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Abstract. In the last few decades, the use of optical fiber is becoming more widespread for
communication technologies and sensor applications. In this sense, considering the physical
characteristics of the fiber, there are many possibilities for its use in various engineering
sectors, not least in the aerospace one. Indeed, using optical fibers to replace traditional
electronic devices can provide significant advantages, such as using an extremely lightweight
and minimally invasive technology. FBG (Fiber Bragg Grating) sensors are ones of the most
widely used instruments for this purpose, and they allow the detection of different physical
parameters, including temperature. The aim of the present work is to analyze the performances
of FBGs, in particular by evaluating their ability to read short-term thermal transients and
comparing it with that of a conventional thermal probe (PT100). More specifically, two optical
fibers were used: the first with the FBG sensor area covered by the external coating and the
second without this outer layer. All instrumentation was placed in a climatic chamber and
subjected to different thermal cycles. Furthermore, the fiber sections with FBGs were not
placed directly in contact with the plate on which they were installed. This made it possible to
put optical sensors indications that were as independent as possible from the materials on
which they were mounted. Tests have shown that optical sensors have an extremely high
sensitivity and a much shorter reaction time than the PT100 probe. Data collected by this work
allow strategic use of FBG for thermal monitoring using a minimally invasive and extremely
accurate technology.

1. Introduction

Optical fiber is a consolidate technology with the primary property of transmitting a light signal
inside itself [1]. Because of this property, optical fiber has revolutionised the communication industry
as well as a wide range of novel technical applications [2]-[8]. However, throughout the last several
decades, one of the most explored elements of scientific study has been the application of optical
technology for sensor creation [9]-[11]. Sensors are becoming increasingly crucial in more
complicated engineering projects for measuring system performance over the course of the system's
lifespan. There is an increasing demand for equipment that can operate in adverse, if not entirely
harsh, environmental conditions [12], [13].

Optical fiber-based sensors, particularly Fibre Bragg Grating (FBG) sensors, can satisfy these
requirements due to the unique benefits afforded by fibre optics [14]-[16].

The capacity to operate successfully in unfavourable settings is a fundamental demand in the
aerospace industry [12], [17]. Temperature, mechanical deformation, pressure, vibration, and other
physical characteristics crucial to system monitoring may be measured with great sensitivity using
FBG sensors. The proper integration of optical sensors in the safety-critical components of the primary
aircraft and/or spaceship onboard systems is a particularly motivating aim in this respect.

In this paper, the sensitivity of FBG to thermal transients will be the main topic. In more detail, the
authors will concentrate on the sensor sensitivity to rapid thermal transient; by comparing different
packaging techniques and the results to a reference PT100 sensor.

The data collected will enable the development of an innovative activity of prognostics, diagnostics
and system performance evaluation.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
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2. Optical fiber and FBG sensors

A standard optical fibre has a cylindrical construction with many concentric layers from the inside
to the outside known as core, cladding, and coating. The outer coating, like the other outside layers,
serves merely to counterbalance the extreme fragility of the glass fibre that makes up the inner layers.
The core and cladding, on the other hand, are the two layers that allow the fibre to physically work
properly. In reality, if light is fed into the core with the proper direction, when it reaches the interface
between the core and the cladding, it undergoes a complete reflection phenomenon, propagating inside
the fibre.

The FBG optical fibre trait has a maximum length of 1 cm. A laser photo incision is employed
inside the core to impose a periodic modification of the refractive index. The resulting structure
functions as a selective frequency mirror. Except for a certain frequency that is reflected in the
opposite direction, the whole electromagnetic spectrum that goes through the fibre also passes through
the grating. Because the reflected frequency is related to the sensor's shape, it is also proportional to
the physical characteristics that might affect it.

For example, it is a highly light and less intrusive material, resulting in substantial weight savings
in tiny component instrumentation. Furthermore, the tiny size of the fiber's cable section, along with
the ability to install many sensors on the same communication line, helps decrease disturbances,
especially during thermal testing [23]. Another critical component is the optical fiber's resistance to
electromagnetic interference. When combined with its wide working temperature range, it ensures
good performance even in harsh conditions. Finally, the fibre is perfect for monitoring potentially
explosive settings such as tanks since it is chemically inert and electrically passive.

3. Experimental set-up and test campaign

The key part of the devised experimental setup is the optical data collection system. The
interrogator is the most significant component: in this study, a Smart Scan interrogator from the Smart
Fibres company is employed. This component creates a laser beam, which is delivered into the optical
fibres to which it is attached through its communication channels. As observed in the last chapter,
when the laser beam strikes the FBG gratings, they reflect a certain frequency. The reflected
frequencies are returned to the interrogator and quantified as wavelengths [24]. The data is
subsequently transmitted to the computer through a LAN cable, where it is displayed on a monitor and
stored in a text file.

The fibres connecting to the interrogator were put in a climate chamber in the part holding the FBG
sensor. A 5Pascal KK50 climatic chamber is employed in particular. For temperature regulation, the
aforementioned climatic chamber is outfitted with a PT100 sensor. The role of humidity was
overlooked in this experimental effort.

Inside the climatic chamber, 3 FBGs are placed as reported in fig. 1. Two of them are in fibers that
are fixed on two metal supports, but with the sensor zone completely free from any materials. This is
done to focus solely on the response provided by the sensors, without detecting the effects of other
materials on sensors. The only difference between these two FBGs is the presence, in the first one, of
the external coating on the sensor, and not in the second one. The third sensor, instead, is placed inside
a polymer cylinder that has suitable fissures for air passage, in order to evaluate the sensor
performance when inserted in a prototype packaging. All sensors are positioned in the climatic
chamber as shown in the fig. 2. The reference measurement is made with the PT100 integrated into the
chamber’s temperature control.
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Figure 1. Scheme of optical data acquisition system
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Figure 2 Sensors placed in the climatic chamber (on the left) and details about their set-up (on the right)

The following thermal cycle is repeatedly applied to the experimental setup:

1. The climatic chamber is closed and brought to a temperature of 120°C for enough time to
reach thermal equilibrium.

2. The door of the climatic chamber is opened, applying a sudden thermal transient to the
measurement environment.

3. The climatic chamber is closed again but remaining turned off. The heat accumulated on
the metal plates reheats the sensors, causing a new thermal transient.
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Figure 3. Scheme of thermal cycle applied in the test campaign
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The thermal cycle applied to the experimental setup generates different environmental conditions to
which the system is exposed. In the first heating phase, the climatic chamber is activated. It starts to
heat the internal environment. No disturbances are present, and only oscillatory phenomena induced
by the airflow generated by the activity of the chamber can be detected. In the second phase, the
chamber is turned off, and at the same time, the door is opened. In this way, the experimental setup
undergoes a drastic and sudden decreasing thermal transient governed by the hot air flow exiting the
chamber. During this phase, a first comparison of the response time of the different sensors used is
carried out. In the third phase, the chamber is still off, but the door is closed again. The presence of
still hot metal walls heats the sensors again. A second comparison of the response time is thus possible
between the sensors, this time in an increasing transient.

4. Results and discussions

At a general level, for all the sensors both in the rising and falling phase, the presence of a second-
order dynamic can be observed, which involves the superposition of two different dynamics:

* A first, extremely fast, dynamic, which indicates the rapid thermal transient imposed on the
sensor.

* A second, much slower, dynamic which describes the evolution of the system towards a state of
equilibrium.

Mathematically, by interpolating the experimental data in MATLAB®, all the recorded evolutions
were modeled as follows:

y(t) = AeBt + CcePt

Therefore, by analysing the evolution recorded in transients of the different sensors, it is possible to
verify and compare the effect of the reaction time for each one. In particular, the value is calculated as

'T7B

This result does not precisely represent the time constant of the sensor since it also includes the
time constant of the physical cooling/heating phenomenon imposed by the opening/closing of the
chamber. However, the geometry of the experimental setup imposes the same environmental
conditions on all sensors. Therefore, the differences recorded between them are attributable to the
different reaction times specific to each sensor.

The overall thermal cycle has been repeated 20 times. In Table 1 the mean values are reported for
each sensor. The main trends are also reported in the following figures.
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Figure 4. Example of a transitory phase
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Table 1. Mean values of time constants

Phase Sensor Time constant [s]
FBG 1 0,085
. FBG 2 0,071
Cooling -
FBG casing 0,717
PT100 0,848
FBG 1 0,262
. FBG 2 0,218
Heating -
FBG casing 0,513
PT100 0,719
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Figure 5. Transients of FBG 1 (with coating) at decreasing (left) and increasing (right) temperature
FBG 2 - cooling FBG 2 - heating
1546.2 | + FBG 2 (without coating)| 154575 1
——Fit
13461 1545.7 - FBG 2 (without coating)
1546 - = =
'E' E 154565
£ 15459 - =
?1545,8* ‘gj 15456
° E
£ 18457 = 154555 -
16456 -
1545.5
16455 |
1545.4 | : ] | 1545451 [ [ [ [
1450 1500 1550 1600 1850 2220 2240 2280 2280 2300 2320
Time [s] Time [s]

Figure 6. Transients of FBG 2 (without coating) at decreasing (left) and increasing (right) temperature
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Figure 8. Transients of PT100 (chamber’s sensor) at decreasing (left) and increasing (right) temperature

Comparing the measured data, it is observed that all the FBGs show a response time lower than that
of the PT100. In particular, it is possible to record an extremely rapid response of the optical sensors in
reading the thermal transient during the cooling and heating phases.

5. Conclusions

The outcomes of the tests presented have been highly encouraging. Several integration options for
FBG sensors have been investigated, and in all cases, excellent sensitivity to rapid thermal transients
has been demonstrated. This result is highly significant because it allows to benefit from the intrinsic
advantages deriving from the use of optical fiber. It is now possible to create a sensing system that can
provide extremely accurate data even for extremely remote components (or parts of them). FBG
sensors are particularly well suited for advanced prognostic and diagnostic activities due to their
minimal invasiveness, electrical passivity, and immunity to electromagnetic interference. The results
of this research, in particular, suggest that these sensors could be used to detect localized overheating,
for example due to overcurrent.

However, the results varied depending on the configurations examined. This suggests that the
methodology for integrating and applying FBG sensors plays a critical role. As a result, additional and
more in-depth analyses are required in order to define a standardised procedure capable of ensuring
the levels of accuracy and reliability required by aerospace regulations.
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