June 12t 2013

Communicate

Sensible
] I q Things that

PART OF ‘g0 MID SWEDEN UNIVERSITY

Fibre-optic displacement and temperature sensing using coupling based
intensity modulation and polarisation modulation techniques.

Author doctoral thesis: Johan Jason
STC Research Centre part of Mid Sweden University
Abstract:

Optical fibre sensors are employed in the measurements of a number of different physical pro-
perties or for event detection in safety and security systems. In those environments which suf-
fer from electromagnetic disturbance, in harsh environments where electronics cannot survive
and in applications in favour of distributed detection, fibre-optic sensors have found natural
areas of use. In some cases they have replaced conventional electronic sensors due to better
performance and long-term reliability, but in others they have had less success mainly due to
the higher costs which are often involved in fibre-optic sensor systems.

Intensity modulated fibre-optic sensors normally require only low-cost monitoring systems
principally based on light emitting diodes and photodiodes. The sensor principle itself is very
elemental when based on coupling between fibres, and coupling based intensity modulated
sensors have been utilised over a long period of time, mainly within displacement and vibration
sensing. For distributed sensing based on intensity modulation, optical time domain reflecto-
meter (OTDR) systems with customised sensor cables have been used in the detection of heat,
water leakage and hydrocarbon fluid spills.

In this thesis, new concepts for intensity modulated fibre-optic sensors based on coupling bet-
ween fibres are presented, analysed, simulated and experimentally verified. From a low-cost
and standard component perspective, alternative designs are proposed and analysed using mo-
dulation function simulations and measurements, in order to find an improved performance.
Further, the development and installation of a temperature sensor system for industrial process
monitoring is presented, involving aspects with regards to design, calibration, multiplexing
and fibre network installation. The OTDR is applied as an efficient technique for multiplexing
several coupling based sensors, and sensor network installation with blown fibre in microducts
is proposed as a flexible and cost-efficient alternative to traditional cabling.

As a solution to alignment issues in coupling based sensors, a new displacement sensor con-
figuration based on a fibre to a multicore fibre coupling and an image sensor readout system
is proposed. With this concept a high-performance sensor setup with relaxed alignment de-
mands and a large measurement range is realised. The sensor system performance is analysed
theoretically with complete system simulations, and an experimental setup is made based on
standard fibre and image acquisition components. Simulations of possible error contributions
show that the experimental performance limitation is mainly related to differences between the
modelled and the real coupled power distribution. An improved power model is suggested and
evaluated experimentally, showing that the experimental performance can be improved down
towards the theoretical limit of <1 um.
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The potential of using filled side-hole fibres and polarisation analysis for point and distributed
detection of temperature limits is investigated as a complement to existing fibre-optic heat de-
tection systems. The behaviour and change in birefringence at the liquid/solid phase transition
temperature for the filler substance is shown and experimentally determined for side-hole fib-
res filled with water solutions and a metal alloy, and the results are supported by simulations.
A point sensor for on/off temperature detection based on this principle is suggested. Further the
principles of distributed detection by measurements of the change in beat length are demon-
strated using polarisation OTDR (POTDR) techniques. It is shown that high-resolution techni-
ques are required for the fibres studied, and side-hole fibres designed with lower birefringence
are suggested for future studies in relation to the distributed application.
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Sammandrag:

Fiberoptiska sensorer anvands for matning av ett antal olika fysikaliska parametrar eller for
handelsedetektering i larm- och sdkerhetssystem. I miljoer med elektromagnetiska storningar,
i andra besvarliga miljoer dar elektronik inte fungerar samt i tillimpningar dar distribuerade
sensorer ar att foredra, har fiberoptiska l6sningar funnit naturliga applikationer. I vissa fall har
de ersatt konventionella elektroniska sensorer pa grund av battre prestanda och tillforlitlighet,
medan de i andra sammanhang har haft mindre framgang huvudsakligen pa grund av den i
manga fall hogre kostnaden for fiberoptiska sensorsystem.

Intensitetsmodulerade fiberoptiska sensorer kraver normalt endast billiga utldsningssystem
huvudsakligen baserade pa lysdioder och fotodioder. Principen for sadana sensorer baserade
pa koppling mellan fibrer 4r mycket enkel, och denna typ av sensorer har haft tillimpningar
under en lang tid, framst inom matning av positionsforandring och vibrationer. For distribu-
erade intensitetsmodulerade sensorer har system baserade pa optisk tidsdoméan-reflektometer
(OTDR) och skraddarsydda sensorkablar funnit tillimpningar i detektion av varme/brand, vat-
tenlackage och kolvétebaserade vatskor.

I denna avhandling presenteras, simuleras, testas och utvarderas praktiskt nagra nya koncept
for kopplingsbaserade intensitetsmodulerade fiberoptiska sensorer. Fran ett lagkostnads- och
standardkomponentperspektiv foreslas och analyseras alternativa 16sningar for forbattrad pre-
standa. Utveckling och installation av en temperatursensor for en industriell tillampning, inne-
hallande aspekter pa sensormultiplexering och nétverksbyggande, behandlas. OTDR-teknik
anvands som en effektiv metod for multiplexering av flera kopplingsbaserade sensorer, och
installation av sensorndtverk genom anvandning av blasfiberteknik och mikrodukter foreslas
som ett flexibelt och kostnadseffektivt alternativ till traditionell kabelinstallation.

Som en 16sning pa forekommande upplinjeringsproblem for kopplingsbaserade sensorer, f6-
reslds en ny sensorkonfiguration baserad pa koppling mellan en fiber och en multikarnefiber/
fiberarray och med ett bildsensorsystem for detektering. Med detta koncept kan ett hogpreste-
rande, upplinjeringsfritt sensorsystem med ett stort matomrade dstadkommas. Sensorsystemets
prestanda har analyserats teoretiskt med kompletta systemsimuleringar, och en experimentell
uppstéllning baserad pa standardfiber och en kamera av standardtyp har gjorts. Simuleringar
av mojliga felbidrag visar att systemets experimentella prestanda fraimst begransas av skillna-
der mellan den modellerade och den verkliga optiska effektfordelningen. En forbattrad modell
for effektfordelningen foreslas och utvarderas experimentellt. Det visas att prestanda ar majlig
att forbattra ner mot den teoretiska grans pa <1 um som erhallits vid systemsimuleringar.
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Mojligheterna att anvanda fyllda halfibrer och polarisationskanslig méatning for detektering av
temperaturgranser studeras i syfte att komplettera befintliga fiberoptiska varmedetektorsys-
tem. Forandringen i fiberns dubbelbrytning vid 6vergangstemperaturen mellan vatske- och fast
fas for &mnet i halen visas och bestams experimentellt for halfibrer fyllda med vattenlosningar
respektive en metallegering, och resultaten understods ocksa av simuleringar. En punktsensor
for temperaturdetektering baserad pa denna princip foreslas. Vidare visas principerna for dist-
ribuerad detektering genom registrering av forandringen i dubbelbrytning med polarisations-
OTDR (POTDR). Det visas att OTDR-teknik med hog spatial upplosning behovs for 6vervak-
ning av de studerade fibrerna, och halfibrer utformade med lagre dubbelbrytning foreslas for
framtida studier av tillampningen.




