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Experience with sodium technology

Experience in various fields

* Inthe field of industry, with MSSA (Alkali metal production: world’s number one producer)
(MSSA has provided high grade sodium for the following reactors French reactors, MONJU
(Japan), BN80O (Russia), PFBR (India) and some experimental facilities (DRESDYN, ...)

* Inthe field of energy, sodium is used as coolant (liquid metal form) and heat transfer in
particular in sodium fast reactor systems, solar CSP, batteries, Dynamo experiments, spallation
targets cooling...

*  France has a lot of experience with liquid sodium operations: with Rapsodie, Phenix,
Superphenix reactors (totalizing 64 years of operational period) but also with the different
experimental platforms in support of their development, since end of sixties

* Several thousand of tons of sodium have been handled for nuclear reactors
(worldwide, SFR operational period reachs more than 420 years)
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French Experience with sodium technology

CEA experimental platforms (high temperature liquid sodium facilities
classiefied as environmentally regulated facility) — currently around 20
facilities/test rigs using metallic sodium

Sodium loops:

DOLMEN, FUTUNAZ2, IRINA, VKS
PEMDYN, VAIANA, MONARQUE,
MECANA, PENELOPE, SUPERFENNEC,
LIQUIDUS, CORONNA 1 & 2, CATANA
Water benches (prior to

sodium tests):

VISIO, MUST, Strioscopy bench,
NAQUALIGHT, MORTIMER,
ACWABUL, IKHAR, CUMULU

Sodium cleaning
or sodium/water reaction:

AUTOUR, KALINA, MININANET2
GARNAC, SCORPION-ENCRIN
DESCARTES, LAVINO

DIADEMO
(Na, PbLi, gas)

Other facilities:

ECI - SQUAT (SG tubes rupture),
Ovens (850°C & 1200°C)

Gas facilities in support
of SFR:

HEDYT




@ French Experience with sodium technology — operation best practices

Sodium loops operations: main functions to implement

Sodium purification system Dynamic or static sodium test
(to maintain the sodium quality) section

Utilities (electrical power supply,
compressed air supply, inert gas supply)

Control and monitoring system
Data acquisition system
Safety control system




French Experience with sodium technology

CEA experimental platforms (high temperature liquid sodium facilities)

Maximum Na inventory around 100 tons

More than 50 years of operation




French Experience with sodium technology

CEA experimental platforms (high temperature liquid sodium facilities):

Specific technology knowledge including design rules and operation protocols
(from startup to deconstruction)

Industrial companies in support to build and maintain the different loops

*  Strong links with industrial companies

* In order to understand their needs

But also to manufacture components and instrumentation using liquid metal

(A lot of sodium experimental loops in operation around the world and no catastrophic
report on sodium accident within the last 20 years)

Last huge project in France: ASTRID (Advanced Sodium Test Reactor for
Industrial Demonstration)




French Experience with sodium technology — the technologies to be mastered

For its development, CEA relies on its good knowledge of sodium technology:

*  Components design and operation
*  Pumps
* Heat exchangers

*  Valves

*  Purification systems (liquid metal and
cover gas outlet)

*  Safety systems

* |nstrumentation for:
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*  Flowrate

*  Temperature
*  Pressure

*  Local velocity

* Level
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* Leak detection

*  Chemical quality (O and H content)



French Experience with sodium technology - main developed technologies

CEA role concerns either R&D but also engineering activities, among others:

*  For components development like

* large electromagnetic pumps
* sodium gas heat exchangers
* valves
in partnership with industrial companies
such as Toshiba and Framatome (e.g.)
*  For instrumentation

*  Complete development and
qualification tests

Maquette DIADEMO 2 bis

Cpmpa&n@e'te,chno
o with"100% manufact
-~ Cco



French Experience with sodium technology — Examples of achievements
Electro Magnetic Pumps
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» Stakes:

- Operation: no rotating parts, no dynamic sealing (improved

leaktightness improved =2 limited sodium pollution) —

- Economical: simplification of sodium circuits

- Design tools: development for large components

» Progress & achievements:
- Theoretical developments:

= Analytical models (linear, energy)

= Numerical 2 INDUC 3D on FLUENT (MHD modelling)
- Component development:

= Detailed design (CEA)

=  Manufacturing (sub-contracting)
- Experimental programme:

= Validation of performance levels (1500 m3/h, ~3 bar)

=  Data for simulation tool validation (specific instrumentation: velocity,
magnetic field, etc.)
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Patent Ho. HDM7461: procedure for assembling a magnetic inductor
Patent Ho. HD17268: process for manufacturing a magnetic inductor
Publication: Convective end effects in annular linear induction pumps, EPM2018 (Y. Delannoy, E. Martin-Lopez, F Benoit)

Publication: Performance maps of a high flowrate EM pump - experimental and numerical analysis, EPM2018 (5. Vitry, E. Martin Lopez, F.

Benoit, L. Cachon and L. Goldsteins) @ 1N P S0 40 30 B0 FOO SO0 P00 1000 1100 1290 1306 00 1300 1800
Publication: Analytical and numerical study of the stalling phenomenon in an electromagnetic pump for a sodium fast reactor, ICAPP 2018 (E. Mesure Debit m*fh

Martin Lopez, ¥ Delannoy, F Benoit, A Muncz Medina, R Martinie) ASH sHr VESHE aTH STEHr =BHE =B5Hr #9kr WSk
Publication: The velocity profile in annular linear electromagnetic pumps, ISEM 2017 (Y Delannoy, E Martin Lopez, F Benoit) Ll Wane L 12He B s 83 BUH
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French Experience with sodium technology — sodium safe handling

Liquid sodium safe handling is achievable.

It relies on several points:

A rigourous sodium loop design = design rules |
—> Safety rules (to prevent and
A rigourous sodium operation = operation rules — mitigate the potential

consequences of an incident)

A good level in monitoring systems
A well trained team in case of any intervention

Possible with sodium education and training = sustainibility = French
sodium school (open to everyone)




French Experience with sodium technology — loop design best practices

For sodium loops design: specific operational data have to be considered and
participate to the loop safety:

* Leaktightness and cover gas quality
*  Preheating of pipes and components
* Heating and insulation

*  Sodium filling system (immersed pump, over
pressure, intermediary reservaoir, ...)

* Sodium and cover gas movements
* Control and operation measurements
* Sodium purification performances

* Sodium drainage capabilities




French Experience with sodium technology — loop design best practices

For sodium loops design: Main specific good design practices

* Design rules = codes and standards: well documented
codes as RCC-MRx :

*  fatigue-creep rules for high T°C = law expressed in creep speed

*  Methodology to characterize material out of code data base

Leaktightness maintained at all times (assemblies
preferably made by welding or validated seals)

Total & rapid sodium drainage by gravity (positive/passive
safety functioning)

Expansion possibilities for sodium and piping movements\

Choice of safety devices (valves, pressure relief, etc.)

Detection of sodium leaks (with short time response)

Detection of sodium fires and associated automatic
actions

Sodium metallic catcher pan in case of leak (avoid Na/concrete reaction

Metallic walls in case of possible large sodium spray




French Experience with sodium technology — loop design best practices

For sodium loops design: safety data to consider:
*  Specific measures for some fluids (water, oxygen, hydrogen, etc.)
* Operator accessibility and evacuation means in the case of emergency

* Special measures to protect operators and facilities according to the potential
risks (mainly sodium fires) (in particular specific personnal protection
equipment)

* Detection of Na/H,O reactions if components required it (e.g. in steam
generator units)

* Distance between control room and sodium piping and reservoirs

* Ability to lead repair and maintenance activities (including components
cleaning)

24-25 February 2020



French Experience with sodium technology — Examples of achievements
Non destructive examination/detection

» Stakes: Safety and operation

- Inspection of sodium structures and components (viewing open cracks, measuring surfaces,
detecting of migrating bodies).

» Requirements:
- ‘Viewing’ in liquid sodium (near, i.e. crack detection, far, i.e. migrating bodies, structure deformation)
- Telemetry & defect measurements (NDT for components, welding)
- Acoustic leak detection (active or passive)

» Simulation tools:

- CIVA: a large simulation platform used to simulate ultrasonic wave paths in different media:
simulation of the inspection procedure, validation of sensor performance for given applications,
sensor specification, etc.

- SPECFEM 3D: finite-element code for ultrasonic wave behaviour




French Experience with sodium technology — Examples of achievements
Instrumentation

» Sodium sensor developments:

- Ultrasonic sensors
v Single-element sensors: TUCSS & PRUNA
200°C

v Linear phased-array sensors with 64 elements, 4MHz

U zraaacove

v' Antennas: 2x linear phased-array sensors with 128 elements

[~ SOH ache

v ElectroMagnetic Acoustic Transducer (EMAT): linear phased-array sensor (no need for wetting)

Boton echo

v" Matrix (2D) phased-array transducers

v Single-element sensors: TUSHT

- Electromagnetic sensors
v Eddy current flow meters : i i iii ..

- Electrochemical sensors .
v 0, sensors l h“

600°C




French Experience with sodium technology — Examples of achievements
Instrumentation

» Stakes: Safety & operation

- If it takes to long to detect a small Na leak in a pipe, this leak will eventually worsen and can lead
to a large fire, with significant consequences

» Requirements:

- Detection of small Na leaks (< 10 cm3/min) in large thermal insulated pipes (secondary and
auxiliary circuits) with continuous monitoring in nominal operating conditions.

- Detection system requirements: reliable, short detection time (< 10 hours), precise location of
the leak, easy to assemble, a 10-year service life.

» Multilayer detection system (MDS):  gecuicat insutation taver 3

- Concept:
Electrically conductive layer °

- 316 stainless steel

Electrical insulation layer &% pipe

Voltage
generator

- Principle: in the event of a sodium leak, the liquid sodium will flow through the first layer of
electrical insulation (1) to come into contact with the second layer which is conductive (2). The
electrical properties of sodium will trigger the detection circuit which, in turn, will trigger an

alarm.
Detection of small leaks (around 1 cm3.min-t) within few minutes or few tens of minutes

depending on the conditions
17
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French Experience with sodium technology — Examples of achievements
Purification systems

Design of different cold traps units
*  From classical ones

*  To optimised ones

Tools for modelling of the different transfers (mass, momentum and heat)

Flow
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French Experience with sodium technology — Examples of achievements
Compact heat exchangers

d DANH - Distibution Analysis of Na in Header
4

-

® Homogenization of pressure
and velocity fields

g N, outlet Manufacturin
. A{Header g process
JUS— development

' Mass Flow Ovset Dpersion
a=075%

High frequency multi-element chain

Na
channels
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Material & mechanical

study for life time
environment effect and

Hétérogeneous model Homogeneous model

Gas channe

Na
outlet
Schematic diagram: reduced number of channels represented




Focus on sodium fire risk — main steps of evolution

77 T 2NaOH (I)+ CO, (g) — NayCO, (s)+ H,0 (). O Kinetic model (CEA) for
CO, | )
NaOH aerosols carbonation
and atmospheric
dispersion (CERES, STAR

CCM+)

O Toxicological

impact
evaluation
- I— —————— ﬁ‘afety approach)
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N R

 Evaluation of sodium spray fragmentation:
, ' modelling in progress with Neptune CFD

© o Miuxt fire ) = droplets sizes and velocities distribution




French Experience with sodium technology — Examples of achievements
Training at the sodium school

In-depth training session

Sodium technology and loop operation
(2 options : 5 or 8 days)

P - dul - decommissioning
ractical training modules training programme :

Intervention on sodium loop
2 days

Sodium circuit Sodium purification
operation 3 days
3 days

- Sodium facility
dismantling (5 days)

- Cleaning and
decontamination of
components (3 days)

- The characteristics of
NaK and its associated
risks
(3 days)

Basic training

Sodium safety and risk control

1 day




Thank you for your kind attention

2 septembre 2020 -



