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Abstract: Within the ASTRID reactor project, CEA, EDF and ARE NP, have launched a R&D program
focused on the low leak rates detection of sodiumpipes. This program is focused on the developroént
innovating detectors, multilayer-type and Opticdfikinvolving tests in the FUTUNa sodium loop. Thusp is
designed to produce very accurate sodium leak vetei a range around 1 éfmin, the tests being performed
at different temperature (up to 550°C) on largevditer pipe mock-ups (D 800 mm) at ambient atmospher

This paper presents the first series of testserhwut with various materials of the first and settayer of the
detector. The results are compared and discussedlbas the observations made after removing thekaups.
The most interesting result of the overall tests @etection time less than 2 hours for the twe$ypf detectors.

Key Words: In-service inspection, Na leakage detection, Newler detector, Optical Fiber Sensor

1. Introduction

Within the framework of the ASTRID reactor proje@dvanced Sodium Technological
Reactor for Industrial Demonstration), CEA, EDF alidEVA NP, have launched a R&D
program focused on low leak rates detection ofidiqgodium on pipes. Mainly due to some
unreliability of the Na leak detection systems poasgly used on Na reactor pipes [1] [2] this
program is focused on the development of innovadieigctor systems, among which the two
with which this paper deals: the Optic Fiber (CaRd the multilayer detector. This latter is
based on detection by short-circuiting within adtrcontact with the sodium medium.

Thus in year 2011 a testing program has been pedpbg the Nuclear Energy Division

(DEN) for the development of a multilayer detediehnology including tests undertaken in
a sodium loop at CEA, Cadarache. The FUTUNa lodpwal operating at various

temperatures up to 550°C with very accurate sodesk rates within the range [0.05-30
cm®min]. The relevant tests are conducted with défférpipe mock-ups including the two
detector systems, the O.F being developed by tlkandogical Research Division (DRT) at
CEA, Saclay.

This paper presents the progress of the multildgéector development, providing results of

the FUTUNa tests which were undertaken within défeé material layers and various O.F

layings on the mock-ups. The overall results aseulised and a status on the ongoing R&D
studies is presented.

2. Thetwo innovating Na leak detection systems

The two relevant detectors have been identifieduB®s on specific circuits of the ASTRID
reactor such as the secondary Na circuit or thadRals power evacuation system for a
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[100-700 mm] diameter range of pipes. They havenbselected until now as two
complementary detector systems.

2.1 Description and principle of the Multilayer detector

As described in the CEA patent [3], the concepth@d innovating multilayer detector is as
follows: the pipe is totally covered with (see F1§5.

- (1) an electrically insulating first layer esseltyianade up of fibers and extending
against the outside surface of the pipe;

- (2) an electrically conductive second layer esséigtconstituted by agglomerated
carbon or graphite fibers and extended againsbultede surface of the first layer;

- (3) a thermally insulating third layer essentiatgnstituted by fibers extended
against the outside surface of the second layer;

- arigid wall in order to protect the overall moungi

Its principle is based on the loss of electricaulation between the liquid sodium and the
electrically conductive layer (2) of the pipe. lase of Na leak, the Na liquid flows through
the first electrically insulating layer (1) and labe able to make contact between the pipe and
the conductive layer (2). The electrical propertétshe Na medium will close the detection
circuit which, in turn, will trigger an alarm.

Electrical insulation layer 3

8/10 mm galvanized

Electrically conductive layer o steel sheat

- 316 stainless stee

Electrical insultation layer .-::j{-f-,- pipe

signal

Voltage

generator £ CEA CADARACHE

Figure 1 : Schematic design and principle of thdtitayer Na leak detector (sectional view)

This detector corresponds to an evolution of thevipus sandwich-like detector, the latter
being preferentially implemented on welds, pipedseof Na circuits [1] [2].
Concerning this new technology, their up-dated athges can be listed below:
- fiability avoiding problems of triggered “false atas”;
- rapid detection for low Na leak rate (< 10%min);
- precise location of the leak within the implemeiotatof dedicated sections along the
pipe ;
- cost-effective solution: the purchase and instaltabf this solution is at present time
20 to 40% cheaper than for wires of steatite beksdsetion type.

2.2 Description of the Optical Fiber sensor

Single mode optical fibers are promising candidéesnstrumentation within any nuclear
facilities due to:

- low intrusive effects;

- electromagnetic immunities;

- reliability at high temperature ranges, even wheerating in harsh environments;
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- precise location of the leak within the O.F routorgthe pipe.

The relevant optical fiber sensing technology isdohon a frequency analysis of the
Rayleigh backscattered light along the core ofapical fiber. Collecting and processing this
backscattered signal, an OFDR (Optical Frequenayn&o Reflectometry) trace is obtained
and distributed along the length of the opticaéfib core. Thus for the relevant application,
the O.F is used as a distributed temperature ttemescand the temperature change can be
followed in quasi real time over a predefined seginoé the optical fiber (Lmax.70 m). The
temperature measurement resolution is typically I6€Ca 1 mm-spatial resolution. No
temperature calibration is required, as this onenly necessary for temperature operating
ranges higher than 650°C.

This innovative solution for liquid sodium leakadetection was first implemented on a
FUTUNa mock-up in 2012 using a gold-coated singtedenfiber for a test temperature at
560°C [4]. The O.F is inserted in a metallic cladgd{1 mm-diameter) to avoid any damages
by a direct contact with liquid sodium.

3. Thetesting program

A testing program taking into account the matuotyeach innovating system has been drawn
up at CEA since 2011. The LCAE (Sensors and ElemtsoLaboratory) of the DRT that
conducts its own R&D testing program on the O.Fpsied the optic fibers and was involved
by the signal processing during the overall FUTU&&s.

The study and selection of the multilayer matertzdse been conducted within the steps
detailed hereafter on FIG. 2. The O.F is integratgldt from step 3 for the Na leak tests on
mock-ups.

Step 1 : Chemical compatibility between the material laver and Na measured at various
temperature, under air and neutral atmosphere

N2

Step 2 : Na permeability of the material laver tested under Ar glove box at TNa = 350°C

S
Step 3 : Design and realization of the mock-up with the selected material lavers and the OF
S Z
o

Step 4 : Na leak test on mock-up within the FUTUNa-2 loop

5 =z

Step 5: Final status after removing the mock-up

Figure 2 : R&D testing program launched by CEA fioe multilayer and optic fiber Na-leak detectors

The goal of the preliminary experiments performedmock-ups (Step 4) was to validate the
multilayer detector concept within the selectiontbé electrical conductive layer 2. The
further experiments were focused on the study ¢ bloe two first layers, keeping in mind

that the requirement “easy to assemble on pipestiine met for a further industrial use on
reactor circuits.

The “Chemical compatibility” of Step 1 is measutedmeans of micro-gas chromatography
(LGC) and Differential Scanning Calorimetry (DSCQhe “Na permeability” of Step 2 is
evaluated within a dedicated mounting placed inaagon glove-box with appropriate
analyses performed after the test.
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The Na loop test nominal parameters

The nominal parameters required for the Na leakstage totally linked to the ASTRID
reactor concept. As can be seen, the leak rate Vmlongs to the low Na leak rate range, i.e.
[1-10 cni/min] that corresponds to the more penalizing @anfition for leak detections:

- Na leak rate: 1 cffmin

- Detection time< 10 hours

- Na temperature : 180°€TNa< 550°C

- Pipe diameter: 100 mmouter diametex 700 mm
- Ambient environment: air, inert atmosphere.

These criteria will be taken into account as mushpassible to set the Step 1 and Step 2
experiments and the tests carried out on the mpskiruthe FUTUNa Na loop. It is obvious
that the required criteria may evolve over time fas example the “inert atmosphere
environment” criteria that turns out to be the nresent required criteria.

4. Na-leak testson mock-ups
4.1 The FUTUNa-2 facility

The FUTUNa-2 loop (FUTUNa-1 loop was modified in9591997) has been chosen because
it is designed to produce very accurate sodium tatds within a range between 0.05 and 30
cm®/min and furthermore it has an experimentation aveshich different types of mock-ups
can be installed. The current outlines of the laoppresented in FIG.3.

Loading
tank —

sl

Air cooler

injection
pumps

S Diaphrag
m pump

Alr cooler

Argon gas
supply

Sodium

= Na circuit

Figure 3 : Schematic diagram of the FUTUNa-2 loop
Operating principle

The sodium contained in the storage tank (150 LHeiated until it reaches its liquefaction
temperature. This sodium is then pumped by an irsatkeelectromagnetic pump so as to fill a
loading tank (pressurising argon). In this confajion, the test can be conducted with 2
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piston pumps at a flow rate between 0.05 and Zmin by continuously injecting the sodium
into the test mock-up at the required flow ratdse Tonitoring of the injection is performed
indirectly by measuring the sodium level in thediog tank. Furthermore leak tightness is
required in specific places along the Na circuithef loop in order to avoid any parasite leaks
on the relevant circuit.

The pipe mock-up

The tests are performed on a 2m-long pipe mock-aderof 316 L stainless steel which is
horizontally positioned with a slope of 3%. The map is equipped with two 1m-long
heating cores to simulate the sodium temperatwiderthe pipe. The injection of sodium is
realized in the upper part of the pipe by mears @édicated injection line.

As shown in FIG. 4, the Na injection line is equedpwith several thermocouples up to the
“Na injector outlet” which is a 6 mm-conical leabla itself surrounded by thermocouples
giving operating temperatures (TC Na 3 and 4). Télen temperature” of the pipe is
monitored by several thermocouples with 1 mm clagdi

[ Natemperature

skin temperature
. pe | Na injector

A | outlet
Ma Detection TC Nad :’/ 100 mm
i

. TC Na3
D{pipe) =800 mm DPS1

TC Na1

TC SEC L1 view/G
injection line

Figure 4: Schematic diagram of thermocouples impleted on the Na injection line
and on the outer skin of the pipe

The device is placed on its support structure 9o @®sition the injection line with respect to
the central part of the pipe. The overall mounisglaced under an extraction hood as can be
seen hereafter on the view of FIG. 5.

Mock-up
D 800 mm

di- | : = | Na injection
- ’ line

. L |

A B i ’

o / “ ’;r" . = l

Figure 5 : Lagged pipe mock-up (DN 800 mm) placethe FUTUNa experiment area
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Test principle

Test section and sodium injection line are pretttatethe nominal parameter of the
test. Piston pumps are operated and checked fooptyation and performance. The
electrically conductive second layer (2) detecter tested for leak indication before
conducting the experiment by short circuiting.

As the injection started, a spark plug Na-leak ciere(see DPS1 in FIG. 4) positioned at the
injector outlet indicates when sodium leaks outsfhte pipe mock-up. The test is considered
to start at this moment and the volume of the sodeak is recorded as of time t0.

The test ends if the electrically conductive secdaygker (2) triggers the alarm. If not,

the injection pump is manually stopped after 10re@@4 hours for two tests). The Na circuit
is then drained, all heaters are switched off dnadfécility is cooled to room temperature to
allow the complete removing of the mock-up the dtigr.

The mock-up mounting, the FUTUNa tests and the vainaf the mock-ups are conducted by
the appropriate personnel of the LIET (Laboratofylrstrumentation and Technological
Tests of the DEN) as well as the glove box testStep 2.

4.2 The multilayer detector mock-up

The material layers selected for the study belanmsulating fibers of silica oxides
(or aluminum, magnesium or calcium oxides) for fajlg and to carbon, graphite or stainless
steel for layer (2). Layer (3) is made of an infn material mostly made of silica oxides
named Rock wool which is certificated as PMUWErench acronym of “Products and
Equipments suitable for use in Nuclear power plants

The choice for the material of th€'layer was made as a result of feedback from Stepdl
Step 2 of the CEA testing program (see FIG. 2)eNbat corrosion phenomena can occur on
the pipe surface close to the Na leak area andruhieI* material layer. This particular
point should be further studied, since a corrosresistance is required for the overall
mounting.

Instrumentation

The Na expansion is monitored through “skin temjoeed thermocouples on the pipe
and through the O.F disposed directly on the pimeven inside the™llagging layer (1) if
the fiber length in study allows it. An exampleaohelical pattern along the pipe is shown in
FIG. 6 corresponding to a potential further indiastrouting on reactor pipes.

Na injector
outlet

Optic
Fiber

Figure 6:
Instrumentation and
O.F implemented on
the pipe(OD-800mm)
before mounting the
multilayer detector

/ /
7/ g/
Z / 7 /;i’

Skin ther mocouples |

|
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In addition and according to the objective of thet$ or to safety reasons, some wire-type
detection lines can be implemented on specificspaftthe pipe (see FIG.6) or/and on the
externalagging layer (3).

5. Test reaults

Table 1 hereafter summarizes the series of testsrtaken on mock-ups on the FUTUNa
loop between 2012 and 2016 with the relevant &silts in term of duration time detection
from the multilayer detector. The thickness of eapkcific layer is indicated. The overall
testing was conducted on 316 L stainless steekpig®se outer diameters are in the [100 -
800 mm] range.

Test No. Pipe Optic Multilayer detector Na temperature | Na inj. duration time
(date) OD Fiber Na leak flow rate | at the multilayer
Length | Layer:thickness (under ambient air) | detector alarm
Test - IS 25mm | 450°C
SG450 168 mm 2) G 11 mm 1 cm®/min 67 min
(2012) 3) Rock wool 80 +50 mm
Test _ 550°C
TAS50 802 mm DT 30 mm 1 cm®/min 12 min
(2013) 2) A 3mm
Test 3) Rock wool 80+ 50 mm | 350°C
TA350 802mm | L(12m) 1 cm®/min 49 min
(2013) on the pipe
Status
Test L(12m) 550°C
MG550 | 802 mm |on the pipe| 1) M 2x15mm | 1 cm*/min 111 min
(2014) 2)G 11 mm
Test L(12m) | 3) Rock wool 80 mm 200°C no detection
MG200 | 802 mm |on the pipe 1 cm®/min after 24h of Na injection
(2016)
Test L(25m) | 1)PR 100 +50 mm | 550°C no detection
PRG550 | 600 mm |on the pipe| 2) G 11 mm 1 cm’/min after 8h of Na injection
(2016) and inside | 3) Rock wool 80 mm
layer (2)
Test L@5m) (1) P 5x10mm~+5mm | 200°C no detection
PG200 802 mm | on the pipe| 2) G 11 mm 1 cm®/min after 24h of Na injection
(2016) and inside | 3) Rock wool 80 mm
layer (2)
Status

Table 1: FUTUNa loop tests undertaken for the rayér detector and O.F studies on mock-ups
5.1 First seriesof mock-up tests

The first tests including the observations maderattmoving the mock-ups have led
for each material layer to the following synthesis:

Layer (1)

» S: interesting mock-up test results (detection tin67 min)but this material will be
replaced for further testing with a similar $Sibased material belonging to PMUC, see
layer 1 of the next PRG550 test ;

= T: interesting mock-up test results (detection tiree 49 min) and material
qualified for corrosion resistanteit industrial-scale production in rigid board fornhsitt
does not fit with the needs.



8 273

Layer (2

= G: positive mock-up test resultsbut its use imposes a limit on the
maximum operating temperature of 350°C under ahat*/2"layer interface;

= A: positive mock-up test resultsut oxidation processes have been observed on this felt
material after removing the mock-ups for tests utadten at 550 and 350°C. Additional
tests performed in furnaces have led to the sammelusions with the loss of the
electrical properties due to corrosion process.

To illustrate a “positive mock-up test result”, FfGpresents some views related to the test
performed at TNa = 550°C for which detection ocedrafter only 12 minutes of Na injection
at 1 cmi/min-leak rate (see test TA550 in Table 1). Thedotpf the 12 crhof Na can be
observed nearby the injector outlet area on the, gipough the thickness of th& layer (30
mm-thickness) and on thé%detector layer. The affected area covers appraeimd 50 x
100 mm of the pipe surface. A slight color change be observed on layer (2) close to the
injector outlet location meaning that the detectayer may have reached locally its
maximum operating temperature (i.e. 650°C) during test.

Pipe
(OD 800 mm)

Layer 2
detector lay
* ~(sidedown

Na injector
outlet

o

Figure 7- Mock-up after FUTUNa test TA550: sodiwgagation products on the pipe, on layer 1 and 2
with respect to the Na injector outlet (triggerddran of the multilayer detector ag+12 min)

5.2 Second series of mock-up tests

FIG. 8 hereatfter illustrates the PRG550 test peréat at 550°C for which no detection
within the multilayer detector occurred after 8 loof Na injection. The detector layer has
not been reached by the sodium and it turns otialhéhe injected volume, i.e. 480 &ntas
been trapped within the first 30 mm of the 150 nagging layer 1. The affected area covers
here approximately 200 x 200 mm of the pipe surface
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Na injector
outlet

Thermocouples

Figure 8 - Mock-up after FUTUNa test PRG550: aspeaxftthe pipe and layerl after 8 hours of
Na injection (no triggered alarm of the multilaydgtector after;;= 8 h)

A 24m-length O.F. was wrapped around the pipe agdrl(1) as described on FIG.9a. This
deployment allowed through temperature change meamants both the Na leakage detection
on the pipe (see FIG. 9b) and the monitoring ofNleflow front on layer 1 (see FIG.9c).

I-\.
m K5m hn Mindiiwm  430m

4am

Change [°C]
60

t inj=10min [Layer 1]
50
—&—t inj=10min [Pipe]
40
—&—t inj= 2h20min [Layer 1]

30 —e—t inj = 2h20min [Pipe]

20

9c)

10
0

-10
28 30 32 34 36 38 40 42 Length [m]

Figure 9 - FUTUNa test PRG550: O.F signal afterG-rhin and 2h20min of Na injection at 550°C

Early temperature changes were observed on thewptpa the first minutes of Na injection
at L = 38, 40 and 42 m, i.e. close to the Na oumlgictor whereas temperature changes were
visualized on layer 1 after a 1h43min-injectionation time. Note that this O.F has not been

damaged by direct contact with liquid sodium duriing test.
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Regarding the multilayer detector, this serieestd has led to the following synthesis:
Layer (1)

= M: interesting mock-up test result with a 30 mmeayhickness at 550°6Gut negative
result at 200°C, high cost compared to other malgerihat would be a penalizing
criterion ;

» PR: belongs to PMU®ut negative mock-up test result with a 150 mm-lajpekiness at
550°C;

= P: negative mock-up test result with a 65 mm-lagerkness at 200°C.

Layer (2)

A layer (2) material with a higher upper operattegiperature limit under air (350°C for G
material) would allow reducing the layer (1) thielss and thereby ensuring the Na flux to
pass through this thinnel*layer around the pipe.

6. Conclusions

A series of tests has been performed with two iatiog detectors, i.e. multilayer-type
and Optical Fiber sensor, involving leak tests e pnock-ups in the FUTUNa sodium loop.
The tests have led to interesting results with>greemental proof of concept for the relevant
multilayer detection system. Optic fiber uses hdeenonstrated that the Na leak is early
detected and can be monitored as a localized tetyperchange along the O.F length on the
mock-up.

Considering these test results and new requiremssugd in 2016 by the ASTRID project,

the next FUTUNa loop tests will be focused on Naklexpansion study on mock-ups under
neutral environment (nitrogen) and low temperat(®80-200°C). Furthermore, this new

testing program would enhance the understandinthe@fprocess (mechanical or chemical
one) which controls the Na flow expansion through haterial layers.
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