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Abstract — Within the framework of large R&D studies penfied for the future sodium-cooled
reactor prototype called ASTRID, in-service inspmttand repair (ISI&R) has been identified as
a major issue to be taken into account in ordeim@rove the reactor’s safety, to consolidate its

availability and to protect its related investment.

Following on from the pre-conceptual design phaze08-2012), the conceptual phase (2013-
2015) is now focusing on improving the ISI&R tami $tructures immersed in sodium at about
200°C in the ASTRID reactor. This work is basedaoset of consolidated specifications and a
qualification process involving increasingly mosalistic experiments and simulations performed

with the CIVA code.

ISI&R items are being developed and qualified ag p& a multi-year program which mainly
deals with the reactor block structures, the prisn@omponents and circuit, and the power

conversion system (PCS).

This program is ensuring the strong ties neededvéetn the reactor designers and inspection
specialists since the aim is to optimize inspetitgtand repairability. This has already induced
specific rules for design in order to shorten aadilitate ISI&R operations. These new rules have

been merged into the RCC-MRX rules.

Current R&D deals with the following ISI&R items:

» Under-sodium non-destructive examination (NDEWwefded joints on the ASTRID supporting
core structure (so called strongback): sodium testind simulation are being performed

* NDE of welded joints on the ASTRID strongbackpsuting skirt, from outside the primary

sodium (through the main vessel wall): water testind simulation are being performed

» Under-sodium NDE of welded joints on the ASTRIDv&-core structure: water testing and

simulation are being performed

» Under-sodium telemetry and vision of immersedcstires and components forming the ASTRID
primary vessel: improved techniques of scanningoaieg studied
 Primary circuit cover-gas telemetry of structui@sd components forming the ASTRID primary

vessel

» Methods for in-situ repair: a laser technique Haeen selected
* Associated in-sodium robotics: a sodium-prooferiat and technology is being developed and

tested

This paper provides the main testing and simulatiesults for telemetry, vision and NDE

applications.

R&D for inspection and repair of SFRs faces chalieg requirements and is progressing towards
available technological solutions, associated withmonstrated performance levels: the basic
inspection techniques are expected to reach levef Gechnological readiness’ by the end of

conceptual phase.

The ‘integrated readiness level’ is also discussethis paper with respect to access within the
reactor block, fluids, positioning and maintenamspects.

I. INTRODUCTION

Within the framework of the future sodium-cooledtfa
reactor prototype called ASTRID, France has laudche
large R&D prograrh on in-service inspection and repair
(ISI&R) which has been identified as a difficultskato
perfornf (as sodium coolant is opaque, hot and highly
chemically reactive) on the basis of experienceallfeek
(French Phenix and Superphenix SFRs, as well as als
foreign power plants). ISI&R is thus consideredb® a
major issue to be taken into account in order forgwe the
reactor’'s safety (as inspection gives informatiam the
actual reactor structure health), to consolidats it
availability and to protect its associated investtne

Since 2009, R&D studies for ISI&R are parted into
four levels. These levels are related to the sjpeaifes for
design applicable to SFR&ig. 1.).

/ L1 Continuats menftoring

stamtory sl |
L2 Periodic examination

| LaEsceptonalivieninons ——| o wmng:
—r—

g. 1. French ISI&R organization for SFRs.
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A number of general options were chosen at theoénd
the ASTRID pre-conceptual design phase (2011-201%).
conceptual phase (2013-2015)
improving the ISI&R tod! for the ASTRID reactor block
structures immersed in sodium at about 200°C. Téis
being done on the basis of consolidated specifinatand a
pre-qualification process involving increasingly mmo
realistic experiments using acoustic techniuesd
simulations performed with the patented CIVA code.

ISI&R items (inspection: ultrasonic sensors, telage
vision and volumetric control, repair, associatetiatics)
are being developed and qualified within the scopa
multi-year prograrh which mainly deals with the reactor
block systems, structures and components, and dherp
conversion system. One has to note that repaircaspe
considered to be less important than inspection one
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R&D on repair focuses on a single laser technique f

all applications while robotics is studied through

is now focusing on architecture concepts, robot design, technologimatks

and under-sodium leaktightness.

[I.A. Under sodium ultrasonic sensors for telemetry
and NDE

Development of in sodium ultrasonic sensors foiimes t
basis of most of inspection techniques. It is whgthb
piezoelectric (TUSHT from CEA and TUCSS from
AREVA NDE SOLUTIONS) and electromagnetic acoustic
(EMAT from CEA) technologies are being investigated
provide solutions that are adapted to the ASTRID
inspection needs

Experimental tests performed in liquid sodium have

This program is ensuring the strong ties needed already demonstrated the good performance of custom

between the reactor designers and inspection diséxia
since the aim is to optimize inspectability (and
repairability): this has already induced specifides for
design in order to shorten and facilitate the ISI&R
operations, these new rules have been merged fmo t
RCC-MRXx rules (2012 edition).

Thus, ISI&R will participate to ASTRID prototype
safety, as it will be able to face the standard®aated to
high level requirements for nuclear plants.

mono-element EMAT prob&s Telemetry measurements

were also performed with good accuracy. The integf

the immersed probes was assessed after testing and

cleaning. It has thus been possible to validatedtegn of

the probe casing based on a stainless steel centain
Developments have been continued to increase the

performance and the capacity of the probe: an Biehés

EMAT probe has been designed and developed by

Innerspec Technologies in accordance with the CEA

In the present conceptual design phase (2013-2015), specifications for under-sodium imaging (Fig. 2).

R&D activities deal with general ISI&R objectivesor

example: being able to perform NDE under sodiumicivh
will be declined for each case during basic degibase,
depending on what will be exactly required.

Il. R&D FOR ISI&R OF ASTRID

The design of the ASTRID reactor prototype aims at
minimizing the inspection needs (e.g. the fewerding
joints, the better) and to facilitate access toaarehich
should be inspected due to their safety functiome Tn-
service inspection of systems, structures and coemis
will depend on their contribution to the reactodsfense
and mitigation lines.

The inspection graduation applied to each system,

structure and component is based on a set of p&eene
among which are mainly the consequences of thetatel
failure on the reactor safety and/or defense artjation
lines ; but also the structure service and hypataket
loading (design margins), its functions (containtnen
mechanical support...), its exploitation feedback...

The following sections deal with R&D on the
improvement and qualification of inspection techs;
this is based on simulation and testing, first tiglo
feasibility assessments and then on the basicodasingly
more realistic tests for technological bricks apdtams,
i.e. the ‘technological readiness level’ and ‘ietgd
readiness level’ methodology.

.~ Magnets
N L

(ﬂe’( separation distance

Fig. 2. Principle and photo of in sodium 8-phasedhya
EMAT probe.

As can be seen on Fig. 3, under-sodium tests have
shown the good performance of the probe for telgmet
measurements with normal incidence. Deflection stest
proved to be difficult due to the size of the focglot
compared with that of the targets. New developmangs
ongoing at the CEA to enhance the performance isf th
EMAT probe.



a) A-SCAN —echo of the 55T plate, T=110°C (zoom)

SNR=25dB

b) A-SCAN —echoes of the 55T plate, T =180°C after 18 hours

1st echo
SNR=28dB

t=1043ps
V =2450 mm/s
= DISTANCE EMAT/ PLATE=127,4 mm

Fig. 3. A-SCAN of the EMAT echoes (in sodium at @0
and 180°C).

The high-temperature ultrasonic transducer (TUSHT)
developed by the CEA is a lithium-niobate-basedbpro
LiNbO; piezoelectric crystal, enriched withiNbO; for
severe neutron irradiation conditions. The casmgnade
of AISI 304L stainless steel as shown on Fig. 3 an
efficient acoustic bonding between the casing almel t
crystal is provided via a hard-soldering techniqtibis
provides stable high-frequency transmission (up tdHz
at least) in the temperature range applicable dubiath
inspection (reactor shutdown state) and continuous
surveillance and monitoring (reactor full powertsjaof
SFRs.

Fig. 4. Photo of the TUSHT (4540 standard model).

Fig. 5 shows the arrangement of the six TUSHT sampl
which were tested in sodium in a pulse-echo mode,
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shooting on a target located at 230 mm. The tanget a
stainless steel plate with a thickness of 30 mm.

TUSHT TARGET
Fig. 5. TUSHT and target setting for sodium test.

As illustrated in the Fig. 6, ringing echoes arsible,
in particular those resulting from internal refieas inside
the target. The front-wall and back-wall echoetheftarget
are detectable, with the echo duration being
microseconds (width at -20dB).

TUSHT CEA 22, A-SCAN. SODIUM B00°C
150 T T T T T
SODIUM eb0°C

first front wall echo

P

emission

’e

second front wall echo

\

Toa0ap~5 s

Amplitude

back wall echoes

100 o
(stailess steel, width 30 mm)
150 | i ; CEA(D TNJ‘S?PAR_.‘EF" Chi 1082012
o 100 200 300 400 500 600

time (microseconds)

Fig. 6. TUSHT acoustic signal during sodium te$@@°C.

The adaptation of the TUSHT technology can also be
considered to develop array transducers. The next i
sodium experiments will consist in testing focused
transducers (with a curved front face) to verifattithey
can achieve the expected standard focusing feafa®s
they do in water conditions). The acoustic wettiofy
transducers machined with mirror-like polished fréaces
will also be tested.



AREVA is also developing transducers for specific
applications regarding volumetric NDE under liquid
sodium at 200°C. The objective of the developmentoi
show that it is possible to detect a flaw insidsta@inless
steel structure immersed under liquid sodium

The developed transducers are based on piezoelectri
crystal technology. A picture of a TUCSS transduiser
shown on Figure 7. Its resonant frequency is 2zNiAd
the emissive surface is a @20 mm diameter discustio
transmission can be obtained by using either asiped
metallic front face or a polymer front face.

===

TUCSS G3-11

Fig 7. Photograph of a TUCSS transducer.

This transducer was immersed in a pot containiggidi
sodium at 180°C facing a 316L stainless steel tavggich
included a 20 x 10 mm notch on its back side (sgeré 8-
a). Multiple acquisitions were made as the tranedwas
immersed deeper and deeper in the sodium pot.
aggregation of these acquisitions allowed to predhe B-
Scan showed in Figure 8-b. The large red zone erleti
indicates the echo from the target’s front face toedlight
blue areas represent the echoes from the backeettio(
distance = 30mm) and from the notch (echo distance
20mm) between the altitudes -10 mm and -25 mm.

This experiment shows that a change in shape aketre
side of a metallic structure immersed in sodium ban
detected. This change in shape could for instance flaw.

The
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a)

TUCSS
220mm

O
~

Echoes recorded at different altitudes (V)

0.14

=10 10.12

40.10
-20

0.08

-30

-40
B-Scan
at 180C

20

Altitude of transducer underneath sodium surface (mm)

=30

0.00
-10 0 10 30 40

Echo distance from steel target's front face (mm)

Fig 8. B-scan of the interior a 30mm thick staisleteel target
comprising a 20x10mm notch on its backside — afctkef the
experiment — b) B-scan

More complex testing devices are being designeorder to
qualify such TUCSS transducers (see Figure 9). Tbigce
will allow to produce longitudinal waves and sheaves at a
certain angle in a 316L block so that the capébdlitof

TUCSS transducers can be evaluated for performiiifiereint

basic NDT inspections steps (L0°, L60°, T45° ...).



Fig 9. CAD representation of TUCSS testing devi2EFO)

Thus, this large work leads to efficient acoustic

transducer availability which will participate toet priority

inspection of ASTRID in sodium structures and

components.

I1.B. Under sodium NDE of welded joints within the
ASTRID Supporting Core Structure (so called straui

Much is being done to improve and to propose thetmo

suitable ISI&R strategy for the main ASTRID strugs
and equipment. The ISI&R strategy consists in psopp
the appropriate mix of continuous monitoring, pdito
examinations and extra access/ repair abilities efach
given structure. Various aspects have to be studiedl
taken into account to reach this objective.

These aspects are: i) design of the equipment, ii)

associated damage modes, iii) behavior of the eagmp
when damaged, iv) probability of failures, v) caitiibs of
the surveillance/examination devices (existing or be
developed) and, vi) economic criteria (cost of dawices,
impact on the plant’s availability).

First of all, the supporting core structure (seg.Hd) is
undergoing considerable analysis, as it is consitleery
important: a number of hypothetical inspection saase
being considered and simulated with the patentedACl
code which has been upgraded to meet SFR Heeds

As an example of CIVA simulation capacities complare

with ASTRID extended accessibility issues, Fig.stows
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the hypothetical inspection of the welded jointviesn
outlet skirt and upper plate. The arrow indicateg t
positions where the ultrasonic TUSHT sensor coudd b
(assuming a simple rigid pole through the exisspgcific
ISI&R access in the roof slab of the main vesset) af an
example targeted welded area where an hypothetical
100mm-long flat defect is located.

100mm-long
flat defect
Strongback
external
skirt
TUSHT
sensor
location

-

Fig. 10. CIVA code simulation of strongback inspect
example of NDE conditions.

The effect of the relative position (internal/ exta)
and depth (5/ 10/ 20 mm) of such a defect is studiég.
11 shows the simulated echo amplitude calculatedhby
CIVA code: detecting such defects should be possbice
the signal-to-noise ratio is high enough.

G o O 1B
TR ST

oo -

Yzt 1 [T 179
Fig. 11. CIVA code simulation of strongback inspeat
example of NDE results.

In the frame of NDE studies, this demonstrates CIVA
abilities to be a useful tool for extended accabisib
verifications in ASTRID configurations.
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In 2015, sodium testing will be performed on a
specific device where ultrasonic transducers (EMAT,
TUSHT and TUCSS) will operate at 200°C in static
sodium (see Fig. 12). Different types of strongbaelded
joints will be reproduced and their close-rangeétiion
tested.

e - —
=3 o =
T = T

(%3
(=3
—

angle of incidence inwater (*)
N
o

(%}
i
T

4%0 . . ﬂ.]D 15ID 200
f (kHz)
Fig. 13. Modulus of the transmission coefficierttsotigh a
set of two plates, along frequency and incidence.

TUSHT
TUCSS
EMAT

Sensars

The re-emission of such waves, from one plate to
another, has been demonstrated. The behavior dsaaan
be predicted using the transfer matrix method togretvith
Stronghack the general equations for the dispersion curvesntdrmal
mockup with displacements and the tangential displacementiplate:
welding joins acoustic modes can be determined as shown on Fig. 1

Fig. 12. Specific positioning device for US senscaad
strongback mockup for 2015 sodium close-range N&3Est

I1.C. NDE of welded joints within the ASTRID
strongback support skirt, from outside primary swdi
(through main vessel wall)

Another important structure to be controlled is the
strongback support skirt (see Fig. 16 where “inipac

branch” corresponds to it). Three techniques based Fig. 14. Experimental setup (left: 3D, right: 2[ptaiew).
inspection from outside the primary sodium are @ein

investigated: i) Lamb waves which could propagate i The acoustic emitter E was tilted to generate the
sodium from one structure to another, ii) guidesvesa expected Lamb mode in the first plate, while theeieer R
within structures welded to the main vessel, aryl ii (needle hydrophone) was positioned close to thee g
conventional volumetric waves. the plate. Thanks to its Y displacement, the enhitte

pressure waves could be recorded along the edgetbf
Lamb wave propagation in multilayers can be plates (see Fig. 14).

considered as they can propagate with low attemiafi As shown on Fig. 15, A0 and SO modes were observed
simplified mockup of typical SFR vessels and shbbs in the first plate and identified by the measurersenf
been manufactured with parallel steel plates imatkis celerity and displacements at the interface withewa he
water (20 and 30 mm thick). angles of radiated pressure waves were measurtstoe

Austenitic stainless steel plates are immersedatemw that the incident waves on the second plate coeitigte
and separated by 150 mm of water: Lamb waves are Lamb waves. Then the propagating modes were also
produced as a function of the frequency and theéeaofy observed and identified in the ‘hidden’ plate.
incidence of the pressure waves produced by sensors
water.



75 kHz & 34°
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Fig. 15. Pressure amplitudes measured along the efdtpe
second plate. Left: antisymmetric mode. Right: swtria mode.

Experimental validations show good agreement with
theory and highlight Lamb wave propagation in tiddan
plate. The A0 mode could be used for the non-detshea
testing of the hidden plate.
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Wald

Inside
Main Vessel

)

Outside -—-——‘/'

Main Vessel

Fig. 16. Case study for guided wave inspection)(impd
inspection configurations used (bottom).

A parametric study was conducted for each emission
configuration to determine the optimal location thie
probe, its size and frequency of operation, depgnadin
the modes generated in the control branch. Aftelosimg

Guided waves can also be used, as the strongbackthe optimal set-up, pulse-echo ultrasonic guidedsewa

support skirt is welded to the main vessel:
configuration implies a continuous stainless stgeide,
from outside the main vessel up to the strongback

Guided wave modeling has been developed with a
hybrid finite-element modal method for arbitrary
waveguides. The method couples high-order finigenelnts
that allow the interaction of guided waves with ity
defects with a modal expansion that permits semalysinal
propagation along waveguide principal axes. Betwden
different modal decompositions, scattering matrix
formalism is applied to easily chain complex gearastto
each other with emission and scattering phenomena.

A case study featuring a branched steel structure
representative of strongback supporting skirt wetlde the
main vessel was simulated to determine the effectacks
on the pulse-echo inspected region. This is showfig.

16.

this

simulation was carried out with cracks C1 to C9spre
one at a time. These studies revealed the factntioaal
contributions are strongly dependent on the emissio
configuration used. In the case of cracks C7, G8 @8,
which are located in a geometrically inaccessibgian, a
variation of 6 dB between the best and the worgtéation
configuration can be observed.

Further work on this topic will include experimehta
validation of the simulation results relating tastkype of
complex branch-like structural inspection

Volumetric waves seem less likely to be successfll,
the distance to the reactor vessel and the amplitud
decrease in successive echoes from a surface pirplem
to the incident ray direction limits the detectébilof
internals.

Nevertheless, simulation was performed to check the
efficiency of different sensors for the upper paftthe
strongback supporting skirt inspection configunatica
non-destructive examination of two cracks inside skirt
was simulated, as illustrated on Fig. 17.



T45 wave
Liquid sodium

Cracks 7’ e

Main vessel
N
hY
N

y Transducer

Delay law

N

Steel plate

Fig. 17. Configuration of T45 inspection of stroagk
supporting skirt with two cracks, from behind thaimvessel.

A 45° shear wave inspection (T45) was simulateth wit

CIVA code, assuming a phased array probe positioned

outside of the main vessel. The resulting B-scas bieen
projected onto the geometry of the reactor in E&).

Crack echo after reflection

Geometry specular echo

Fig. 18. NDE simulation of T45 inspection of strbagk
supporting skirt with two cracks, from behind thaimvessel.

In the case of this inspection, the crack echoesvsh
not only the specular corner reflection of the éam, but
also the tip diffraction echoes that make it pdsstb size
the cracks. A validation case with steel plate nopck
immersed in water will be set up to estimate whethes
inspection technique is also adapted in practice.

Another configuration is being studied for the
inspection of vertical welded joins of the core goiting
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skirt: using out-of-sodium sensors, ultrasonic woédric
waves are likely to cross the main vessel wall #reh

propagate across the skirt where they have to caoss
horizontal welded join.

Fig. 9. Core supporting skirt mock ‘up, during ertests.

A first mock-up was designed and manufactured (see
Fig. 19) to check the detection of artificial crack its

40mm-deep welded joins, with the mock-up immersed i
water as shown on Fig. 20 (representing the sudiogn
sodium of the current ASTRID conditions) and usiamg
single 128 phased-array 5 MHz sensor.

Artificial slit }

64 emitters + 64 receivers
Fig. 20. Under water test configuration for vertieselded
joint inspection with one 128 element sensor (plaaee case).

The NDE measurements corresponded to the time-of-

flight diffraction (TOFD) on artificial slit edges64

elements of the phased-array sensor emitted plamesnor

focused waves, thanks to the former CIVA code datmn

of the corresponding time delay laws. The other 64
elements acted as receivers (see Fig. 20).



Time where should be || Echo from the backwall '
second artificial slit echo & of the mockup

i

With slits
—— Without slits

T do T

\ Time where should be first artificial slit echo |

] i i i

Fig. 21. NDE of core supporting skirt mockup (watkest
results at room temperature).

The NDE of this mock-up was performed first without

and then with some artificial slits which were irted in
the welded joints or in their heat-affected zonee(ig.
21).
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visualizing components and structures immerseadtiusn
could provide interesting information for some
applications: accurate local vision for structungrface
metrology, global vision of the primary circuit,tdetion of
opened cracks, location and identification of lopsets,
robotic navigation positioning, and identificatiohcoding
systems for fuel sub-assemblies.

The study has been divided into several parts:

0 Acoustic behavior of such systems, using the
CIVA code simulation

o Development of associated transducers (phased-
array systems)

o Signal treatment for 2D and 3D
reconstruction (advanced signal
techniques)

o Qualification by in-water and then in-sodium tests
using dedicated targets for each application.

This study is being carried out with the help oérieh

image
processing

The echoes of the slits to be detected could not be and international partners.

found: there was no specific response associatéd the
slits. This is why these tests will be repeatechwitt one
but two 64 element transducers, with each transdugiag
able to move along the length of the mock-up, sat th
incidence of acoustic beam on the slit to be deteutill be
larger (see Fig. 22).

en + 64 receivers
Fig. 22. Under water test configuration for vertiogelded

joint inspection with two 64 element sensors (fexlwave case).

emitters

64

Of course, CIVA code simulation will also be used t
predict the echoes from the slit edges in ordeuse the
best configurations for NDE.

I1.D. Under sodium telemetry and vision of immersed
structures and components within the ASTRID primary
vessel

In a preliminary phase, telemetry tests were paréot
in 2010 on a mock-up called MULTIREFLECTEUR in
order to study ultrasonic diffractions and reflens in
liquid sodium. It included a rotating TUSHT, a fikéarget,
rotating targets and thermocouples (see Fig. 2rder to
reach the metrological objective, all the composemtre
initially calibrated in air at room temperature, iaoh
resulted in a global uncertainty of + 0.02 mm (&1 for
their location and £ 0.02° for their angular pasiti

Fig. 23. MULTIREFLECTEUR mockup for telemetry
sodium tests.

After under-water commissioning tests, the mock-up
was dried and used in a 1lm-diameter pot in isotherm
200°C static sodium conditions: the test parametene
the TUSHT frequency and 6 target positions. Thebajlo
uncertainty on the ultrasonic distance measuremers
checked and proved to be better than 100 pm. Téte te
results helped qualify the CIVA code.

In late 2013, PhD work was launched at the CEA to
find the best techniques for visualizing openedksaand

Complementary acoustic techniques such as in sodiumfor optimizing the related acoustic systems, based

imaging are also considered, even if they areifepsrtant

numerical simulation and combined with experimental

than NDE ones (see above). As sodium is opaque, qualification.



Surface-breaking cracks and deep cracks were sought

in the weld area as welds are more subject to tlefec
initiation.

Traditional methods enabled us to detect emerging
cracks of sub-millimeter size with the sodium-cotiige
high-temperature transducer (water tests). TheentiPhD
work relies on making use of prior knowledge of the
environment by implementing differential imaging dan
time-reversal techniques. This approach makes ssipte
to detect change by comparison with a
measurement and by focusing back to any changken t
environment. It provides a means of analysis and
understanding of the physical phenomena, thus maikin
possible to design more effective inspection striage The
differences in the measured signals revealed that t
acoustic field was scattered by a perturbationréalc for
instance), which may have occurred between perddic
measurements.

The imaging method relies on the adequate
combination of two computed ultrasonic fields, one
forward and one adjoint. The adjoint field, whicarres
the information about the defects, is analogoua tome-
reversal operation. One of the advantages of teihod is
that the time-reversal operation is not done expemnially
but numerically. Numerical simulations have beerried
out to validate the practical relevance of thisrapph as
shown on Fig. 24. The preliminary numerical resglisw

good agreement between the predicted and the actual

positions of the defect.

Topological energy

Y coordinates (mm)

20

30 [ 50 &0

X coordinates (mm)
Fig. 24. Calculated topological energy for the cafea

stainless steel block with an air cavity (adjoietd method).

M &0 80

The water tests were performed in much simplified
conditions, with conventional sensors which were
accurately moved with 5D systethésee Fig. 25).

reference =
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Fig. 25. VISIO water facility (2 m long, 1 m largé, m
heigh) devoted to ultrasonic visualization study.

With these test conditions, it was possible to clete
artificial slits (simulating opened cracks) whos@lt is
only 800 um (ASME specification for visual inspect)
and letters whose size is more than 6 mm as shovigp
26).
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Fig. 26. Acoustic imaging of a plate with slits.fl.gime of
flight. Right: amplitude (under water test at rommperature).

The main components of a 3D mock-up — a specially
designed specimen that simulates various structuapes
found inside the ASTRID reactor block (pipe, elbow,
reducer, plate and sphere) — have been identifiemligh
US scanning, but all its details are not alwaysdbles For
example, when the immersed objet is not flat, chly
specular echoes are useful for imaging. Thus, dabe
apparent how important it was to choose the rijtattesgy
for sensor positioning and displacement along dngets to
be imaged.

In addition to water testing, CIVA simulation wasa
carried out to obtain 3D images of the simulategcspen
that were generated by XY raster and Z-theta agbemas
shown on Fig. 27.
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Fig. 27. XY raster and Z-theta approaches for Cbdsle
calculation of 3D mockup. Z-theta CIVA results.

The simulation studies indicate that both XY raster
(illustrated on Fig. 28) and Z-theta scan can beduer
deciphering the shapes.

A
il -

Fig. 28. In water 3D mockup ultrasonic imaging wsmsor
displacement in a vertical plan (echoes amplitude).

After the water-tests, in sodium-tests must be
performed to validate the water/sodium transpasitieor
this purpose, the same 3D scanning system whidhbwil
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used for strongback NDE sodium testing (see Fig. 12
above) will be used for future under-sodium imaguofg
objects in a CEA test vessel (in 2015). It can mewme
transducers (TUSHT, TUCSS and EMAT types) with four
degrees of freedom in a 1.5 sodium vessel.

In the meantime, the first raw imaging of 200°C
sodium-immersed objects (bolt, hammer and plieray w
performed in 2013, as shown on Fig. 29.

Fig. 29. In sodium acoustic imaging at 200°C: fpher raw
reconstruction. Left: time of flight. Right: amplde.

II.E Methods for in-situ Repair

In the frame of ASTRID project, R&D effort for rejpa
was lower than for inspection and mainly done dupne-
conceptual and conceptual design phases.

The laser process was assessed as a possibletoefai
because it has the advantage of being suitabldhéosteps
to be performed (1. removal of sodium traces, Zhiming
or gouging, and 3. welding of the stainless stéeictural
material), without generating any stress on thel. too
Conventional tools (brush or gas blower for sodium
removal, milling machine for machining, and TIG for
welding) are only considered as back-up solutions.

The laser technology covers a wide range of apipics:
heat treatment (in solid phase), welding (in ligpitase),
cutting, engraving, machining, drilling, laser skgeening
(LSP) and cold work without contact (with vapor péa
Three main parameters define the field of applicafior
the laser beam: wave length (which determines épehdof
photon penetration), power density (which contrtie
surface temperature) and the interaction time (Whic
determines the power: from several kilowatts for
continuous waves up to several megawatts for a
‘nanosecond’ pulse).

Three types of requirements have been identified fo
applications using lasers to perform repairs:
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0 Stripping requirements: This involves removing
the layer of sodium before an inspection or
welding operation (particularly necessary for TIG ZINC DEPOSITION
welding due to the interaction of sodium vapors
with the direct current plasma and ignition

difficulties).
0 Machining requirements: This usually involves
gouging around a crack. 316L TEST SAMPLE
o Fusion welding requirements, with or without
filler metal, fusion for the relief of internal Fig. 31. Metallographic cross-section — zinc defpmsion
stresses, closure of cracks, and refilling gouges 0 316L steel.
welding patches, etc. Fig. 32 shows the macrographic cross-sections
For the removal of sodium traces (before otherirepa corresponding to three tests performed with a laszd
steps), a preliminary design phase assessed tlaeigam translation rate of 3 mm/s, in order to remove ziaces.

evaporate the sodium deposited on stainless dtaetges

by heating, using the laser. However, for practaposes,
sodium was replaced with zinc since its evaporation
temperature at 907°C is similar to that of sodiur8&8°C.
The BALTHAZAR test facility was designed for this
reason: it is equipped with two induction heatiggtems as
shown on Fig. 30. The first was used to generat®lken
pool of zinc in a refractory crucible. The seconaswsed
to control the temperature of the test sample.

< Laser impact area
-

Fig. 32. Metallographic cross-sections - zinc evapon.

M__ Siding part 2 Test A carried out at a power of 1000 W made itsjizle
to strip the zinc, without forming a molten area3df6L.
With the same parameters, however, test B led to a
different result as stripping was only partial. §hi
difference is attributed to a difference in thetiali

Srp pait ALY thickness of the zinc deposition. For test C cdroet at a

(it cainber Test piece e higher power (1500 W), the removal of the zinc was
| N combined with the formation of a molten area of 316
— == steel. It is therefore possible to evaporate thec zi
e —J_[ r —i,LT ] deposition before melting the 316L steel and thmesite a
o LA —— T melt run without filler metal on a stripped surfadehe
— same should apply with filler metal: this will be
penerat demonstrated later.
: Where prior visual examination of the steel surfander
\_ Crucible the deposition is necessary, controlling the ensayyce so

the right amount is applied to evaporate the zipodition
without melting its substrate proves to be a diffic

Fig. 30. BALTHAZAR laser test facility. operation. This would require the use of an adap&zuo-
system.
The crucible and the test sample were housed isael For the machining or gouging of damaged matettal, t

which ensures inert argon gas atmosphere of the evaporation of 316 L steel can be performed usitgser
surrounding environment. The thickness of the zinc P€am with sufficient power density. A test campain

deposition was around 108, as demonstrated by the isolated laser shots — with the pulses repeatedlime and
metallographic cross-section in Fig. 31 then with 2D scanning — made it possible to deteenthe



impact of different process parameters in orderdnduct
the first excavation run: impact diameter, poweuse
duration, cycle time, overlap factor and type afeunding
gas. The displacement of a focused beam over aetham
of about 0.5 mm with a peak power of 4 kW made it
possible to excavate out the first cavity with gttieof 2
mm at a rate of some éthour.

The research must be continued in order to increase

the excavation depth by means of successive ruhs. T
metallurgical quality of the final results must albe
checked to see whether it is possible to fill tawity with

a new supply of material.

The optical aspects must also be better controtied
terms of protection against the pollution generdigdhe
process (high production of vapors and metal dedic
against the laser head window).

For the welding of damaged zones, it is considérad
the laser process is how available through manysimil
applications (technological materials: laser heaxqsical
fibers, simulation). The welding parameters willedo be
optimized with respect to the related performareeels
assessed before being qualified for realistic ASTRI
structural repair conditions (geometry, materiadsipon,
etc.). Two scenarios are envisaged: welding ofcallplug
(on plate with a hole) or sleeve (in leaking tubaipd
welding after gouging. Re-qualification after rapaiill
also have to be considered.

These repair techniques are not applicable inla bu
sodium medium. This is why, except for the remogabl
components, they will be performed in a gas envirent:
either in the upper dry zones of the reactor coeey-
plenum, or in a gas-tight volume, if the faulty 2ois
located under the sodium free level: such sodiumensed
bells will be positioned on the structure in orteperform
local repairs. This system will have to contain the
inspection and repair tools and protect them frdma t
surrounding liquid sodium.

The design and water qualification of such a ggistti
system* (using seals) was performed: a rigid bell, in
contact with the structure to be repaired and ltpairseal
formed by two flexible lips (see Fig. 33), was istigated.

Fig. 33. Profile of silicone sealing join.

DETAIL B

A first prototype bell is now being tested in a @ratank
which will be used for the later qualification dfet entire
repair kinematics (repair tools in the bell, segliof the
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bell, associated fluids): its shutter kinematicsllisstrated
on Fig. 34.

Fig. 34 Kinematic of the bell shutter: [A] Shuttelosed,
tight thanks to pressurized membrane [B] Deprézstion of
membrane and opening of the shutter [C] Remov#hefshutter
[D] Shutter completely removed.

A silicone material (C85MTHT/60) was chosen for the
seals after some test campaigns which were cortlduote
characterize this type of material. In terms oktggdtness,
the tests showed that the irradiation campaigns litidel
influence on the performance of seals in the figid
question (irradiation ageing with a cobalsource: 1.17 -
1.33MeV, inducing 600 - 6000 Gy cumulated dose)faks
as ageing in sodium is concerned, the results are m
controversial. In fact, the surface of aged samples
damaged by the sodium: cracks seriously affectedl th
degree of leaktightness. Although improvement bigchor
of 10 can be observed with grade C85MTHT/60, the
degree of leaktightness is still lower by a factdr100
compared with the leaktight performance for the-agad
material.

R&D effort for repair techniques is now lower digin
conceptual design phase.

II.F in-sodium robotics

As mentioned before for repair activity, R&D effddr
robotics is also lower than for inspection duringe-p
conceptual and conceptual design phases.

One of the ASTRID project goals is to demonstrhage t
feasibility of under sodium robotic inspection arepair.
Indeed, under sodium operations would be prefetced
sodium draining operation when possible (consigethe
potential caustic corrosion risk).

Running R&D is now focused on dedicated actions for
specific applications within ASTRID reactor (see
hereafter); the most important technical aspectsb¢o
resolved (in sodium tightness, irradiation and rifedr
effects...) were studied during pre-conceptual phase.
Associated R&D effort for robotics is also lowerrithg
conceptual design phase.

Several work topics have been identified and
distributed between the CEA, EDF and AREVA teams:
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o0 Generic studies on robotics for ASTRID (in
sodium or not);

0 Associated means for testing;

o Application 1: robotics within the gap between
main and safety vessels (out of sodium);

o Application 2: NDE sensor for steam generator

tubes;
o0 Application 3: pushed chain type robot;
0 App"cation 4: po|e and cable type robot; Flg 36. Specific tight robot mockup with 2 degrera!ls
o Application 5: on-wheels robot for large in-gaz freedom.

equipments;

Taking advantage of generic and technological studi
for ASTRID robotics, specific ISI&R tool carriersrea
considered during conceptual and basic design phase
Development and qualification still remain for rbiang
demonstration level.

As said before, ASTRID project team decided to do
less R&D effort for robotics (and repair) than for
inspection tool.

o Application 6: robot for repair tools;
0 Repair techniques.

At a preliminary phase, three main configuratioagenh
been considered, depending on the adopted solfion
robot component seclusibn

0 Leaktight surrounding shell cooled by an argon
gas flow: the constraints are irradiation and 70°C
temperature,

o Leaktight surrounding shell (not cooled) where the

constraints are irradiation and 180°C-200°C ) ) )
temperature, On the basis of available feedback and the highllev

o No leaktight surrounding shell with the following ~ S&fety requirements of nuclear plants, the ISI&RS&Rs
higher constraints: irradiation and 180°C-200°C has been identified as a major task: indeed, ggactual
information of structure plant health, in accordamith

[II. CONCLUSION

temperature and immersion within liquid sodium.

It appears that some technical solutions do exist f design rules. _ ,
future in-sodium carriers, using available trade The French R&D program for ISI&R improvement is

components, but not for all required materials sTikiwhy developed along several aspects (with different R&D
development and qualification will be needed to ficon priorities): ) ensuring close collaboration betweene
some specific components (such as polymers, greases€actor designers and inspection specialists (pigirity),
sensors, reducers, motors, bearings). ii) devgloplng inspection tools and techniques aple in
As an example, for electrical motor dedicated to°gp @ sodium environment: US transducers, NDE, telgmetr
operation, R&D work is leading to a first prototypeéth and imaging techniques (high priority), iii) deveing
already available components, as shown on Fig. 35. repair laser tools applicable in a sodium enviromn{eow
priority), iiii) developing robotic robots: generstudies for

associated materials and specific applicationA®FRID
(medium priority).
The key milestones of this ambitious R&D program
k are:
o \Validation of US transducers for under sodium
conditions,
o Development and qualification of US inspection
techniques (NDE, telemetry, and imaging) under

Fig. 35. Prototypic brushless motor working at ZD0° sodium conditions,
o Definition of key components of the robotic
Validation tests on simplified geometries (see B#), equipment for operation in sodium,
as well as on realistic robot articulations, arerently o Preliminary validation of repair processes and
being conducted to confirm the feasibility of usfagtory- techniques (cleaning, machining and welding),
produced or custom-made robots, insulated and doamie o Development of specific repair and robotic solusion

200°C, for repairing ASTRID. for specific applications, during basic design ghas



ACKNOWLEDGMENTS

The authors would like to thank the following
colleagues who provided information or checked ajert
sections of this paper: C. Lhuillier, G. Gobillét, Paumel,
M. Cavaro, L. Brissonneau, F. le Bourdais, B. Maruh F.
Rey, T. Jouan de Kervénoaél, C. Chagnot and K.ieaull
from CEA, and S. Mensah, G. Corneloup, M-A. Plonda
J-F. Chaix from Aix-Marseille University.

NOMENCLATURE

EMAT: Electro Magnetic Acoustic Transducer

ISI&R: In Service Inspection and Repair

NDE: Non Destructive Examination

R&D: Research and Development

SFR: Sodium Fast Reactor

TUCSS: Ultrasonic Transducer for under sodium NDE
TUSHT: High Temperature Ultrasonic Transducer

US: Ultrasonic, UltraSound
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