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In this study, we developed a multi-channel fiber-optic temperature sensor system (FTSS) using an optical time-
domain reflectometer (OTDR). The developed FTSS consists of fiber-optic temperature-sensing probes, a fiber-
optic coupler, a transmitting optical fiber, and an OTDR. The fiber-optic temperature-sensing probes comprise
silicon oil, a nickel-plated brass cap, a fiber channel (FC) terminator, and a single-mode optical fiber. The
developed FTSS has four channels, which have fiber-optic temperature-sensing probes, connected using single-

mode optical fibers of different lengths. Silicon oil is employed as a temperature-sensing material, as its re-
fractive index changes with the temperature variations. We measured the optical powers of the reflected light
signals (Fresnel reflection), which are generated at the interface between the silicon oil and core of the single-
mode optical fiber in the distal ends of the sensing probes. The optical powers of the four channels of the FTSS
were measured to simultaneously determine individual temperatures at four different points using an OTDR.

Introduction

Temperature is a very important physical quantity in various phe-
nomena in natural science fields including physics, chemistry, medi-
cine, and biology. It is necessary to monitor and control temperature in
various industries such as food and beverage processing, plastic pro-
duction, and metal processing. In order to be able to measure the
temperature, various types of devices including thermocouples, re-
sistance temperature detectors, thermistors, infrared radiation ther-
mometers, and heating labels, can be employed according to their
suitability for a given measurement. It is often necessary to simulta-
neously measure the temperature at multiple points using the same type
of temperature measuring devices with the same level of performance.

If the measuring points are distributed far away from each other,
fiber-optic based sensor can be employed, as one of the most suitable
devices for temperature measurements at multiple distributed points
[1-3]. The fiber-optic based sensor offers many advantages such as a
small size, good flexibility, remote operation, immunity to electro-
magnetic field and radio-frequency interference, and ability to operate
in harsh environments [4-6]. Various fiber-optic-based temperature
sensors have been developed and it has been reported that they can
measure temperature using fiber Bragg gratings (FBGs), infrared (IR)
optical fibers, or special materials that can change their physical
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characteristics including their color, absorbance, and reflectance, as a
function of the temperature [7-15]. However, the above fiber-optic-
based temperature sensors are not suitable for monitoring temperatures
at widely-distributed multiple points even if they use long optical fibers.
In some cases, it is needed to simultaneously measure temperatures at
points that are hundreds of meters or several kilometers apart. For
example, it is necessary to measure or monitor temperatures at the
inaccessible hazardous environments such as a nuclear power plant, a
radioactive waste site and a chemical plant.

In this study, we developed a multi-channel fiber-optic temperature
sensor system (FTSS) based on silicon oil using optical time-domain
reflectometer (OTDR) for the simultaneous measurements of tempera-
ture at several arbitrary points. OTDR is an optoelectronic instrument
which can be employed to characterize optical fibers and reveal fiber
break locations in fiber-optic communication networks. As a part of the
FTSS, OTDR can be used as a light source and an optical measuring
device. It can measure several different optical signals that are si-
multaneously generated with the temperature changes at distributed
multiple points. We measured and analyzed the optical powers of the
four channels of the FTSS in order to simultaneously determine in-
dividual temperatures at four different points using an OTDR.
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Fig. 1. Structure of the temperature sensing probe.
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Fig. 2. Dependence of the Fresnel reflection as a function of the refractive index
of silicon oil.

Materials and methods

For the real-time simultaneous temperature measurements, we de-
veloped a multi-channel FTSS. It consists of fiber-optic temperature-
sensing probes, a fiber-optic coupler, a transmitting optical fiber, and
the OTDR. The temperature-sensing probe consists of a temperature-
sensing material, a nickel-plated brass cap, a fiber channel (FC) ter-
minator, and a single-mode optical fiber, as shown in Fig. 1. As the
temperature-sensing material, we used silicon oil (KF-54, Shin-Etsu),
whose refractive index changes with the temperature variations. In
addition, it exhibits temperature stability, good heat-transfer char-
acteristics, and it is very clear in the temperature range of —35°C to

744

250°C. A nickel-plated brass cap, which has a pretty good thermal
conductivity, is used to increase the temperature sensitivity and nickel
plating can prevent corrosion caused by external contaminants. The
height of a cylindrical shape of nickel-plated brass cap is 13.0 mm and
the outer and inner diameter of the cap are 9.0 and 6.1 mm, respec-
tively. For a simple and accurate connection of the optical fiber to the
optical instruments (such as OTDR and fiber-optic coupler), we em-
ployed an FC terminator (30126C3, Thorlabs Inc.), which facilitates the
rapid and simple manipulation with the nickel-plated brass caps, owing
to the spiral structure of the inside groove. In order to transmit the light
signals from the temperature-sensing probe to the OTDR, we used a
single-mode optical fiber (980HP, Thorlabs Inc.) which has a core/
cladding structure. The outer diameter of the single-mode optical fiber
is 245 um and it is made of fluorinated polymer that has a refractive
index of 1.402. The core has a diameter of 3.6 um, and it is made of
silica, which has a refractive index of 1.46.

In this study, OTDR (AQ7275-735041, Yokogawa Inc.) was used as a
light source and a light measuring device. It is commonly used to
measure failure points of buried optical lines in the field of optical
communications. It can measure and display a series of optical pulses
that are generated by the light that is scattered (Rayleigh back-
scattering) or reflected (Fresnel reflection) from end-points along op-
tical fibers. The advantage of the OTDR is that it can simultaneously
measure multiple optical signals in real-time and extend the length of
the optical fiber up to several hundreds of kilometers.

We measured the optical power of reflected light (Fresnel reflection)
using the OTDR. Fresnel reflection is the reflection of a portion of in-
cident light at a discrete interface between two media which have
different refractive indices. In the FTSS, the Fresnel reflection is gen-
erated at the interface between the silicon oil and core of the single-
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Fig. 3. Experimental setup of the water temperature measurement using temperature-sensing probe.
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Fig. 4. Comparison of the FTSS optical powers with and without the use of
1 X 4 fiber-optic coupler.

mode optical fiber at the distal end of the sensing probe. The intensity
ratio of the reflected light (Fresnel reflection) is:

(53

where R is the reflection coefficient, and n; and n, are the refractive
indices of the core of a single-mode optical fiber and silicon oil, re-
spectively. The dependence between the refractive index of silicon oil
and Fresnel reflection intensity (Eq. (1)) varies with the temperature, as
shown in Fig. 2.

The refractive index of silicone oil decreases with the increase of the
temperature, and approaches the refractive index value of the core of
the single-mode optical fiber, which causes a decrease of the intensity
of the Fresnel reflection. Accordingly, the amount of Fresnel reflection

(m — my)

(m + ny) ¢}

745

increases with the decrease of the temperature of the silicon oil [16,17].
Therefore, the temperature at an arbitrary point can be determined by
measuring the light intensity of the reflected light, which is directly
related to the change of the refractive index of the silicone oil.

The experimental setup, employed to evaluate the temperature-
sensing probe is shown in Fig. 3. Once the four channels, which have
temperature-sensing probes, were placed in the four beakers, the water
temperature in each beaker was independently controlled and main-
tained using a heating plate (Combi mantle, Global Lab). The tem-
perature of the water was measured using a thermocouple (54II ther-
mometer, Fluke), which was employed as a reference thermometer. The
measured temperatures using the thermocouple and optical powers
using OTDR in the four channels, were compared and analyzed to de-
termine the water temperatures in the four beakers. A 1 x 4 fiber-optic
coupler (FCQ1315-FC, Thorlabs Inc.) was employed to distribute the
optical source signal from the OTDR to the temperature-sensing probe
as well as to gather and transfer the Fresnel reflection signals from the
probes to the OTDR.

Experimental results

Fig. 4 shows the optical signals that are independently generated
from the distal ends of the four single-mode optical fibers in the tem-
perature-sensing probes, when the 1 X 4 fiber-optic coupler is used. In
this experiment, four single-mode optical fibers that have lengths of 20,
40, 60, and 80 m were connected to a 1 X 4 fiber-optic coupler. In
Fig. 4, the X-axis denotes the total length of optical fiber by the distance
from the starting point of the optical fiber connected from the OTDR to
the end of the temperature sensing probe, including a transmitting
optical fiber of 106 m in length. Different optical signals can be mea-
sured, according to the temperature-sensing positions. In addition, we
could confirm that the optical peaks are independently generated in the
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Fig. 5. Responses of the four channels of the FTSS as a function of the water temperature.

four channels and that our FTSS can be employed as a multi-channel
sensor.

Fig. 5 shows the optical powers in the four channels as a function of
the temperature. We measured the optical powers to simultaneously
and independently determine the water temperatures in the four
channels in the temperature range of 10-70 °C. In each channel, the
optical power output signals as a function of the temperature showed
almost the same trend. For the four channels, the relationship between
the optical power and temperature was revealed and was shown in
Fig. 5, respectively. Using the developed FTSS, we measured the optical
powers repeatedly five times at the same temperature, and all of the
measured data are within the error range of 0.114%, with respect to the
average values.

Fig. 6 shows the measured optical powers for the four channels at
temperatures in the range of 10-70°C and X-axis denotes the total
length of optical fiber by the distance including a transmitting optical
fiber as shown in Fig. 4. In Fig. 6, it can be noticed that the measured
optical signals change with the water temperatures in the four beakers.
The water temperatures of the four beakers were maintained at 10, 30,
50, and 70°C. We measured the optical powers of each channel by
moving the temperature-sensing probe from one beaker to another. The
temperature-sensing probes were immersed in each beaker for 1 min. In
all channels, the optical powers, which are related to the peak values of
the optical pulses, are measured with the variations of the temperature.
Also, the peak values of the optical pulses which can decide the water
temperatures in each channel are shown in Fig. 6.

Fig. 7 shows the real-time monitoring of the FTSS to measure re-
producibility and response time in the temperature range between
10 = 1°Cand 70 = 1 °C. The response time of the FTSS is in the range
from 47 to 48sec and the sensing time per degree Celsius could be
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calculated as about 0.79 sec/°C.

Conclusions

In this study, we developed a multi-channel FTSS based on silicon
oil, whose refractive index changes with temperature variations. The
developed FTSS consists of four channels with fiber-optic temperature-
sensing probes, a fiber-optic coupler, a transmitting optical fiber, and
an OTDR. The fiber-optic temperature-sensing probes of the channels
comprised silicon oil, a nickel-plated brass cap, an FC terminator, and a
single-mode optical fiber.

The optical powers of the reflected light signals from the tempera-
ture-sensing probes were measured using OTDR. They depended on the
temperature variations in the channels and were analyzed in order to
evaluate the FTSS performance. In addition, the relationships between
the measured optical power and temperature were obtained, which can
be employed to determine the temperature values at desired points. The
obtained results show that the proposed FTSS can accurately measure
temperature in the range of 10-70°C, and can be used as a multi-
channel temperature sensor in real-time. As a result, we confirmed that
the FTSS has good reproducibility and the response time is in the range
from 47 to 48sec and the sensing time per degree Celsius could be
calculated as about 0.79 sec/°C. The response time could be reduced if
the sensing probe is fabricated with a cap which has a smaller size and a
higher thermal conductivity. However, it was very difficult to fabricate
a proper cap and it was not commercially available. Based on the results
of this study, the proposed multi-channel FTSS could be used to effec-
tively monitor temperatures at a long distance as industrial applications
and especially it can be used in chemical or power plant.
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