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Distributed temperature monitoring for liquid sodium leakage
detection using OFDR-based Rayleigh backscattering

E. Boldyreva*® R. Cotillard, G. Laffonf, P. Ferdinaritl D. Cambeét J.-P. JeanntjtP. Charve
S. Albadéjd, and G. Rodriguéz
%CEA LIST, Optical Measurement Laboratory, 91191-&if-Yvettecedex, France.
PCEA DEN, DTN, 13108 Saint Paul lez Durance cedeanEe.

ABSTRACT

For the first time, a gold coated single mode @ptfiber has been used to detect a liquid sodiuakdge on a pipe of
secondary circuit pipe mock-up of nuclear fast t@afGen 1V) by means of Optical Frequency Domaefl&tometry-
based on Rayleigh backscattering. During 150 mithefexperiment we were able to detect and motii®evolution of
a liquid sodium leakage on the surface of the pipe.

Keywords. Optical Fiber Sensor, OFDR, Rayleigh backscattgl#akage detection, liquid sodium, fast reactor

1. INTRODUCTION

Expected increase of electricity demand and deereffossil resources to come, lead up to develspagable energy
sources as Generation IV nuclear reactors. Amorigusconcepts of igeneration reactors, a promising R&D is being
performed on Sodium-cooled Fast Reactor. Improvhg safety of such future Nuclear Power Plantshés major
priority request that implies development of newnitaring tools. In such a context, liquid sodiunakage detection
along pipes of secondary circuits is one of the tmimportant safety related issue that claims fow maonitoring
methodologies. Optical Fiber Sensors (OFS), aneaally distributed OFS based on fiber core badksdag (.e.
Raman, Brillouin or Rayleigh scattering phenomempadvide many innovative advantages for these eimgngactor
design$?® As now well known, OFS are free of electromagnétiterferences, low intrusive, able to provide
metrological performances, wide multiplexing, amanote monitoring on several sensing parameters) gveevere
environments. A smart deployment of such distridu@FS allows complete and continuous monitoringcitical
structures for of temperature or strain sensindpatin. Regenerated FBGs haves already been coedittertemperature
sensing, as well as Raman-based Distributed Temperatursige (Raman DTS) for coolant leakage monitoting
Despite of 1°C resolution, which good enough foraterm purpose, the metric spatial resolution pnesérom early
detection of localized temperature changes, asdathe leakage size remains small. In this papeoweecome this
limitation thanks to the use of an OFDR and Rayleigattering sensing approdckloreover, we propose an innovative
solution for liquid sodium leakage detection at pemature up to 450°C, using a gold-coated singléerfiber as a
distributed temperature transducer. In such apprdacenhanced detection reliability, the centimsetpatial resolution
and the 1°C thermal resolution allow both the lggkdetection and the monitoring of Na flow fronside the pipe,
through temperature change measurements on surface.

2. EXPERIMENTAL CONSIDERATIONS

2.1 OFDR-based Rayleigh backscattering

Inelastic Raman scattering method based on Oplicaé Domain Refectometry (OTDR) is limited to a nespatial
resolution while OFDR technique based on elastiglétgh backscattering of coherent tunable lasentligttaints
centimetric resolution. Due to molecular silicausture and to defects linked to fiber manufactugpngcess, fiber core
heterogeneities are frozen while fiber drawinguicidg Rayleigh backscattering.

*ekaterina.boldyreva@cea; fophone: +33 1 69 08 29 22; www-list.cea.fr
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Figure 1.Ramdom optical fiber core and cladding refractivde fluctuations at molecular scale and Rayleigh Beattering.

Figure 1 shows how light traveling along a singledm fiber is reflected back towards the reflectean€OTDR or
OFDR), due to: alrayleigh Scattering due to non-homogeneous structural changes at thecutar level, b)Reflections
due to localized changes in the refractive indexhefsilica, c)MFD (mode field diameter) variations caused by fiber
geometrical changes, &yesnel peaks, where there is a sudden change in denaigy from silica-to-air at fiber ends. If
we consider the Rayleigh Backscattering, its amgétis known to be a function of both core and ditagl refractive
index (throughn = ny,Neiaq in the capture fraction definition). So, as micamdom fluctuations of material density at
the molecular level are frozen during fiber drawitige fiber suffers micro fluctuations of both caaed cladding
refractive index. They are the origin of Rayleighckscattering, whose random character renders ahksbattering
profile unique for each fiber. This is the reasdiyw can be considered as its own fingerprint.

In ODFR, the light of a linearly tunable laser ngected in the fiber core, and its backscattermddtected by homodyne
detection. This is done by mixing the backscattesignal with a reference wave coming from therlasarce, which creates a
frequency beat, whose value allow to determineettaect position of the fiber core region from whéve light has been
backscattered. This could be done with about 1 patiad resolution all along the fiber of typicah@ggh up to ~ 100 m.
Temperature (or strain) changes affect the opiatil (refractive index and fiber length, as welhay inducing spectral shifts
of the fiber backscattering profile. By correlatimgeference profile obtained before temperaturst(ain) change be applied,
with a second one done after the temperaturer@insbe modified, the spectral shift value prositlee temperature (or strain)
changes. This differential method allows meastttiegemperature (or strain) profile changes, ati@ithe fiber.

2.2 FUTUNA mock-up

A mock-up pipe 2 m-long (scale 1 in diameter),edlFUTUNA and based at CEA Cadarache, France,dess Used for
this experiment. To ensure safe operation duriegettperiment, the pipe covered by a heat insuledirst emptied and
heated at the same temperature as the liquid soditimliquid sodium is moved through an injectidpepinside the
mock-up pipe and flows on the top of it. The tenapere of the pipe is monitored by eighteen therraptas. The
progression of the liquid sodium inside the injectpipe is monitored by three other thermocoupléksen the sodium
reaches the top of the pipe mock-up, the experistants.

2.3 Optical fiber deployment around the pipe mock-up

Leak peint \\
pur'.r;I

Cptical fiber

|meetiGn pioe,
= pipe

Figure 2.Optical fiber route on the FUTUNA mock-up pipe

Light In

A single mode gold-coated fiber has been choséraasducer. Such metal coating improves fiber maichhresistance at
high temperature, up to 700°C, while traditiondlypter coatings degrade and may induce fiber dam&gethermore, few
tens micron thickness of the gold coating maintaovs thermal mass and assures fast response tinbentperature
variations. Destroyed by any direct contact with liquid sodium, the optical fiber plays role oivick, able to follow the
liquid sodium flow along the pipe. The fiber lengtihich remains operational after the sodium hashes the silica
remains available for temperature monitoring. Tiberfdeployed around the pipe was divided in 4 godenes 1 and 3
were disposed on both sides, at 45° from the tofibék loop was placed close to the leakage poirgoine # 4 (Fig. 2).
Transitions between zones were easily localizedamkscattering profiles (Fig. 3).
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Figure 3.Backscattering profiles before the experiementédit) and after the first break (in blue)

3. SODIUM LEAKAGE EXPERIMENT
3.1 Experiment

Before the experiment starts, the mock-up pipe been heated at 450°C during several days, to honmgets
temperature. The sodium was contained in a warroigoitry preceding the mock-up pipe, heated at°€56ne day
before the experiment, and then moved up to thexiign pipe. During the experiment, the liquid smdiflowed at the
rate of 3cniymin. The external heat insulator absorbs the diguidium and burns in contact with it (Fig. 4).

. . » F :
Figure 4. FUTUNA mock-up pipe after the leakage experimentt@p, the heat insulator burned by the liquid soti

Therefore it is possible to detect and to locadizejuid sodium leakage by monitoring the tempearmalong the pipe. A
reference measurement was taken while the pipeheased, so that the measured temperature is eguisl surface
temperature. Temperature changes all along thedigloyed on surface have been measured duringxiheriment.

3.2 Resaults

The experiment started when the liquid sodium bdgdeak. The temperature increase along the dgii have been
immediately visualized on OFDR traces, and locdlian the part # 4, where the fiber is next to #dakage point (at ~ 20
cm). Then, 32 minutes after the experiment stantedobserved the first optical fiber break on thet pa4. So, at this
moment the liquid sodium got in contact with tHeefi At the same time we detected two temperateagpin zones # 1
and # 3. During two hours and half, the temperapa@ks were slowly increasing up to 120°C abovartitial mock-up
pipe temperature (450°C), due to the liquid sodayproach (Fig. 5). Then, the second break occimradne # 1 due to a
direct contact with the sodium. Later on, the lihsdodium has flowed slowly on each side of the .plie most important
flow was detected on the side of zone # 1, leattingpnclude that the pipe is slightly inclined bistside. Some additional
information about the heat insulator combustionperature, and the temperature at the input, caulel @n estimation of
the fiber distance from the sodium front, even withany direct contact between the fiber and sodium
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Figure 5.Evolution of the temperature above the initial mogkpipe temperatur@ong the optical fiber during the leakage
experiment

4. CONCLUSION

For the first time, an innovative distributed temgiare sensing along a gold-coated single mode (ibimg the OFDR-
based Rayleigh backscattering technique has bepliedo the detection of liquid sodium leakage mipes. The
Rayleigh sensing techniques provides 1°C temperatesolution with a centrimetric spatial resolutidrhus, this
approach enables accurate and early detectiordafradeaks. It provides a useful and innovativeigoh for improving

the safety of fasts reactors, based on liquid sodilihis method gives the possibility to detect sodieakages even
without any direct contact with the fiber, allowingick and safe intervention to stop the leak, f@nthe pipe.

Moreover, in order to find optimized spiral pitch,complete modeling of the phenomena is requiretuding heat
conduction and radiation due to pipe insulation lsostion. By solving these equations, it is possibleobtain the
temperature distribution at any time and any pofrthe pipe. Careful choice of temperature thredlaiove the initial
pipe temperature could permit to avoid false alarfisis, it is possible to determine maximal diseaatwhich the fiber

must be, to detect such temperature increase. @onyj) the worst case when the leakage appearsdatlistance
between two spiral whorls, the spiral pitch musthesen as twice this distance. Further works lvélfocused on such
modeling in order to optimize fiber routing and miize fiber length deployed on pipes.
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