
quent received signals are presented in the following figures 4.4 (a) and (b). This
modification consists in the device rotation with an angle of 1 °.

0,03+

0.03

0.025 -
0.025-
0,02+
0.02
0.015-
0.015-]
001~
oo-BIMMIM | fdly. 000 ceeeeeeeas,
0.005 -
0.005-]
0 0}

Amplitude
Amplitude.

3 -0.005-]

0.01 - .0.01-}
-0.015-] -0.015-]
-0.02- -0.02+|
-0.025-

0,03~
1]

-0.025-]
-0.03-}
0.

: T r T . T f ; y T T
50000n  100u 150w 200u  250u  300u  3.50u 500000  100u 150y 200u  250u  300u  350u

o )

Figure 4.4: Ultrasonic signals received by the transducer 1 (a) and the transducer 2 (b)
under the second device positioning
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After the second device positioning, both transducers maintain the WP echo series.
On the transducer 2 signal, a distinguished reception and identification of the second
WP series are observed, confirming an adequate parallelism to the surface. On the
transducer 1 signal, the WP series are clearly influenced, confirming a misalignment
as presented in the scheme of figure 4.5.

'
1 1

1 1

1 1

1 1 A
1 1

1 1

1

1

1800 pm
Figure 4.5: Scheme of the ultrasonic device inside the silica sample assuminga © = 1°
transducers’ parallelism difference.

To conclude, the above study indicates that the ultrasonic device transducer align-
ment is achieved with a 1 ° precision clearly indicating the quality of the manufac-
turing process. However due to the high precision required in the experiments and
the corresponding ultrasonic frequency, this 1 ° misalignment induces significant
modifications in ultrasonic signals’ shapes. These effects are quantified hereafter.

4.3.1 Effect of © = 1 ° over the distance measurement

The figure 4.6 presents a scheme of a transducer beam misalignment with a facing
surface.

Figure 4.6: Scheme of the ultrasonic transducer positioning.

Under the misalignment of © = 1 °, the distance D’ previously presented is:
D
D= ——. 4.1
cos(©) (4.1)
With a maximal value of D equal to 1400 pm:
1400
D = (4.2)

cos(1)’
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D' =1400.3 pm. (4.3)

Consequently, a measurement effect on distance due to transducers’ misalignment
is of e = 0.3 wm. Considering the project objective, this effect is found negligible.

4.4 Measurement reproducibility study

To evaluate the system reproducibility, five measurement series were realized the
same day and at the same position in the sample, in three different configurations
of the transducers positioning inside the water channel:

1. Alignment optimization of one transducer (referred to as transducer 1),
2. Alignment optimization of the second transducer (transducer 2),

3. Mean alignment over both the transducers.

This positioning study aims to quantify the transducer alignment impact over the re-
producibility of distance measurements. To simulate the final conditions, this study
is realized on a silica sample representing a 1.8 mm water channel. The distance
measurements are realized on distances of at least 1 cm length. The measurement
conditions are here presented and the results are interpreted.

4.4.1 Configuration 1: Optimized transducer 1 alignment.

During the first measurement series, 10 device ascending and descending movements
were realized on a 1 cm zone in the sample center. The thickness measurement at
each vertical position are indexed and are presented in figure 4.7. The ascending
measurements are presented in points and the descending ones are showed in circles.
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Figure 4.7: Configuration 1 measurement results.
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The results presented in figure 4.7 imply that the water channel thickness decreases
in a quasi-linear way. On the studied zone, the thickness average value is identified
at 1773.26 pm with a local standard deviation of 3.40 pm and a global variation
over the 1 cm of 11.90 um. For each position, the measurements realized during
the device ascending and descending movements are situated in a maximum vertical
interval of 2 um.

The quality of the above result indicates that the transducer’s alignment is not
influenced by the positioning of the device.

These elements imply that, in this experimental configuration, the water channel
thickness is estimated with a precision of 2 pm.

4.4.2 Configuration 2: Optimized transducer 1 alignment with
a velocity decrease of a factor of 10.

During these experiments, one device ascending and descending movement was re-
alized over the same zone with a reduced device displacement velocity allowing ten

times more measurements. The measurement results are presented on the following
figure 4.8.
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Figure 4.8: Configuration 2 measurement results.

These results confirm the linear decrease of the water channel thickness measure-
ment. The average value is equal to 1773.18 um with a global variation of 11.59 pym
and a standard deviation of 3.13 um.



84CHAPTER 4. PROOF-OF-CONCEPT AND REPRODUCIBILITY MEASUREMENTS

Results of configurations 1 and 2 are superimposed in the following figure 4.9 and
then compared.
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Figure 4.9: Configurations 1 and 2 measurement results.

The comparison of both configurations presents an average values’ difference of
0.08 pm and a perfect concordance of the standard deviation and the global variation
results. The reproducibility over the ascending and descending movements of the
configuration 2 is in a 2.2 pum interval, in concordance with the configuration 1
values.

This reproducibility confirms the non-influence of the motors displacement velocity
over thickness measurements.

4.4.3 Configuration 3: Optimized transducer 2 alignment.

A third measurement series was realized over the same zone by optimizing the trans-
ducer 2 alignment. The results are presented in figure 4.10.
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Figure 4.10: Configuration 3 measurement results.
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These results confirm the linear decrease of the channel thickness. Its average value
is of 1798.01 pum with a global variation of 12.81 um and a 3.57 um standard de-
viation. Despite the 24 um difference with the configuration 1 average value, the
global variation value is confirmed. Indeed, the device alignment induces a mod-
ification of the absolute thickness measurement while the relative variations show
reproducibility. This latter is identified in a 2.5 um interval, in concordance with
the configuration 1 value.

4.4.4 Configuration 4: simultaneous transducers alignment
compromise.

A fourth measurement series is realized on the same zone with a device positioning
allowing a compromise between the alignment of both transducers. The results are
presented on the figure 4.11.
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Figure 4.11: Configuration 4 measurement results.

These results confirm the linear decrease of the water channel thickness. The average
value is equal to 1786.94 pm with a global variation of 12.6 ym and a standard
deviation of 3.79 pm.

An average difference of 12 pm is identified with the measurement results of both the
two previous sections. However, the previous global variation values are confirmed.
This fact proves the device misalignment impact over the absolute values but also
confirms the reproducibility of the relative variations. This reproducibility displays
a local measurement dispersion of + 500 nm.

This positioning configuration highly improves the local measurement precision.
Consequently, an optimized positioning of both transducers during the experiments
must be favored.
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4.4.5 Configuration 5: Second measurements with simulta-
neous transducers alignment compromise.

In the framework of the reproducibility study, other measurement series were real-
ized the following day. 4 ascending and descending movements were realized over a
distance of 2 cm from the beginning of the previous zone. A comparison with the
previous measurements along the 1% centimeter, referred to as zone (a), and a study
along the 2"? centimeter, referred to as zone (b), are presented.

The device alignment configuration corresponds to the optimization of the con-
figuration 3 and the measurement results are presented in figure 4.12.
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Figure 4.12: Configuration 5 measurement results.

Study of the zone (a)

First, the measurement results realized over the zone (a) are presented on the fol-
lowing figure 4.13.
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Figure 4.13: Configuration 5 measurement results over the zone (a).

These results confirm the linear decrease of the water channel thickness measure-
ment. The average value is equal to 1781.57 um with a standard deviation of 3.72 pum
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and a global variation of 12.44 um . Even if a difference of 8.39 pm is identified with
the average value of the previous configuration, the global variations are confirmed.
This fact confirms the device misalignment impact over the absolute values but
proves the reproducibility of the relative values. This reproducibility is identified in
the interval of 1.3 pm.

Study of the zone (b)

The results of the measurement realized over zone (b) are presented on the following
figure 4.14.
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Figure 4.14: Configuration 5 measurement results over the zone (b).

The previous results of figure 4.14 demonstrate the continuous linear decrease of
the water channel thickness previously observed. The average value of the thickness
measurement, over this zone is equal to 1770.05 ym with a standard deviation of
2.93 pm and a global variation of 9.68 pum over the zone (b). For each position, the
measurements realized over the ascending and descending displacements are situated
in an interval of 1.2 pm.

Consequently, first, the relative thickness estimations are highly reproducible and
reliable in a maximum interval of 2 pm. Second, the linear decrease of the water
channel thickness over all the measurement series and positioning configurations
confirms the funnel form of the experimental sample. This non-parallelism is quan-
tified to be at maximum equal to 20 ym along the studied 2 cm. This corresponds
to a parallelism default of 0.1%, clearly demonstrating the high sensitivity of the
proposed ultrasonic device.
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4.4.6 Reproducibility measurements conclusion

An overview of all the previous measurement series results is displayed in figure 4.15.
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Figure 4.15: All positioning configurations measurement results.

To conclude:

e The ultrasonic device displacement parameters (velocity and direction) do not
influence the thickness measurement,

e The absolute thickness measurements depend on the transducers alignment to
the experimental sample,

e The accuracy of this measurement can be estimated to £20 um

e In an optimized alignment of the transducers with respect to the sample
faces, the relative variations of the thickness measurements are reproducible
at £2 pm.

4.5 RHF model inter-plate distance reproducibility
measurements

In order to investigate the ultrasonic device ability to measure inter-plate distances
in the real experimental constraints, especially to quantify the plate curvature in-
fluence, a RHF model has been used in the laboratory. An image of this model is
presented in figure 4.16.

4.5.1 Modeling of the device positioning in the RHF element

The RHF fuel element is constituted of involute shape plates positioned under invo-
lute of circle form. The inter-plate distance is fixed at 1.8 mm. In order to analyze
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Figure 4.16: The RHF fuel element model.

the adequate positioning of the ultrasonic device in that specific form of the plates’
interstice, it has been modeled.

A curve in an involute of circle shape is presented in the figure 4.17 (a). Then, the
case of two parallel plates is considered. They are represented by the two red thin
lines in figure 4.17 (b). Then, the ultrasonic device is assumed to be positionned on
the centering bold red line of the figure 4.17 (b). Finally, the blue segments are the
perpendicular segments of each point of the involute shape curve and are of 1.8 mm
length. They represent the inter-plate distances to be measured.
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Figure 4.17: (a) Developing circle form modeling (b) Two plates with 1.8 mm segments.

After the determination of the 1.8 mm segment emplacements along the involute
shape curve, the next step is the identification of the ultrasonic device positioning
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that allows the adequate measurements. The corresponding device aligned positions
with the plates are presented in figure 4.18 in black segments.
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Figure 4.18: Ultrasonic device emplacements’ modeling between two plates.

On figure 4.18, it can easily be observed that the adequate device positioning differs
from a 1.8 mm segment emplacement to another. Indeed, the black segments are
differently oriented. Consequently, the ultrasonic device alignment with the plates
is highly sensitive and localized.

The convenient positioning of the device for the signal reception is clearly more
challenging than that for the parallel faces samples. Indeed, the measurement bench
employment is required to achieve the adequate positioning and optimize the signal
reception.

4.5.2 RHF model experiments

During the experiments on the RHF model, the ultrasonic device is introduced
between two plates. It is positioned with the measurement bench in order to optimize
both transducers’ signals. Two measurement series realized in two different water
channels are presented in the following.

First experimental measurement series

In this first measurement series, 5 ascending and descending movements were realized
inside an inter-plate interstice along a distance of 1 cm. The measurement results
are presented in figure 4.19. The ascending measurements are presented in points
while the descending ones are presented in circles.

The results of figure 4.19 display a variation of the water channel thickness over the
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Figure 4.19: Results of a RHF model water channel thickness measurements.

analyzed 1 cm. This variation consists in a first increase, followed by a decrease. The
measured average distance value is of 2036.84 um, with a local standard deviation of
2.73 pm while the global variation is of 10.09 ym. The measurement reproducibility
over the positions at the ascending and the descending displacements are in an
interval of 2 um.

Second experimental measurement series

In this second measurement series, 5 other ascending and descending movements
were realized in a different water channel of the RHF element along a distance of
1 cm. The results are presented in figure 4.20 with the same legend than that of
figure 4.19.
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Figure 4.20: Results of a RHF model water channel thickness measurements.

The results of figure 4.20 display a variation of the water channel thickness over the
analyzed 1 cm. This variation consists in a first distance increase smoothly followed
by a decrease. The average distance value is of 2070.32 ym with a local standard
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deviation of 3.05 um. The global variation is of 8.66 pym and the measurement
reproducibility over the positions at the ascending and the descending displacements
are situated in a maximum interval of 500 nm.

RHF model reproducibility conclusion

Thanks to the RHF fuel element model, the influence of the plate curvature on
the inter-plate distance measurements was analyzed. The experiences allow the
ultrasonic device response to the real experimental constraints. Both transducers’
WP echo series reception necessitate an accurate device positioning. This allowed
measurements with a relative distance resolution of 500 nm. Consequently, the
ultrasonic device respects all experimental constraints and enables high accurate
inter-plate distance measurements.

4.6 Conclusion

After the distance signal processing development, validation experiences were real-
ized in the laboratory over three representative samples.

First, the identification of the distance measurement accuracy was performed due
to a 50 pm steps manufactured in a titanium element. This experience allowed the
estimation of the resolution to = 1.5 um during the device displacement. Second,
distance reproducibility was studied with a plate silica element with an inter-faces
distance of 1800 ym 4+ 10 pum, corresponding to that of the fuel plates’ interstice.
The device structure analysis allowed the estimation of the device transducers’ par-
allelism to = 1 °. Then reproducibility measurements on this silica element allowed
to visualize an interstice distance maximum variation of 20 pym over 2 cm, which
corresponds to a parallelism default of 0.1%. Moreover, this experience enabled to
identify the convenient device configuration for the most accurate relative distance
resolution of &= 500 nm. Finally, measurements were realized in water channels
of the RHF fuel element model to investigate the influence of the plate curvature
constraint. This last experience demonstrates inter-plate distance measurements
displaying thickness variations with a relative distance resolution of £+ 250 nm.

The next fundamental step for inter-plate distance measurements consists in the
identification of the radiation impact on the ultrasonic device components. In this
view, a qualitative and quantitative experiment has been realized in a highly quali-
fied organism. This experiment is described in the following chapter.



Chapter 5

Ultrasonic device resistance under
irradiation

Contents
5.1 Imntroduction . ............. ... 0000, 94
5.2 Arc-Nucléart irradiator . . . . . . . ... ... ... ..., 94
5.2.1 General description of the installation . . . .. ... ... 94
5.2.2 Radioactive sources of gamma irradiation . . .. ... .. 95
5.2.3 TIrradiationcell . . . . . . . ... ... L. 96
524 Dosimetry . . . . . ..o 97
5.3 Experimental constraints . . . . ... ... ... .. ..., 98
5.4 Experimental set-up . . ... ... ... 0., 98
5.4.1 Experimental set-up installation . . . ... ... ... .. 98
54.2 Experimental Analyzes . . . . . . .. ... . 102
5.5 Ultrasonic device analyzes . ... ... ........... 102
55.1 Signal processing . . . . .. ... 102
5.5.2 Measurement results . . . . .. ... 103
5.6 Ultrasonic device passive components . . ... ... ... 112
5.6.1 Visual inspection . . . . . ... ..o, 113
5.6.2 Microscopic imaging . . . . . . ... 114
5.6.3 Mechanical properties assessment . . . . . . ... ... .. 115
57 Conclusion. . . ... ... ... 00 0o 116

93



94CHAPTER 5. ULTRASONIC DEVICE RESISTANCE UNDER IRRADIATION

5.1 Introduction

In a way to complete the characterization of the ultrasonic device, it is necessary to
evaluate its interaction with the environment it is exposed to. In the context of inter-
fuel-plate distance evaluation, the ultrasonic device is subjected to high radiations.
Consequently, the influence of this radiative environment on the characteristics of
each ultrasonic device component must be identified.

To evaluate such important phenomenon, an experiment evaluating and quantifying
the device resistance under irradiation is realized. In a view to observe the repeata-
bility of the radiation impacts, six ultrasonic devices are mounted, leading to the
irradiation of 12 ultrasonic transducers. They are exposed to a 3500 kGray irra-
diation during 4 months. Their initial characteristics are evaluated and compared
to the post-irradiation modifications. A reference ultrasonic device, which is not
exposed to radiation, is inserted in this experiment in order to take into account
environmental phenomena.

In this chapter, the general installation and the irradiation concept of the Arc-
Nucleart Institute is presented. Then, the whole aspects of the experiment are
developed. After that, the experimental results are displayed and discussed, allow-
ing the visualization and the interpretation of the ultrasonic device components’
behavior under the irradiated environment.

5.2 Arc-Nucléart irradiator

5.2.1 General description of the installation

The Arc-Nucléart institute is a Public Interest Group supported by four partners:
the CEA of Grenoble, the ministry of culture, the city of Grenoble and the ProNu-
cléart association. Its main mission consists in the conservation and restoration
of objects made of organic materials (wood, leather, fibers) by exposing them to
gamma radiation. New methods are also under development for degraded materials
in the Arc-Nucléart laboratory.

The Arc-Nucléart installation is mainly constituted of a pool irradiator [81]. Tt
consists of a water pool where radioactive sources of Cobalt % Co are placed and
generate intense beams of gamma radiation. The second installation element is an
irradiation concrete cell related by an underground channel to the water pool. When
the radiative sources are placed in the water pool, this latter allows gamma protec-
tion. They allow the irradiation of the contained samples. The source displacement
between the water pool and the irradiation cell is controlled through a mobile cart.
The scheme of the installation is illustrated on figure 5.1.
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Figure 5.1: Nuclear irradiator installation scheme.

When the radiation sources are placed in the water pool, the irradiation cell is
accessible through a concrete door. The irradiation sources, that are placed on a
carrier-panel, are introduced in the irradiation cell when this door is completely
locked. They consequently irradiate the cell and the objects it contains.

The Gray is the unit for the received irradiation dose of a material. One Gray cor-
responds to an energy absorption of 1 J per kg. The dose rates, proportional to
irradiation intensity, are generally expressed in Gy/h in comparison to the interna-
tional system unit (Gy/s). In the Arc-Nucleart installation, the dose rates are of
the order of tens of Gy/h to 1 or 2 kGy/h.

The main characteristics of the Arc-Nucleart installation are:

e The principle activity authorized: 3700 TBq (terabecquerel) of ®Co (100000 Ci),
current activity from 1000 to 2500 TBq according to % Co decrease and sources’
renewal,

e Pool depth: 4.25 m,
e Cell walls thickness: 1.50 m,

e Cell interior dimensions: 4.00 m*4.00 m with a height of 2.60 m (2.00 m useful
under the overhead crane).

5.2.2 Radioactive sources of gamma irradiation

The Gamma irradiators, either for research or industrial applications, exclusively
employ % Co sources. Indeed, these latters have many advantages:

e the emission of two gamma photons of 1.17 MeV and 1.33 MeV, particularly
penetrating for each § disintegration,
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e average convenient period of 5.27 years, allowing more than 20 years of ex-
ploitation and an easy managing of the recycling or the disposal after several
tens of years of radiative decay,

e metalized stable and solid form.

This radio-element type is manufactured in nuclear reactors, by activation of the
stable highly pure Cobalt. This activation principle by neutron integration and
following disintegration is presented in figure 5.2.
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Figure 5.2: Cobalt disintegration principle.

The natural stable Cobalt has a nucleus constituted of 27 protons and 32 neutrons
(59 nucleons). It is noted Cobalt 59 or *® Co. If an isolated neutron goes next to
the nucleus, this latter can catch it. It is then transformed in cobalt 60 noted %° Co.
The *® Co is thus activated in % Co by neutron catching and % Co is an artificial
radio-element.

To recover its stability, the % Co must transform one of its neutrons into a proton.
It realizes that by ( disintegration, corresponding to the emission of a high energy
electron (negative charge) from the additional neutron. Simultaneously, two high
energy photons are emitted (1.17 MeV and 1.33 MeV). It has thus been disintegrated
into the stable nickel 60 (“°Ni), present in the nature. This transformation randomly
occurs and a duration of more than 5 years is needed for the disintegration of half
of the atoms of ® Co. The half-life of the cobalt is estimated to 5.27 years.

To manufacture gamma sources, °° Co samples are sealed in order to prevent from
contamination risks. The radiative material, under a non-dispersible metallic form,
is introduced in a double stainless steel envelope completely waterproof. However,
these envelopes allow the Gamma irradiation (the Beta emission is totally stopped
in the source and in the envelopes and consequently must not be considered).

5.2.3 Irradiation cell

To irradiate the cell, the sources are first disposed on the carrier-panel. This op-
eration is realized in the pool using manipulating bars. The sources repartition is
realized in a way to obtain the most homogeneous irradiation intensity all around
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the panel. This latter is divided into four elements with 13 emplacements, conse-
quently leading to a total of 52 possible emplacements. After that, the whole carrier
panel is introduced into the cell by a mobile cart, with two symmetric irradiation
zones on each side of the panel as presented in figure 5.3.

Figure 5.3: Carrier panel inserted in the irradiation cell [81].

To obtain the desired dose rate, it is possible either to control the carrier-panel
composition or to define the adequate distance of the element from the sources
emplacement. For the installation security, the elements are placed, at least, at
10 ¢cm from the carrier-panel. The current rate dose is of the order of 2 kGy /h.

5.2.4 Dosimetry

The dose rates are measured thanks to optic dosimeters. Their principle relies on
the optic density changes according to the dose. The dosimeters are of PMMA
(poly-methylmethacrylate) type, namely the "Red Perspex" or "Amber Perspex"
dosimeters from "HARWELL Dosimeters Ltd" [82]. An image of the "Red Perspex"
dosimeter is presented in figure 5.4. These tinted plastic pieces with a volume of
30 % 11 * 3 mm are individually conditioned in aluminum blisters of 65 % 50 mm. A
post-irradiated examination is realized by a spectrophotometer and a comparator
for a precise measurement of the thickness in order to determine the optical density
at a chosen wavelength to which the dose is associated via a calibration polynomial.

Figure 5.4: Red Perspex dosimeter
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5.3 Experimental constraints

The study of the radiation impact on the ultrasonic device behavior needs to be
performed for each component of the system. In this view, six ultrasonic devices
were prepared, allowing the inspection of twelve ultrasonic transducers. For this
purpose, one of the main parameters to be investigated is the resonance frequency.
In this view, the transducers are realized with resonance frequencies dispersed over
a band ranging from 38 MHz to 160 MHz.

According to the previous chapter, the adequate echo identification necessitates a
coaxial cable length of 20 m linked to a second cable of 0.75 m which is introduced
into the mechanical support. In a way to observe the radiation effect over the
coaxial cables, two elements are submitted to the irradiation study: a first 20 m
coaxial cable, and a second 20 m coaxial cable linked to the 0.75 m cable.

Each component of the ultrasonic device assembly needs also to be analyzed. For this
purpose, several individual elements are realized and introduced in the irradiation
cell.

The general environment conditions, such as temperature and humidity, can modify
the transducers parameters. Consequently, two reference transducers are placed
outside the irradiation cell and are considered as reference devices.

Knowing that the irradiation amount of 3500 kGray requires a period of more than
three months, a continuous monitoring of the components’ characteristics is neces-
sary to link the observed modifications to the current irradiation amount. For these
reasons, a specific experimental set-up is implemented to visualize in real-time the
eventual modifications of the cables and transducers responses.

5.4 Experimental set-up

5.4.1 Experimental set-up installation

The experimental set-up is constituted of two separate parts illustrated schematically
in the following figure 5.5. The first one consists in the elements to be irradiated
which are placed inside the irradiation cell. The second part consists of several
electronic components controlled by an acquisition and signal processing software,
specifically designed for the experiment. Specific communication paths allow the
passage of the cables to realize the continuous monitoring through the electronic
set-up. Both parts are presented and illustrated in the following.

The first part consists of the ultrasonic devices, the cables and the separated ul-
trasonic device components to be irradiated. All these elements are disposed on an
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Figure 5.5: measurement system scheme.

aluminum support, which is placed next to the intended radiation sources entrance.
The whole structure is displayed in figure 5.6.

pSingle-components

Figure 5.6: Ultrasonic devices and single elements in the irradiation cell.

The second experimental set-up part consists in the following:

1. Network analyzer: The network analyzer employed is the E8356A Agilent
vector network analyzer. It provides fast scanning speed, wide dynamic range,
low noise and flexible connectivity traces.

2. PXIe platform: The electronic acquisition system is integrated into a PXI
platform. It uses PCI-based technology and adds a rugged CompactPCI me-
chanical form-factor to define hardware, electrical, software, power and cool-
ing requirements. Then PXI adds integrated timing and synchronization. The
components integrated in the chassis PXIe—1062 are:
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e The PXIe—2747 switch card: It is a PXIe RF multiplexer switch module
for switching RF signals in many applications. This card contains a dual
8 inputs and 2 outputs, allowing the devices monitoring.

e The PXIe—8135 controller constitutes the interface between the PXI plat-
form components and the acquisition software.

3. Acquisition software: For the devices monitoring, the acquisition software is
realized by allowing the scanning of all the transducers responses. Indeed, the
program is realized according to the steps presented in the block diagram of
figure 5.7. The program interface is also displayed in figure 5.8.

An image of the acquisition and monitoring system placed outside the irradiation
cell is presented in figure 5.9.
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Figure 5.7: Acquisition software block diagram.
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5.4.2 Experimental Analyzes

In a way to evaluate the irradiation influence, a comparison between each element
characteristic before and after the irradiation experiment is necessary.

e For the mounted ultrasonic devices, the external electronic system allows the
continuous and real-time evaluation of the transducers through a wifi net-
work. The transducers responses are analyzed according to a specific signal
processing detailed in the following section.

e For the ultrasonic device components, the analyzes to be realized consist
mainly in the visualization of their forms, in their adhesion analysis and also
in the measurement of their mechanical properties.

The analyzes and irradiation experiment results of both these element types are
further exposed.

5.5 Ultrasonic device analyzes

5.5.1 Signal processing

In order to analyze the measurements realized through the previously described
electronic installation, a specific signal processing has been developed. For all the
elements, namely the irradiated transducers, an acquisition is realized each 6 min-
utes. It allows the retrieving of each spectrum. Indeed, the network analyzer allows
the recording of both the real and imaginary parts, both employed to form the
complex signal of the corresponding element.

For a specific monitoring of the acoustic echoes, the signal is subjected to an Inverse
Fourier Transform in order to obtain the temporal signal. An adequate filtering is
then applied according to the frequency bandwidth of each ultrasonic transducer.
After that, a specific echo is extracted for its analysis all over the acquisitions. This
echo parameters are then visualized and exploited to infer the ultrasonic transducers
behavior along the irradiation experiment.

For the comparison of the ultrasonic devices’ behavior before and after the irra-
diation experiment, the extracted echo parameters’ evolution to be investigated
concerns its frequency spectrum, namely the resonance frequency, the spectrum am-
plitude and the bandwidth. The experimental results are presented in the following
section.
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5.5.2 Measurement results

In order to organize the interpretation for each parameter, the reference ultrasonic
transducers and the electrical cables results are first showed on a common figure,
then those of the irradiated transducers are presented in following figures. The
irradiated transducers are indexed from one to nine. For each parameter, a result

interpretation is proposed.

Bandwidth spectra evolution
Reference transducers and electrical cables results

The reference transducers’ and electrical cables’ bandwidth spectra during three
days at the laboratory are presented in figure 5.10 while those during the irradiation
experiment are showed in figure 5.11.
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Figure 5.10: Reference transducers and cables spectra at the laboratory.



Amplitude

Amplitude

104CHAPTER 5. ULTRASONIC DEVICE RESISTANCE UNDER IRRADIATION

3
w10

11-
10-
9-

8

x10
Frequency (Hz)

x10
Frequency (Hz)

‘ ' 100
7
50
5 &g 2
7 65 0

Transducer 56 MHz o’ Transducer 113 MHz

3
105 X1
o 16-
- as T »
| g E A
85
8 100
75 1 £l
s

14 0

Amplitude
oo o s
oo (=-1 —_ L] N
-

13
Acquisitions i

%10
Frequency (Hz)

Cable 1 Cable 2

Amplitude

0.1

100 100
0.05

50 5 50

. L % 0 - i . B

Irradiation days

5

x10
Frequency {Hz)

Figure 5.11: Reference transducers spectra outside the irradiation cell and irradiated
cables spectra during irradiation experiment.

A general overview of the bandwidth spectra manifests a general stabilized behavior.

Along the irradiation experiment, the first reference non irradiated transducer, of a
resonance frequency of 56 MHz, a smooth stable behavior of the bandwidth spectra is
displayed. The second reference non irradiated transducer, of a resonance frequency
of 113 MHz manifests also stable parameters values in an interval of 3 %.

For the irradiated cables, a stable behavior is retained. The 20 m cable, referred
to as cable 1, except for a local amplitude variation of 3 %, manifests parameters
stability. For the second cable of a 20 m cable related to the cable of 0.75 m, referred
to as cable 2, the spectra stability is maintained in an interval of 1 %.

Irradiated ultrasonic transducers results

The bandwidth spectra of the irradiated ultrasonic transducers before irradiation are
presented in figure 5.12 while those monitoring irradiation are displayed in figure
5.13.
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Figure 5.12: Ultrasonic transducers spectra before the irradiation experiment.

The figure 5.12 displays the transducers bandwidth spectra evolution during the
three days in the laboratory conditions. Indeed, a high stabilized behavior of the
transducers can be retained.
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Figure 5.13: Ultrasonic transducers spectra all over the irradiation experiment days.

The bandwidth spectra evolutions allow an analysis of transducer behaviors. In-
deed, it is observed that most transducers showed a small or no spectra evolution
along irradiation. Only transducers 1 and 2 present significant modifications. They
completely died away after several days of irradiation, leading thus to two groups:
stable and unstable transducers. The cause of this defection is further investigated

and explained.
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Resonance frequency, spectrum amplitude and bandwidth variations

In the following figures, the red line corresponds to the frequency relative variation
and the blue one is the amplitude evolution according to reference values, namely the
laboratory values. Then, the green line displays bandwidth evolution in percentage.

Reference transducers and electrical cables results

Reference transducers’ and cables’ parameters are in figure 5.14. First line shows
their laboratory evolution and that during experiment is showed in second one.
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Figure 5.14: Relative frequency, amplitude and bandwidth variation of reference trans-
ducers and cables: first line graphs are at laboratory and second line graphs are outside
irradiation cell for reference transducers while cables are irradiated.

Regarding the frequency:

e For reference transducers, the resonance frequencies are respectively of 56 MHz
and 113 MHz. Relative frequency variation of the 15 transducer is less than
0.15 %. For the 2" transducer, the maximum frequency variation is of 2 %.
As a consequence, for both transducers, a high frequency stability is observed.
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e For cable 1, frequency bandwidth reaches 500 MHz. Along irradiation, it
is stable in an interval of 0.11 %, except for the 14" day displaying a 3 %
variation. No specific explanation can be found and the initial characteristic
is then re-observed along the experiment. For cable 2, frequency bandwidth is
also of 500 MHz. The frequency variation along the irradiation is very small,
being less than 0.8 %. Consequently, a cables’ frequency stability is observed.

According to the amplitude:

e For the 1% transducer, the maximum amplitude variation does not exceed
0.3 % while for the 2" transducer, the maximum variation reaches 1 %. Con-
sequently, for both transducers, a general amplitude stability is also observed.

e For cable 1, amplitude variation is less than 0.5 %, except for the 14" day with
a variation of 12 %. For cable 2, the amplitude variation is less than 0.06 %.
Consequently, a stable behavior of the cables under irradiation is observed.

Regarding the bandwidth:

e For the 1% transducer, the maximum bandwidth variation does not exceed
0.2 % of the 15.75 % initial value, while for the 2" transducer maximum
variation merely attains 1.4 % of the 23.52 % first value. Indeed, a general
stability is observed on bandwidth variations with a slight increasing trend.

e For cable 1, the bandwidth is stable in a 0.5 % interval of the first value of
83.7 %, except for the 14" day with a variation of 5.9 %. Specific variations
appear at the same days as for frequency and amplitude. For cable 2, the vari-
ation is maintained in a 3.5 % interval of the 143 % initial value. A bandwidth
stability is deduced, confirming cables stable behavior under irradiation.

To sum up, the maximum parameters variations are displayed in the table 5.1.

Element Max frequency | Max amplitude | Max bandwidth
variation variation variation
Ref Transducer 56 MHz 0.15 % 3.00 % 0.2 %
Ref Transducer 113 MHz 2.00 % 1.00 % 1.4 %
Cable 1 3.00 % 12.0 % 5.9 %
Cable 2 0.80 % 0.06 % 3.5 %

Table 5.1: Parameters maximum variations of cables and reference transducers.

To conclude, the non-irradiated reference transducers manifested a stability of the
analyzed parameters in environmental conditions, while for the irradiated electric
cables no significant influence of irradiation was exhibited.
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Irradiated transducers results

109

In following figures, red line is the relative frequency variation and blue one is relative

amplitude evolution. Then, green line is bandwidth evolution in percentage.
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Figure 5.15: Relative frequency, amplitude and bandwidth variation of the transducers.

To summarize all the irradiated ultrasonic transducers’ responses, the following table
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5.2 includes their maximum variation parameter values.

Element Max frequency | Max amplitude | Max bandwidth
variation variation variation

Transducer 122 MHz _ _ _
Transducer 72 MHz 0.50 % 1.50 % 2.0 %
(until the 87" day)

Transducer 39 MHz 8.00 % 5.00 % 5.0 %
Transducer 97 MHz 8.00 % 3.40 % 12 %
Transducer 78 MHz 1.50 % 3.20 % 0.4 %
Transducer 87 MHz 4.00 % 2.45 % 2.5 %
Transducer 103 MHz 1.00 % 1.00 % 0.7 %
Transducer 162 MHz 2.00 % 1.50 % 25 %
Transducer 116 MHz 3.00 % 4.50 % 1.0 %

Table 5.2: Parameters maximum variations of the experienced elements.

According to the previous table 5.2, two groups are observed in concordance with
the bandwidth spectra analyzes. Each group will be separately discussed.

e Unstable transducers: This group is composed of transducers 1 and 2, mani-
festing a malfunction. Their parameters’ variations are described hereafter.

For transducer 1, after 10 irradiation days, there are: a 10 % decrease of the center
frequency value, a 16 % variation of the amplitude parameter and a 55 % varia-
tion with respect to the initial bandwidth value. Then, the 16" day, for all the
parameters, initial values were recovered for 2 days, before a lasting malfunction.
This acoustic signal loss is probably due to a cable welding malfunction. This point
and the following indicate that the welding of the cables may be weak points of the
transducer structures while the piezoelectric elements are quite radiation resistant.

Transducer 2 maintained for 87 days its frequency in a range of 0.5 %, its amplitude
in an interval of 1.5 % and its bandwidth parameter in a 2 % range around the initial
value of 55 %. Then, a malfunction is observed similar to that of transducer 1 prob-
ably corresponding to welding failure. Indeed, for transducer 2, a 10 % frequency
variation, a 42 % amplitude decrease and a 8 % bandwidth decrease appear.

To investigate the transducers 1 and 2 malfunctions, the time signal comparison
before (in red) and during (in blue) the malfunctioning phenomenon is presented in
figure 5.16.

In figure 5.16, the decrease in amplitude of the ultrasonic echoes can be observed
while presenting a shift in their time position. This fact implies that the electric
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Figure 5.16: Time signal comparison between the functioning case (red) and the mal-
functioning case (blue).

echoes are only received from the first cable of 20 m, confirming that the loss of the
acoustic echoes is due to a damaging of the welding connecting the two cables. As-
suming this fact, a new welding method has been employed for the device mounting
and assures the cables’ connection stability.

e Stable transducers: this group is composed of all the other irradiated ultrasonic
transducers. Their parameters’ variations are presented in the following.

Transducer 3 maintained its 38 MHz resonance frequency in a 0.8 % range until the
60" day. A local increase of 6 % is observed and then gradually continues to 8 %.
The amplitude decreases of 2.4 %, before decreasing to 5 % also at the 60" day.
The bandwidth first increases by 2 %, before decreasing of 3 % also after 60 days.

Transducer 4 manifests a stabilized frequency variation in a 2.5 % range until the
60" day. A decrease is then observed until 6 % during 15 days. A gradual decrease
finally follows until 8 %. For the amplitude, a continuous decrease is observed with
a maximum percentage of 3.4 %. Finally, the bandwidth manifested a stabilized
behavior in a 5 % range over the 24 % initial value for 40 days. It was followed by
a gradual 12 % increase.

For transducer 5, the frequency variation along the experiment does not exceed
1.5 %. The maximum local variation is of 0.77 % observed at the 57" day. For
amplitude, the general variation percentage does not exceed 3.2 %. This maximum
variation is also observed at the 57" day. The bandwidth general variation does not
exceed 0.4 % of the initial value of 25 %.

For transducer 6, the maximum frequency variation is of 4 %. Moreover, the max-
imum amplitude variation is of 2.45 %. Finally, the bandwidth variations do not
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exceed 2.5 % of the first value of 37 % in a global slight decreasing trend. Con-
sequently, for all parameters, the transducers 5 and 6 manifested similar stable
behaviors while being inversely placed in the same device. This indicates that the
side emplacement of the transducers does not modify the irradiation impact.

Transducer 7 frequency variation does not exceed 1 % of the initial value. Then, the
maximum amplitude variation is limited at 1 %. Finally, the maximum bandwidth
variation is of 0.7 % over the 24.84 % initial value.

Transducer 8 maximum variations are of: 2 % for the frequency, 1.5 % for the
amplitude and 25 % for the bandwidth. The most observable variation occurred
after 40 days simultaneously for all the parameters through: a barely 1 % decrease
for the frequency, a 2.5 % decrease for the amplitude and a 25 % for the bandwidth.
After that, a general stabilization is observed.

For transducer 9, the frequency variation reaches 3 %. It consists of a global increase,
with a slight improvement between the days 40 and 80. For the amplitude, a general
decrease trend is apparent, reaching 2.5 %. In addition, a 4.5 % variation is noticed
over the 80" day, followed by a stabilized variation zone in a 0.8 % range. For the
bandwidth, a slight decrease trend of 1 % of the initial value of 23.33 % is observed.

e Conclusion: According to the result analyzes, it can be observed that:
1. The electrical cables manifested a high parameters resistance,

2. For the malfunctioning transducers, the welding element has been identified
as a potential source of failure,

3. For other transducers, the maximum variations were: 8 % for frequency, 5 %
for amplitude and 25 % for bandwidth,

4. A high parameters’ stability of the irradiated transducers is retained.

Consequently, except for the two first transducers’ malfunction due to the welding
failure, it can mainly be inferred a high resistance of the elements to radiations.
This leads to stable responses of the devices validating the ultrasonic measurements
of the temperature and water-channel thickness proposed in the previous chapters.

After the validation of the digital parameters stability under irradiation, the next
step consists in the analysis of the material components of the ultrasonic devices.

5.6 Ultrasonic device passive components

To evaluate the irradiation impact on each device component, several elements have
been realized and irradiated: the silica support, the adhesive material, the backing
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insulator material and the conducting material. The investigated characteristics are:
the global form, the adhesion and the mechanical property modifications.

For the form and adhesion investigation, 4 elements were realized and will be re-
ferred to in the following as the multilayered structure group. The adhesive, the
backing and the conducting materials are separately deposited on 3 silica supports
and a second circular silica support is superposed. The 4 element is a conducting
material deposited without the superposed silica. This multilayered structure group
comparison before and after the irradiation experiment is carried out through visual
inspection and microscopic imaging.

For the mechanical property investigation, 4 elements are analyzed and will be re-
ferred to as the unilayered structure group. They consist in 2 types of silica, a
backing insulator and a conducting material deposited on the silica. For the me-
chanical properties estimation of the unilayered structure group, acoustic signatures
are realized. They allow the estimation of the Rayleigh velocity and the Young
modulus values.

5.6.1 Visual inspection

The multilayered structure group images are presented on the first line of figure 5.17
(a), (b), (c) and (d). Their images after irradiation are displayed on the second line.

Backing material with Adhesive material with Conducting material Conducting material
superposed silica superposed silica on silica with superposed silica
(a) (b) (c} (d)

(a) (b) (c) (d)

Figure 5.17: multilayered structure group images before and after the irradiation.

A first overview of the multilayered structure group shows that their general forms
are maintained. For the silica supports of all the elements, a color modification
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is observed. This modification is due to the silica composition and mainly comes
from microscopic impurities. For the elements (c¢) and (d), a color modification is
also visible of the conducting material. This color modification does not appear
in the conducting material layer inserted between the two silica parts of the ele-
ment 5.17 (d).

To conclude over this analysis, the adhesion and forms are maintained after the
irradiation experiment. For a specific analysis of the microscopic form modifications,
the second comparison is realized thanks to the microscopic imaging.

5.6.2 Microscopic imaging

In order to investigate microscopic modifications, the industrial microscope TePla
[83], available in the laboratory, is employed, using a 200 MHz ultrasonic transducer
in order to acquire high resoluted images. This imaging is performed before irra-
diation, seen in figure 5.18 and compared to the ones realized after the irradiation
exposed in figure 5.19.

(a)

Figure 5.18: multilayered structure group microscopic images before irradiation.

(a) (b) () (d)

Figure 5.19: multilayered structure group microscopic images after irradiation.

Thanks to the microscopic images, the general stability previously observed is con-
firmed. Besides, the following remarks can be made:

e For the 1% element, the comparison of images before and after irradiation
implies that no significant modification can be observed.
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e For the 27¢ clement, the adhesive material observed on the contour area of
the superposed silica of figure 5.18 (b) has been disbonded in figure 5.19 (b).
Moreover, some new microscopic forms appear in the interstice zone.

e For the 3" element, the disbonding phenomenon is also visible over the con-
ducting material boundaries displayed in figure 5.19 (c).

e For the 4 element, the conducting element around the second silica mani-
fests a color modification implying a signal attenuation due to the conducting
element composition modification.

5.6.3 Mechanical properties assessment

For the mechanical property estimation, a focused ultrasonic transducer is used
for surface acoustic wave generation [84|. The Rayleigh wave is generated inside the
material by fixing the incidence of an acoustic external plane wave to a specific angle,
the Rayleigh angle 6. During its propagation along the surface of the material, the
Rayleigh wave radiates, at the same angle, energy into the coupling medium. The
ray theory indicates that two main paths are available for the reflected acoustical
waves. They correspond to two waves, the specular (figure 5.20(1)) and the Rayleigh
(figure 5.20(1I)) waves that will then recombine on the transducer surface.

By defocusing the transducer towards the sample surface along the Z axis, which
means reducing the transducer-sample separating distance, ultrasonic wave inter-
ference occurs [84]. The received signal is then function of the z-evolution of the
transducer amplitude and is called the acoustic signature V(z) [85]. An example of
the received acoustic signature form is displayed on the figure 5.20 (b).
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Figure 5.20: Acoustic signature process.

From the measurement of the pseudo-periodicity Az, Vg is calculated under the
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following equation 5.1:
Vflmd
\/1 - 1 - QZJ}Z:XZ)

where V 4 is the coupling ultrasonic velocity and f is the transducer frequency.

(5.1)

The acoustic signature allows the measurement of the Rayleigh velocity. This latter
is directly related to the material young modulus according to the article [86] through
the following equation 5.2:

E=3.00%pxVp. (5.2)

This method has been used with a focused 140 MHz frequency transducer on the
unilayered structure group. The measurement results of the Rayleigh velocity and
the young modulus are presented in table 5.3.

Element Pre-irradiation Post-irradiation | Percentage variation
properties properties
Silica type 1 Vr =339 m/s | Vg =3338m/s 1%
E =718 GPa| E =71.13 GPa
Silica type 2 Vg =3110m/s | Vg = 3108 m/s 0.1 %
E =6238GPa| E = 6230 GPa
Backing material Vi =4553 m/s | Vg =4359 m/s 5%
Conducting material | Vi — 5265 m/s | Vg — 5089 m/s 3%

Table 5.3: Rayleigh velocity and young modulus values of the analyzed elements.

From the previous table, the Rayleigh velocities and the young moduli of the unilay-
ered structure group elements have presented a high stability under the irradiation
experiment. This stability is maintained in a maximum interval of 5 %.

5.7 Conclusion

A reproducibility radiation experiment has been realized over 12 ultrasonic trans-
ducers and several samples of the ultrasonic components assembly materials. A
distant and real-time monitoring and acquisition system has been controlling this
experiment in a way to specifically evaluate the radiation influence. This latter has
been of a 3500 kGy dose lasting for more than three months.

For the irradiated ultrasonic transducers, the parameters to be evaluated were the
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resonance frequency, the spectrum amplitude and the spectrum bandwidth, as the
essential characteristics influencing the inter-plate distance measurement. Two ul-
trasonic transducers manifested an acoustical signal loss due to a welding malfunc-
tion. This latter is identified as an important element to improve and verify at each
device assembly. All other transducers displayed a high stability of the investigated
parameters along irradiation.

Concerning the passive material samples, the evaluated factors were the form, ad-
hesion and mechanical properties modifications. These parameters were observed
thanks to visual inspections, microscopic imaging and acoustical signatures acqui-
sitions. Several comparisons before and after the irradiation experiment allow the
identification of a high resistivity of the three investigated aspects.

Thanks to this radiation experiment, corresponding to a 10 hour duration contact
to the fuel element through the 3500 kGy irradiation dose, all the ultrasonic device
components ensured a significant stability. The in-situ application of this method
will be presented in the following chapter.
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6.1 Introduction

In the previous chapters, a new ultrasonic device was developed according to ex-
perimental constraints. The signal processing was optimized and allowed highly
accurate results in laboratory measurements. In addition to this, the device compo-
nents presented high stability during an irradiation experiment.

In this chapter, the ultrasonic device is tested in the High Flux Reactor fuel element
for inter-plate distance estimation. The measurement results are displayed in the
following.

6.2 Distance measurement

In chapter 3, the signal processing has been optimized in a way to reduce the dis-
persion on the water-channel thickness estimation. It is here applied to the signals
acquired in-situ in the RHF reactor during the first PhD of the PERSEUS project.

6.2.1 Measurement results

During the previous thesis, an experiment was realized in the RHF fuel element
allowing signal acquisition in a water channel with a manual ascending movement of
the device. These signals are here reconsidered and their energy is computed thanks
to equation 3.4 and is presented in figure 6.1 (a).
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Figure 6.1: (a) Experimental signal energy measurements; (b) Selected signals for dis-
tance measurements.

This computation clearly demonstrates the impact of the orientation of the device
with respect to the fuel plates. To select the most energetic signals, a threshold is

proposed. This leads to selected positions with the corresponding energy presented
in figure 6.1 (b).
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After the signal selection, the new signal processing presented in chapter 3 is applied.
In figure 6.2, a comparison between measurements realized with the previous and
the new signal processing steps is presented.
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Figure 6.2: (a) Previous and new signal processing comparison; (b)New signal processing
distance measurements.

In figure 6.2 (a), the comparison of the signal processing methods clearly displays
the fact that the new signal processing is highly improving the inter-plate distance
measurements by removing spurious values. They are mainly due to the low energy
signals and the manual positioning. This latter implies a lack of the device vertical
position identification.

The measurement results mainly allow the evaluation of an average inter-plate dis-
tance estimated at 1829 um with a standard deviation of 11 pym. In addition, the
device resolution is deduced through the dispersion of neighboring measurements
performed at very close locations. It is here estimated to 2 um.

6.3 RHF fuel element experiment

6.3.1 Experimental set-up

After the laboratory characterization and the validation of the new high frequency
ultrasonic device prototype and signal processing, an in-situ experiment was realized
in the RHF fuel element as follows: the ultrasonic device was fixed to a 4 m support
handled by an operator positioned above the reactor water pool. The device support
was related to the cable of the position monitoring device presented in chapter 2.
This latter was placed above the operator emplacement.

In order to observe and monitor the blade introduction between the fuel plates,
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a waterproof and radiation resistant camera was installed above the fuel element.
Images of the reactor experiment are displayed in figure 6.3.
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Figure 6.3: New ultrasonic device in the RHF experiment [13] (a) inserted in the fuel
element; (b) introduced between fuel plates.

The implemented experimental protocol allows the estimation of the water channel
temperature and the inter-plate distance along the vertical blade position. This
latter is recorded by the position monitoring device.

6.3.2 Experimental protocol and proof-of-concept

For the inter-plate distance evaluation, two parameters are evaluated by means of
the ultrasonic device: the ultrasound velocity and the time of flight. For the RHF
fuel element experiment, the investigation of each parameter is hereafter presented.

Transducers’ calibration: experimental curves

As previously seen, the water channel temperature constitutes a parameter impact-
ing the ultrasound velocity. This parameter is then analyzed through the measure-
ment of the resonance frequencies of the transducers.

The test of the ultrasonic transducers after their conception allows the identification
of their central frequency. The first transducer of the device has a central frequency
of 103 MHz while the second transducer displays a central frequency of 85 MHz.
In the following, the 103 MHz transducer is referred to as transducer 1 and the
85 MHz transducer as transducer 2. Figures 6.4 (a) and (b) display both simulated
and experimental values of the frequency variation as a function of the temperature.
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Figure 6.4: Frequency variation according to the temperature. Blue squares correspond
to the simulated values and red points to the experimental data; (a) transducer 1; (b)
transducer 2.

These curves will be used as references for the identification of temperature variation.
Then, the ultrasonic velocity estimation in the water channel at the exact points
of the inter-plate distance estimation is computed. The analysis of the experiments
realized for the temperature variation will be presented below.

Reactor water pool temperature

The reflections forming the SW series are presented in figures 6.5 (a) and (b). One
of the reflected echoes is selected and processed (vertical lines in figures 6.5 (a)
and (b)). The frequency corresponding to the maximum energy of the transducer
bandwidth (figures 6.5 (c¢) and (d)) is then retained and compared to data from
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figures 6.4 (a) and (b) to estimate the medium temperature.
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Figure 6.5: (a) and (b) Both transducers’ received ultrasonic signals in the medium;
(c¢) and (d) Both transducers’ frequency spectra of the selected wave packet positioned
between the two vertical lines of figures (a) and (b).

The results are given below:

Transducer 1 resonant frequency is equal to 103.01 & 0.05 MHz. This latter
corresponds to a temperature of 26.91+0.10 °C. The measurement uncertainty
is equal to AT/T ~ 0.37 %.

Transducer 2 resonant frequency is equal to 85.21 + 0.03 MHz. This latter
corresponds to a temperature of 26.8140.05 °C. The measurement uncertainty
is here equal to AT/T ~ 0.18 %.

The pool temperature estimated by the ILL was equal to T' = 26.76 °C.

The difference in the temperatures between the two ultrasonic transducers is
equal to 0.10 °C and is found negligible with respect to the mean value of
T = 26.86 °C. The difference with the ILL temperature value is AT = 0.15 °C
corresponding to an uncertainty of AT/T = 0.5 %.

The temperature difference value of 0.10 °C induces an ultrasound velocity
measurement of V' = 1501 + 0.30 m/s. The ultrasound velocity uncertainty is
here equal to AV/V =~ 0.02 %. This latter leads to a time of flight measure-
ment uncertainty of At/t ~ 0.2 %.

The previous uncertainty induce a general uncertainty measurement on the
absolute distance of Ad/d =~ 0.22 % (such as Ad ~ 3.9 pym for d = 1.8 mm ).
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In the following is presented the proof-of-concept process for distance estimation
applied to all measurement series.

Water channel temperature measurements

The resonance frequency constitutes the varying parameter analyzed for the tem-
perature estimation. The figure 6.6 presents the evolution of this characteristic for
transducer 1 along the acquisitions when the device is inside the water channel.
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Figure 6.6: Transducer 1 resonance frequency evolution while introducing the ultrasonic
device between plates 3 and 4. Red points correspond to the measured frequency and the
blue squares to averaged values on 100 blue points.

The mean value of transducer 1 resonant frequency along the acquisitions is 102.9 MHz
with a standard deviation of 0.1 MHz. Similar analysis using the resonant frequency
values is realized for transducer 2. The water channel temperature values are then
deduced from the previous resonant frequency measurements and showed in fig-
ure 6.7.
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Figure 6.7: Temperature estimated by transducer 1 while introducing the ultrasonic
device between plates 3 and 4. Red points correspond to the measured frequency and the
blue squares to averaged values on 100 red points.

Figure 6.8 presents the comparison of the averaged temperature values estimated
by both the ultrasonic transducers.

The mean temperature measured by transducer 1 is 27.4 °C with a standard devia-
tion of +1.4 °C. For transducer 2 the mean temperature is 27.2 °C with a standard
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Figure 6.8: Temperature estimated by the transducers during the ultrasonic device intro-
duction between plates 3 and 4. Blue points correspond to averaged temperature measured
by transducer 1 and red squares to averaged temperature measured by transducer 2.

deviation of £0.9 °C. The comparison of the temperatures of both transducers pre-
sented similarity along the acquisitions. Consequently, the temperature variation
repeatability is confirmed and the ultrasonic velocity measurements are realized for
each ultrasonic transducer according to its corresponding local temperature values
along the acquisitions.

Water channel velocity estimation

The previous temperature measurements then allow the estimation of the ultrasonic
velocity thanks to the figure 6.4 (a). These measurements are presented below in
figure 6.9.
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Figure 6.9: Ultrasonic velocities estimated by the transducers during the ultrasonic device
introduction between plates 3 and 4. Blue points correspond to the averaged ultrasonic
velocity measured by transducer 1 and the red squares to that measured by transducer 2.

The mean ultrasound velocity measured by transducer 1 is of 1502.9 m/s with a
standard deviation of £+ 3.5 m/s. For transducer 2 the average ultrasound velocity
is of 1502.4 m/s with a standard deviation of + 2.2 m/s. Indeed, the ultrasound
velocities display a high local concordance between the transducers all along the
acquisitions and consequently enable the inter-plate distance estimations.



6.3. RHF FUEL ELEMENT EXPERIMENT 127

Inter-plate distance estimation

For inter-plate distance estimation, the previous time of flight signal processing is
here applied. First, the ultrasonic signals are filtered with an adequate bandpass
filtering for noise decrease.

The second element to be investigated is the device positioning impact. Indeed,
the ultrasonic transducers parallelism to the plates is of a high importance for the
reception of the WP wave packets corresponding to the reflection on the fuel plates.
In fact, in chapter 3, it was proven that an angle variation of ©® = 1° can impact
the measurement results and resolution. In the following figures 6.10 (a) and (b)
are presented two signals, the first without WP echo series due to a non parallel
positioning of the device during its introduction and the second one containing the
distinguished WP series.
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Figure 6.10: (a) Received ultrasonic signal without WP echo series; (b) Received ultra-
sonic signal with reflections on the fuel plate

Energy measurements

For an adequate inter-plate distance estimation, the measurement of the energy of
signals received by each transducer is presented in the following.
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Figure 6.11: Energy measurements performed between plates 13 and 14. Red points
correspond to transducer 1 energy measurements and blue squares for transducer 2.
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The energy estimation shows two noticeable measurement levels:

e The first level shows a low amount of energy from the first acquisition until
around the acquisition 1100, and after that from the acquisition 1600 until the
end.

e The second level shows a high amount of energy from the acquisition 1100 to
the acquisition 1600.

This result suggests that in the high energy part, the device was positioned with the
most convenient parallelism to the fuel plates. These energy measurements allow
the selection of the recorded acquisitions containing the reflection on the fuel plate,
defined as the signals between the acquisitions 1200 and 1500.

Vertical position measurements

The position measurements are recorded along the experiment. As an example, the
position measurements corresponding to the energies of figure 6.11 are presented in
the following figure 6.12.
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Figure 6.12: Device positionning measurements.

The positioning results display the fact that between the acquisitions 1200 and 1500,
the ultrasonic device was in a stable position inside the fuel element in accordance
with the fact that high energy signals were recorded. The signal processing is then
realized on these signals in the following.

Reference signal subtraction

In a view to analyze only the WP echo series, the subtraction of the reference signal
from the experimental signal is realized. The following figures 6.13 (a) and (b) show
the signal with two sets of echoes before subtracting the reference signal.
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Figure 6.13: (a) transducer 1 experimental signal; (b) transducer 2 experimental signal.
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On transducer 1 experimental signal, the WP echo series is perfectly distinguished
while on transducer 2 experimental signal, the series overlapping has clearly oc-
curred. Such problem has been overcome thanks to the signal oversampling method
for the adequate reference signal subtraction. Results are presented on the following
figure 6.14
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Figure 6.14: Experimental signals after oversampled reference signal subtraction; (a)
transducer 1 (b) transducer 2.

From figure 6.14, the WP echo series are identified for both transducers allowing
cross-correlation measurements.

Distance estimation

Thanks to the cross-correlation computation between the reference signals and their
corresponding in-situ signals, the time of flight measurements are realized. The
corresponding inter-plate distance measurements are showed in figure 6.15.
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Figure 6.15: Inter-plate distance measurements.

The figure 6.15 displays stable inter-plate distance measurement results. Indeed,
the average distance is estimated at d = 1.795 mm with a standard deviation of
o ==£4 pum.

Vertical position correspondence

In the following section, the previous distance measurements obtained and presented
in figure 6.15 are combined with the positioning measurements previously displayed
in figure 6.12.

6.4 Results and interpretation
The above protocol was followed on the reactor experiment while introducing the

ultrasonic device in several water channels. The different results are presented in
the following cases.

1. case 1: Inter-plate distance measurements while introducing the blade between
plates 24 and 25 of the ILL fuel element.
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Figure 6.16: (a) Energy measurements along the acquisitions; (b) Inter-plate distance
measurements along the acquisitions.
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Figure 6.17: (a) Energy measurements according to the vertical position measurements;
(b) Inter-plate distance measurements according to the vertical position measurements.

The energy measurements of the figure 6.16 (a) are dispersed all along the ac-
quisitions. The inter-plate distance measurements presented in figure 6.16 (b)
corresponding to these energy measurements display also highly dispersed re-

sults. Indeed the average value is estimated at d = 1.79 mm with a standard
deviation of o = 200 pm.

Both energy and distance measurements are then correlated to the vertical
positions respectively in figures 6.17 (a) and (b). Indeed, the previous disper-
sion is confirmed through different distances observed all along the analyzed
zone and in particular on the same vertical zone between positions 59.69 c¢m

and 59.89 cm. These distances are due to the low energy inducing a high
dispersion.

2. case 2: Inter-plate distance measurements while introducing the blade between
plates 13 and 14 of the ILL fuel element.
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Figure 6.18: (a) Energy measurements along the acquisitions; (b) Inter-plate distance
measurements along the acquisitions.
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Figure 6.19: (a) Energy measurements according to the vertical position measurements;
(b) Inter-plate distance measurements according to the vertical position measurements.
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The energy measurements of figure 6.18 (a) display a stable amount of re-
ceived energy during the acquisitions. The inter-plate distance measurements
presented in the figure 6.18 (b) corresponding to these energy measurements
display also very stable results.

Both energy and distance measurements are then correlated to the vertical
position measurements respectively in figures 6.19 (a) and (b). The average
distance is identified at d = 1.795 mm with a standard deviation of o = £4 um.
Consequently a stable identification of the distance values can be observed in
comparison to the first case results and with an advanced precision.

case 3: The inter-plate distance measurements while introducing the blade
between the plates 3 and 4 of the ILL fuel element.
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Figure 6.20: (a) Energy measurements along the acquisitions; (b) Inter-plate distance
measurements along the acquisitions.
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Figure 6.21: (a) Energy measurements according to the vertical position measurements;
(b) Inter-plate distance measurements according to the vertical position measurements.

The energy measurements presented in figure 6.20 (a) display a very high sta-
ble amount of energy received during the acquisitions, inducing very stable
estimations of the inter-plate distances presented in figure 6.20 (b).

Both parameters are then correlated to the corresponding device vertical posi-
tions in figures 6.21 (a) and (b), on which their stability is confirmed. Indeed,
the inter-plate distance measurements display results around the average value
of d = 1.815 mm with a standard deviation of 0 = £ 1 pym. In comparison
with the case 2, these results display an even more stable identification of the
inter-plate distance attaining a precision of + 1 pm.
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4. Comparison and analysis

The first measurement case displays a high dispersion of distance values while
the two following measurement cases display very stable measurements. These
previous results were realized on selected signals with the best amount of en-
ergy received along the acquisitions. The noticed difference and the mea-
surement dispersion probably comes from the following reason: the manual
handling of the ultrasonic device induced its unstable positioning and con-
sequently energy reception variations. Indeed, for the first case, the energy
measurements were around an averaged value of 0.4 whereas for the second
case they were around an averaged value of 2 and finally for the third case
they attained the value of 13. This high energy difference increases the dis-
tance measurement resolution from + 200 pym to £ 1 um. Consequently, these
results clearly prove the influence of the signal energy on the quality of the
distance precision. While the actual device and associated signal processing
allows the selection of signals allowing a precision of the order of the microm-
eter, the control of the positioning of the blade will have, in future works, to
be optimized in a way to control the orientation of the sensors with respect to
the plates’ faces.

6.5 Conclusion

In this chapter, two elements were presented. First the new signal processing
was applied to previous experiment measurements in a way to compare the
distance measurement results. Second, the experiment realized in the High
Flux Reactor fuel element is presented with its corresponding results.

For the first element under study, the advanced signal processing has greatly
improved the inter-plate distance estimation. Indeed, for each ultrasonic trans-
ducer some inaccurate measurement results were removed. Consequently, the
new signal processing methods are once again confirmed and present enough
stability for distance estimation.

For the second objective, the application of the new developed ultrasonic de-
vice prototype through an experiment in the RHF fuel element has improved
the reliability for evaluating both the medium temperature and the inter-plate
distance and has introduced their matching to the device vertical position. In
fact, the new prototype presents a unique silica support leading to several op-
timizations. First, the previous transducers’ positioning deviation is reduced.
Second, the inter-transducer parallelism is confirmed. Then, taking into ac-
count only high energy signals and applying the new signal processing, the
resolution of the distance measurement is greatly improved.
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Conclusion and prospects

In the framework of the LEU fuel element conversion, investigations of the se-
lected fuel behavior are required. In this view, several programs were launched
to analyze the post-irradiation aspects. One of the main aspects under study
is: the fuel plate swelling. To address this issue, several destructive and non-
destructive methods are proposed. The PERSEUS Project emphasizes on a
direct phenomenon representing the fuel plate swelling: the water channel
thickness variation. During a first project thesis, an ultrasonic device was de-
veloped and tested, allowing the validation of distance measurement feasibility
through a non-destructive high frequency ultrasonic method. In this second
thesis, the studies deal with the previous thesis feedback and flaws, allowing
the realization of a new ultrasonic device implying a deep reflection over the
device structure conception and optimization.

The new ultrasonic device and its components were fully discussed. It consists
of two ultrasonic transducers implemented on one unique silica support, highly
improving distance measurement precision. The device transducers frequency
was studied through the ultrasonic field and the transducer multilayered com-
position behaviour modeling, in a way to obtain the best measurement reso-
lution. After that, each component of the measurement chain was analyzed
and its influence over acquisitions was developed. Consequently, an adequate
echo identification and analysis of the acquired ultrasonic signal were realized.
Then, a motorized measurement bench was mounted and included the deter-
mined axes influencing the ultrasonic field. Moreover, a linear cable sensor was
introduced into the measurement bench allowing the device vertical position
identification either in the laboratory or during the RHF experiments.

The signal processing was further discussed and evaluated. It was modified
to improve the estimation of both time of flight and ultrasonic velocity. For
time of flight evaluation, energy measurements were introduced for signals’
selection, the substraction was optimized through signal oversampling up to
500 GHz and the echo type identification improved the validation of the cross-
correlation results. For ultrasonic velocity, it is directly related to the water
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temperature estimation. Consequently, the ultrasonic echo selection allows to
optimize the transducer central frequency monitoring, directly linked to the
temperature value.

The previous enhancements have been investigated over reference samples by
inter-faces distance reproducibility measurements. First, the identification of
the distance measurement accuracy was performed thanks to a titanium ele-
ment manufactured of 50 pym steps. Second, distance reproducibility measure-
ment series were realized on a silica element with an inter-faces distance of
1800 pm =4 10 pum, corresponding to that of the fuel plates’ interstice. Finally,
measurements were realized in water channels of the RHF fuel element model.
These experiments allow the identification of the ultrasonic device ability to
achieve relative inter-plate distance measurements with a resolution estimated
to 500 nm.

The new ultrasonic device characterization was completed according to the
experimental constraints. During the reproducibility irradiation experiment,
the 12 ultrasonic transducers and the device component samples were exposed
to a 3500 kGy irradiation dose for 4 months. Corresponding to 10 hours of
irradiation in contact with the fuel element, the ultrasonic device resistance
to the irradiation environment is then assessed. This experiment necessitates
specific electronic devices and the development of a complete software. This
latter allows both the real-time and continuous monitoring of the transducers’
parameters evolution and also the recording of corresponding data. The de-
vice performance stability through the materials robustness and the distance
influencing parameters was then demonstrated.

To analyze the new signal processing advances, they were tested on experimen-
tal measurement series. A clear identification of inter-plate distances, initially
defined as aberrant values, were then observed. Indeed, the signal processing
steps definitely improve the signal acquisition flaws and validate the distance
evaluation. The new developed non destructive high frequency ultrasonic de-
vice was then tested in the RHF fuel element. Through this experiment, the
new device has consequently improved the reliability of both the water tem-
perature and the water channel thickness evaluation and has introduced their
link to the device vertical position.

The sensor misalignment being analyzed, the signal processing being precisely
developed, the vertical position monitoring being introduced, the device irradi-
ation resistance being studied and the water channel thickness being evaluated,
several prospects can then be proposed for the non-destructive high frequency
ultrasonic device.
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First, the new ultrasonic device with its associated measurement bench would
be tested in a future experiment in the RHF fuel element to allow high accurate
line scan water channel thickness measurements. Consequently, the fuel plate
swelling will be estimated, leading to the assessment of the swelling sources
presented in 1.4.2.

Moreover, modeling the received ultrasonic signal, assuming a deposited oxide
layer, is under study in order to analyze the most convenient parameters to
implement in the ultrasonic device. On the other hand, for the plate internal
structure analysis, especially for the interface between the cladding and the fuel
analysis, focused transducers will be, in future works, studied and developed.
In particular, employing focused transducers necessitates the development of
complex models to assimilate the wave propagation in non-plane structures.

Furthermore, to monitor these studies on both sides of each fuel plate, me-
chanical modifications will be introduced. Indeed, a system with combined two
ultrasonic devices can be proposed. A local characterization of the complete
composition of the fuel plate will then be investigated. Furthermore, assuming
the required ultrasonic systems positioning for the focused transducers’ em-
ployment, the fuel plate imaging and its mechanical properties characterization
will be explored.
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Abstract

High Frequency Ultrasonic Device development for Non-Destructive
Post-Irradiation Examination of the RHF Fuel Element

The future HPRR LEU fuel plates will have to withstand aggressive irradia-
tions leading to a potential swelling phenomenon. This latter induces structure
modifications and impacts the initial inter-plate distance. This distance is in-
vestigated, under the access and microscopic resolution constraints, within the
PERSEUS Project aiming to the development of a non-destructive ultrasonic
device. With a thickness of 1 mm to be inserted into the 1.8 mm water channel
width of the High flux Reactor (RHF), the device relies on two ultrasonic trans-
ducers connected to an electronic system. It allows time of flight and ultra-
sonic velocity estimations. The feasibility being already proved, optimizations
of the components of the measurement chain and signal processing have led to
a new device. A developed motorized bench has allowed reproducibility mea-
surements corresponding to a 500 nm resolution. Then, a devices’ radiation
resistance experiment, carried out in the Arc-nucleart Institute, demonstrated
the parameter stability under 3500 kGray. Experiments were also realized on
the RHF fuel element where vertical position, distance and temperature were
evaluated, with a 1 pum precision on the relative thickness variation. Future
works will explore waves ability to be focused in the depth of the plates.
Key words: HPRR, RHF, ultrasonic device, radiations, signal processing.

Développement d’un dispositif ultrasonore hautes fréquences pour
la caractérisation post-irradiation de I’élément combustible du RHF

Les prochaines plaques combustibles faiblement enrichies des réacteurs HPRR
devront résister a de hautes radiations et dévoileront probablement un gonfle-
ment. Ce dernier modifie la structure et influence la distance inter-plaque. La
mesure de celle-ci avec une précision micrométrique constitue 1’objectif du pro-
jet PERSEUS via le développement d’un dispositif ultrasonore non-destructif.
Réduit & 1 mm pour s’insérer dans l'interstice inter-plaque de 1.8 mm du
Réacteur & Haut Flux (RHF), le dispositif comprend deux transducteurs ul-
trasonores reliés a un systéme électronique. Il permet les mesures de temps de
vol et de vitesse ultrasonore. La faisabilité de mesure précédemment prouvée,
des optimisations de la chaine de mesure et du traitement du signal ont été
intégrées, induisant une nouvelle génération de dispositif. Un banc motorisé a
été développé et a permis des mesures de reproductibilité précises & 500 nm. La
résistance aux radiations, expérimentée a I'Institut Arc-Nucléart, a démontré
la stabilité des dispositifs a 3500 kGray. De plus, une expérience de mesure de
distance inter-plaque sur ’élément combustible du RHF a permis les mesures
de position verticale, de distance et température avec 1 um de précision sur
la variation relative de I’épaisseur du canal d’eau. Une étude de faisabilité de
focalisation d’ondes est prévue pour analyser les plaques en profondeur.
Mots-clés: HPRR,RHF, systéme ultrason, radiation, traitement du signal.
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