Remote sensing of liquid level measurement using Fiber Bragg grating
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ABSTRACT

The present work proposes a simple low cost sensor head design making use of FBG sensor, for the measurement of
liquid level. The sensor head consists of a lever, a buoyancy tube and an FBG. The lever is used to transfer the buoyancy
force due to change in liquid level to the FBG resulting in shift in Bragg wavelength. The Flexibility of this design
enables to measure the liquid level in an open or closed tank. The arrangement shows that liquid level sensitivity is high
and is 10.7pm/mm.
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1. INTRODUCTION

Liquid level detections are of great value in the sensing areas, especially in the petrochemical industry and in
chemical industry. Traditional liquid level detection based on manual works, floater method and electrical techniques
falls short of high resolution and security, which made them not suitable for the applications of great security
requirements. Optical fiber sensors overcome such limitations. They have many unique advantages such as immune to
EMI, small size, high strength, resistant to high temperature and corrosion. Several level sensors have been demonstrated
[1]. Some systems measure the reflected light from the surface of the liquid using multiple fibers. Radar techniques were
also used to measure the liquid surface proximity. Such systems require placement of transmitting and receiving fibers
optics at a fixed point above the liquid surface [2]. Liquid level is measured with optical fiber using frustrated total
internal reflection effect caused by the refractive index change of the surrounding medium [3]. An optical fiber
refractometric liquid level sensor used for cryogenic liquid level measurement was also demonstrated [4,5].

Many techniques were developed to measure level using FBG’s also. The change in effective refractive index (n.g)
and the grating pitch (A) of FBG were exploited for level sensing [6]. Level sensing was demonstrated using FBG
embedded on a cantilever [7]. Highly sensitive level sensing was proposed using etched FBG and side polished FBG
[8][9]. Majority of the FBG based level sensors need elaborate mechanical arrangement. Hence there is a need to
develop a simple arrangement for liquid level measurement.

In the present work, we propose and demonstrate a simple level monitoring system using a FBG which works on an
axial strain sensing. A lever is used to transfer the buoyancy force due to change in level to the FBG resulting in shift in
Bragg wavelength. The Flexibility of this design can be used for level measurement in an open or closed tank.

2. EXPERIMENTAL SETUP

A Fiber Bragg grating (FBG) is a periodic perturbation of the refractive index along the fiber length which is formed by
exposure of the core to an intense optical interference pattern. When light from a broad band source is launched into a
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fiber with FBG, one particular wavelength which satisfies Bragg condition is reflected (Ag) other wavelengths are
transmitted through the fiber.

A, =2n_.A (1)

The reflected Bragg wavelength Ap is characterized by the grating periodicity ‘A’ and the refractive index of the
waveguide mode ‘ne’.
The change in Bragg grating centre wavelength due to strain and temperature change is given by

Ay =L[(1-P)e +(a+EAT] (@)
The first term in the above equation represents the strain effect on an optical fiber and the second term represents the

effect of temperature. Where, P, is the photoelectric coefficient (0.22) and AT is the change in temperature. & and g

are coefficient of thermal expansion (5 x 107) and thermo optic coefficient (7 x 10°) respectively. * & ’is the axially
applied strain. The change in strain causes, the change in Bragg wavelength AAg (Eq.2).
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Figure 1. Sensor geometry
Fig.1. shows the schematic diagram of lever used for FBG based level sensor. A Class I - type lever with arms (50mm
length each) is fixed with a pivot. A buoyancy tube, 25mm outer diameter and 30cm in length, made up of light weight
polymer material is fixed at one end of the lever. The other end of the lever is free. A 3mm FBG is fixed to this end.

The FBG was glued with cynoacryolate epoxy to the end of the lever. An adjusting screw is used for fixing the
initial lever position and gives a minimal strain to the FBG. The FBG was inscribed in the core of SM1500 (4.2/80pum)
Fiber using phase mask technique. The fiber was placed in the close proximity of the phase-mask (Bragg Photonics) of
period Apn=1058nm. An Excimer laser (248nm) with pulse energy of 2.56 mJ at 200 Hz and having a spatial coherence
of 1.5 mm was used to write 3mm long FBG. The grating with 90% reflectivity and Bragg wavelength A at 1544.8nm
was formed within 30 seconds of exposure. The reflected spectrum of FBG at 1544.8nm is shown in Fig.2.

The arrangement was fixed inside a tank whose liquid level is to be measured. The schematic arrangement of the
experimental setup is shown in the fig.3.
An inlet and outlet with a suitable controller is used to control the level. As the liquid level increases, an upward force
acts on the buoyancy tube resulting in transfer of this force to the FBG. The force experience by the FBG [10]

F=pV,, & 3)

Where ‘py represents density of the liquid, g is the acceleration due to gravity, ‘Vp;,’” the volume of the Buoyancy tube
in the liquid and is given by
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F=p, A(H-H)g (4
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Figure 3. Schematic experimental setup

Where ‘A’ is the cross sectional area of the Buoyancy tube, ‘H’ is the height of the liquid column and ‘Hy’ is the height of
the liquid column between the bottom of the tank to the lower end of the buoyancy tube. This force acts along the axis of
the fiber causing axial strain in the FBG. As the strain changes the Bragg wavelength also changes Eq.2. As the liquid
level rises, the buoyancy force increases the strain in the FBG and Bragg wavelength shifts towards longer wavelength
and vice versa.

The strain experienced by the FBG is given by

F

- 5)

&

Where ‘ &€’ is the strain, F is the applied force, ‘a’ is the area of cross section of the fiber, E is the Young’s modulus of
the fiber. Then the shift in Bragg wavelength is given by

Ad, =(K,F + K,AT)A, (6)
Where
KF _ (1 — Pe)

a.E

K, =(a+¢)
Kr and Ky are the force and temperature sensitivities of the FBG. The experiment is conducted at a constant room

temperature and hence

AL, = (K, F)A, (7)

The above relation shows that shift in A/IB is directly proportional to the change in liquid level.

The system also consists, a broadband light source (40nm FWHM, 1550nm peak wavelength, SmW peak power), a
circulator and an optical spectrum analyzer. The circulator allows propagations of the light from the source to the FBG
and the reflected signal to the optical spectrum analyzer (OSA) (Agilent 86142B, 60pm resolution). Instead of a 3dB
couple a circulator is used. The circulator allows the propagation of light from the source to the FBG and the reflected
signal to the OSA without much loss of optical power.

A temperature monitoring device is also used to monitor the temperature during the experiment.
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3. RESULT AND DISCUSSION

A spectrum is acquired for different values of liquid level, over a span of 13cm, using OSA and it is shown in
Fig.4.The total shift is observed is 1.29nm for the above value of change in level. It is evident that a considerable shift in
Bragg wavelength is taking place for small variation in level. Intensity of the reflective peak is -26.89dBm in the present
setup. The FWHM of spectrum with change in level is observed to be constant.
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Figure 4. The shift in FBG spectrum

A graph is plotted between the change in measured Bragg wavelength with level Fig.5. A linear change in Bragg
wavelength with level is observed and the sensitivity is 107pm/cm. The plot also shows the variation of output power
(Reflected peak) with level Fig.5. The variance of the optical power is 0.00602 uW which is low. The FBG (3mm) used
in the setup has not lost its reflected power during the above operation. This observation indicates that a narrow band
photodiode operated in its linear region can replace the OSA. This makes the sensor system to be of low cost.

Fig.6. shows the performance of the sensor during raise and fall in level of the liquid. The results show a good
coincidence of values during rise and fall. The change in sensitivity is 0.002nm/cm. This indicates high repeatability of

the sensor.
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Figure 5. Variation of change in wavelength and output power with liquid level

The sensitivity of the sensor system can be improved by replacing the present buoyancy tube with a larger diameter one
Eq.5. The depth of the level measurement can also be increased by increasing the length of the buoyancy tube.
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Conclusions

We experimentally demonstrated a liquid level sensor based on the variation FBG response due to axial strain. The
dimensions of the buoyancy tube and the lever geometry determine the axial strain produced. For the liquids of different
densities the above dimensions are different. The sensor can be designed for higher sensitivities. The replacement of
OSA with a photodiode based interrogator will effectively lower the cost of the system. The temperature compensation is
possible using another FBG of same response. This sensor can be effectively used in the areas like petroleum industry
where safety is of most concerned.

Acknowledgments:

The authors would like to thank Prof. S. Asokan, Indian Institute of Science, Bangalore, INDIA for permitting to use
the FBG facility.

References:

[1] D. A. Krohn, “Fiber Optik Sensor, Fundamental and Application,” 3rd, ISA, New York (2000)

[2] Katsuharu, lIwamoto and Isao Kamata, “Liquid-level sensor with optical fibers,” Applied Optics 31(1), 51-54(1991).

[3] Pabitra Nath, Pyanayee Datta, and Kanak Ch Sarma, “All fiber optic sensor for liquid level measurement,”
Microwave and optical technology letters 50(7), 1982-1984(2008).

[4] Chengning Yang, Shiping Chen, Guoguang Yang, “ Fiber optical liquid level sensor under cryogenic environment,”
Sensors and Actuators 94, 69-75(2001).

[5] Sameer M. Chandani, Nicolas A. F. Jaeger, “Optical fiber based liquid level sensor,” Optical Engineering 46(11),
114401(2007).

[6] K. O. Hill and G. Meltz, “ Fiber Bragg Grating Technology Fundamentals and overview,” Journal of Lightwave
Technolgy 15, 263— 1276(1997).

[7] T. Guo, Q. Zhao, Q. Dou, H. Zhang, L. Xue, G. Huang, and X. Dong, “Temperature insensitive fiber Brag grating
liquid level sensor based on bending cantilever Beam,” IEEE Photon.Technology Letter 17(11), 2400-2402(2005).

[8] Binfeng Yun, Na Chen, and Yiping, “ Highly sensitive liquid level sensor based on etched Fiber Bragg grating,”

IEEE Photonics Technology Letters 19(21), 1747-1749 (2007).

[9] D.Sengupta, M.Sai Shankar ,P.saidi reddy, R.L.N Sai Prasad, K.S..Narayana, “Liquid level switch using Bragg
grating,” Opto Electronics and Advanced Meaterials-Rapid Communication 4(7), 939 — 942(2010).

[10] Chiih-Wei Lai, Yu-Lung Lo, Wen-Fung Liu, and Jiabn-Piring Yur, “Simultaneous Measurement of Liquid Level
and Specific Gravity Based on Fiber Bragg Grating Sensors ,” Proc. of SPIE. 7503, 75033((2005)

Proc. of SPIE Vol. 8856 88562R-5



