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Abstract:

Due to the risk of failure induced by vibration fatigue, performance testing and
condition monitoring are important to hydraulic piping systems in some critical
industries such as nuclear power, oil and gas, and aerospace. A multi-parameter
dynamical measuring system using Fibre Bragg Grating (FBG) sensors is proposed to
detect multiple physical parameters (strain, temperature, pressure, acceleration, etc.)
in industrial hydraulic piping. This paper investigates the multi-parameter measuring
principle of FBG and presents the framework of the proposed system.
Multi-parameter dynamical measuring experiments on a hydraulic piping test platform
were carried out to validate the system. Multiple parameters of the hydraulic piping
were obtained and analysed in the time, frequency and modal domains. The results
obtained by FBG sensors are in good agreement with those detected by the reference
electrical and piezoelectric sensors. The proposed system was implemented to monitor
the clamp looseness of the pipe. Experimental results indicate that the proposed
system could be used for multi-parameter dynamical measurements and real-time
condition monitoring of complex industrial hydraulic piping systems in harsh

environments.

Keywords: Hydraulic piping; Fibre Bragg Grating (FBG); Measuring systems;
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1. Introduction

Due to harsh service environments of high pressure, high temperature, and intense
vibration, hydraulic piping systems can fail [1, 2]. This can cause catastrophic
consequences in some critical industries such as nuclear power, oil and gas, and
aerospace [3-5]. Multi-parameter dynamical measurement of hydraulic piping systems
is needed for performance testing and real-time condition monitoring to prevent fatigue
failure [6-9]. State-of-the-art multi-parameter dynamical measuring technology and
systems with high accuracy, good environmental adaptability and low cost, and
permitting easy integration and operation, are in high demand [10, 11]. However,
traditional electrical/piezoelectric sensors (such as resistance strain gauges,
thermocouples, piezoelectric accelerometers, and electric pressure transducers) and
electronic instruments, and non-destructive evaluation methods (for example,
ultrasonic, acoustic emission, radiography, magnetic particle, and magnetic flux), are
not suited to harsh environments [12, 13]. In addition, many of these sensors or
methods have the disadvantages to ‘make them inappropriate for multi-parameter
dynamical measurements. For instance, sensor networks are complex and expensive,
installation and maintenance are difficult, and capabilities for distributed real-time
measurement and long-distance sensing signal transmission are extremely limited [14,
15].

Fibre Bragg Grating (FBG) employs light as sensing signal and data transmission,
giving advantages like small dimensions, light weight, multi-parameter measuring,
immunity to electromagnetic interference and multiplexing capabilities as well as
resistance to corrosion [16, 17]. In recent decades, FBG sensors have been extensively
investigated and widely implemented in a variety of fields to measure different physical
parameters such as strain, temperature, pressure, force, acceleration and flow rate
[18-21].

FBG strain sensors were used for structural dynamical measurements of helicopter
blades and fighter aircraft to obtain strain modal parameters by Siemens [22]. 780 FBG
sensors were mounted on the wings of an ultra-light aerial vehicle to measure 2D strains
and determine the deflected shape of the wings and their out-of-plane loading [23].
Measurement of vibration-induced strain in hydraulic system pipelines based on FBG

sensors was investigated [24]. For high temperature applications, an improved



metal-package FBG sensor was developed using regenerated FBG [25]. Distributed
FBG strain measurements were implemented for real-time reconstruction of the
deformed shape of cylindrical bodies [26]. Dynamical measurement of strain in a
four-pole induction motor stator using FBG strain sensors installed inside was carried
out for broken bar fault detection [27]. Twisted FBG sensors were utilised to measure
the strain and temperature in the metal machining process, simultaneously [28]. An
FBG sensor was utilized to detect the steel material defects of the pipe [29]. FBG bhased
strain sensors were applied for the monitoring of pipeline leakage and corrosion to
ensure the pipeline safety operation [30, 31].

For dynamical liquid pressure measurement, a diaphragm-type FBG sensor was
developed using two bare FBGs, and a sensitivity of 157 pm/bar within a range from 0
to 10 bar was achieved [32]. For measurement of high pressures up to 1400 bar and a
temperature of 290 °C, FBG was fabricated in a specialty fibre by a femtosecond pulsed
laser and a pressure sensitivity of 3.3 pm/bar was obtained [33]. A liquid level
monitoring sensor using polymer optical FBG and silicone rubber diaphragm was
reported [34]. A differential FBG pressure sensor using magnetic transfer was proposed
with a sensitivity of 11.2 pm/kPa [35]. FBG pressure sensors were used for pipeline

leak detection based on negative pressure waves [36].

An accelerometer .incorporating dual FBGs and lantern shape metallic shells was
studied with a sensitivity of 9.4 pm/g and a resonance frequency of 1175 Hz [37]. Using
two symmetrical spring plates, a low frequency FBG accelerometer was developed
with a sensitivity of 1067 pm/g in a range from 0.7 Hz to 20 Hz [38]. An FBG
accelerometer based on a flexure hinge was designed with sensitivities of around 13.1
pm/g and 12.0 pm/g in X and Y directions, respectively [39]. A miniaturised FBG
accelerometer was designed using a thin polyurethane cylindrical shell, and its
sensitivity was 54 pm/g over a flat frequency response zone with a resonant frequency
of 480 Hz [40].

To obtain fluid flow rate and direction, an FBG sensor based on a cantilever, was
proposed and demonstrated [41]. FBGs were used to characterise the single and
two-phase flows of liquid in pipes [42]. A temperature-compensated toroidal
centripetal flowmeter using FBGs mounted on a curved fiberglass beam was proposed
and demonstrated experimentally with a repeatability error of 4.6% [43]. A FBG-based

mass flow meter was investigated for mass flow rate measurements with a sensitivity of
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29 pm/(g.s™) [44]. To solve cross-sensitivity problems, two FBGs were employed in a
small probe-type flowmeter with a measurement resolution of 0.81 m*/h [45]. Using a
core-offset FBG, athermal gas flowmeter was demonstrated, and its detection limit was
0.178 m*h in a range up to 32 m*h [46].

Despite many applications of FBG sensors, multi-parameter dynamical measurement
for hydraulic piping systems has not been much explored. Based on previous research
results concerning pressure sensors [32, 47], dynamical strain measurement [24], strain
modal analysis [48] and multi-parameter measurement [49], a new multi-parameter
dynamic measuring system using FBG sensing is proposed for hydraulic piping to
detect multiple parameters including strain, temperature, pressure and acceleration.
Unlike the above cited work on sensor developments [32, 47] and measuring methods
[24, 48], this paper focuses on measuring system integration. The system can
accommodate numerous FBG sensors to create a sensor network and process the
acquired sensor signals in different domains (time, frequency and modal). The signals
picked up by FBG sensors could be interrogated in the same instrument by detecting the
wavelength shifts of FBGs. With minimised timing errors for the multi-sensor data
acquisitions, it is easy for multiple parameters by different types of FBG sensors to be
fused for the functions such as condition information extraction and damage
identification. The paper describes multi-parameter measuring principle of FBG and
the framework of the proposed system. Multi-parameter dynamical measuring
experiments on a hydraulic piping experimental platform have been carried out to
validate the system. The system has been used to monitor the clamping looseness of a
hydraulic pipe. Experimental results indicate that the proposed system has good
potential for multi-parameter dynamical measurement and real-time condition

monitoring of industrial hydraulic piping.

2. Multi-parameter dynamical measuring system

Except coating like acrylate, bare FBGs without any other packaged materials or
structures can be used directly to measure strain and temperature. Combining elastic
sensing elements with different functions to sense and convert measured physical
quantities to quantities (like strains) that could be detected by FBGs enables FBGs to

measure different physical parameters such as pressure, acceleration, and flow rate, in



hydraulic piping systems. A multi-parameter dynamical measuring system is proposed
based on an analysis of the FBG multi-parameter measuring principle.
2.1. Multi-Parameter Measurement by FBGs

The central wavelength (1g) of the reflected light by an FBG can be defined as [41]:
Ag =2n4 A (1)

where nef is the effective refractive index and A is the Bragg grating period. The
wavelength shift (A4g) of FBG is modulated by the changes of strain and temperature
simultaneously, which affect ne and A.

Assuming that temperature remains constant, the wavelength shift of the FBG

induced by longitudinal strain change (Ag) can be expressed as:

Ady

=(L-p.)Ae 2)
B
where pe is the effective photo-elastic coefficient related to fibre property. According to

Equation (2), the relationship between strain and FBG wavelength can be obtained.

1

Ae=—r"
ﬂ’B(l_ pe)

Ady =K Ay (3)

where k. is the strain sensitivity of a bare FBG. As the effective photo-elastic
coefficient (pe) of fused silica fibre is approximately 0.22, the strain sensitivity (k.) of

1.2 pm/pe can be obtained for an FBG with a central wavelength of 1550 nm.

Assuming that strain remains constant, the FBG wavelength shift induced by

temperature change (AT) can be calculated:

= (o, —&AT @)

where s and ¢ are the thermal expansion coefficient and thermal optical coefficient of
fused silica fibre, respectively. The relationship between temperature and FBG

wavelength shift can be obtained by rewriting Equation (4).
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where kr is FBG temperature sensitivity. For an FBG in fused silica fibre with a central

wavelength of 1550 nm, its temperature sensitivity is around 10 pm/°C.

Although an FBG is directly sensitive to strain and temperature, it could be used to

measure other physical parameters by combining with spring sensing elements with

different functions, as shown in Figure 1. FBG sensors adopt spring sensing elements to

sense and convert measured quantities (such as pressure, acceleration and flow rate) to

the quantities (like strains), which could be detected directly by FBGs. For instance, in

order to compensate the temperature cross-sensitivity of FBG, two FBGs (like FBG-3

and FBG-4) can be combined for pressure measurement using a circular metal

diaphragm as a spring sensing element [32].
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Figure 1. FBG multi-parameter measurement.

FBG-1

FBG-2

FBG-3

FBG-4

FBG-5

FBG-n

Adz

Al

A4

Ads

Adn

kr

kes

kpz

Calibration
coefficients

ke Ab

kr- A2

keprAds+keAds

ka- Ahs

Fz s Adn

Measured
Parameters

AT

Ag

As shown in Figure 1, the relationships between the measured multi-parameters and

the wavelength shifts of FBGs can be expressed by the following matrix.
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where Ae AT Ap Aa ... Ag are the measured parameters of strain, temperature, pressure,
acceleration, ..., flow rate, and k. kr kp; kpz Ka ... ky are the related sensitivity

coefficients.

As an FBG is directly and simultaneously sensitive to strain and temperature, for pure
strain or temperature measurement, compensation is essential to avoid cross-sensitivity.
A temperature-measuring FBG could be employed as temperature compensation for a
strain-measuring FBG. For example, as shown in Equation (6), the pressure sensor
contains multiple FBGs to detect the same parameter (pressure). Due to their
multiplexing capabilities such as wavelength division multiplexing, time division
multiplexing and space division multiplexing, FBG sensors could readily be used for

quasi-distributed measurements in hydraulic piping.
2.2. Multi-Parameter Dynamical Measuring System

For measurements of multiple physical parameters in hydraulic piping systems, FBG
sensors with different functions are implemented to detect strain, temperature, pressure,
acceleration, flow rate, etc. The optical switch and FBG interrogator are data
acquisition devices. Signal analysis includes time domain analysis, frequency domain
analysis, modal domain analysis, and condition identification. The signal analysis
produces the values of physical parameters (strain, temperature, pressure, acceleration,
flow rate, etc.), and modal parameters (frequency, damping ratio, displacement modal
shape, strain modal shape, etc.), and real-time condition information on the hydraulic

piping system.

The main advantages of the proposed system include: ability to mix and match
different sensor types in the same sensor network, simplified data acquisition device

and cable management of sensors, minimised timing errors for the acquisitions of



different parameters, and easy of combining data from different types of FBG sensors

for the functions such as condition monitoring and damage identification.

Multi-parameter FBG sensors Data acquisition Signal analysis
B Strain @ _Acceleration 4 Pressure Optical FBG Time d .
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A T emperatire O Flow rate s LG analysis
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Figure 2. Multi-parameter dynamical measuring system using FBG sensors.

3. Experimental details

To validate the proposed multi-parameter dynamical measuring method and system,
experimental investigations on.a hydraulic piping test platform were carried out. The
platform had twelve FBG sensors (one temperature sensor, nine strain sensors, one
pressure sensor and one acceleration sensor) and four reference electrical or
piezoelectric sensors (an electric temperature sensor, electric pressure transducer and
two piezoelectric accelerometers). The proposed system was preliminarily

implemented to monitor the clamp looseness of the hydraulic pipe.

3.1. Experiment Setup

As illustrated in Figure 3(a), the main components of the setup are a motor, a
hydraulic oil tank, a pump, hydraulic valves (in), two vibrators, hydraulic valves (out),
and a test pipe. The control and data acquisition devices including the hydraulic system
controller, FBG interrogator, data acquisition devices, industrial computer, and PC, are
shown in Figure 3(b). A hydraulic system with valves was adopted to control pressure
and flow rate of fluid in the pipe. A vibrator with power amplifier was applied to excite
the test pipe with a known load. An FBG interrogator with a maximum sampling

frequency of 4 kHz was used to monitor the wavelength shifts of all FBG sensors for
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the measurement of strain, temperature, pressure, and acceleration. Data from the
electric sensors and piezoelectric sensors as reference sensors was obtained by the data

acquisition device and industrial computer.

f

FBG Data acquisition
interrogator - device

he "

= ]
zlﬁy:aulic system
s controller

(b)

Figure 3. Experiment setup (a) components in the hydraulic system, (b) control and

data acquisition devices.

3.2. Installation of Sensors

Figure 4 shows the installation of the sensors and transducers used in the
experiments. An FBG temperature sensor and an electric temperature sensor were fitted
inside in the hydraulic oil tank to monitor the temperature change of oil, as shown in
Figure 4(a). An FBG acceleration sensor (OS7100, Micron Optics Inc.) and a
piezoelectric accelerometer (353B18, PCB Piezotronics Inc.) were placed on the valves
of the tank to_measure vibration. Figure 4(b) shows the FBG pressure sensor and
electric_pressure transducer (PSM300, Wuhan Aviation Sensing Tech. Ltd.) on

hydraulic valves (out) to detect the dynamical changes of oil pressure in the test pipe.
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Figure 4. Installation of sensors (a) temperature sensors and acceleration sensors, (b)

pressuresensors, (¢) accelerometer and strain sensors.

As illustrated in Figure 4(c), the test pipe filled with hydraulic oil was fixed at two
ends, and the length of the pipe between the two fixed points was 1000 mm. A
piezoelectric accelerometer was installed on the test pipe to measure its vibration, and
nine FBG strain sensors (bare FBGs with acrylate coating, WUTOS Co. Ltd.) were
mounted on the pipe at intervals of 100 mm. Although more FBG strain sensors will
increase the precision of the modal parameter measurements, considering practical
installation issue, nine FBG strain sensors were implemented to measure dynamical

strain responses.

The proposed system was preliminarily employed to monitor the clamp loosening of
the hydraulic pipe under operating conditions. As shown in Figure 5, the pressure of the
hydraulic oil inside the test pipe is 3.0 MPa with a flow rate of 199 ml/s. Metal clamps
were employed to fix the test pipe at two ends. The clamp loosening may occur due to
vibration fatigue. The FBG strain sensor installed on the test pipe was adopted to detect

the dynamical strain response in real time.
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Test pipe

Figure 5. Clamp looseness monitoring using the proposed system.

4. Results and discussion

The experimental data acquired by FBG sensors and the reference electrical or
piezoelectric sensors were analysed in the time domain and modal domains, and

multiple physical parameters of the hydraulic piping system were obtained.

4.1. Time Domain

The temperature changes of the oil in the tank are shown in Figure 6(a), which were
measured by FBG temperature sensor and the electric temperature sensor at the same
time. Figure 6(b) illustrates the results of the changes of hydraulic oil pressure in the
test pipe, which were simultaneously recorded by an FBG pressure sensor and an
electric pressure transducer. The maximum differences of the measured temperature
and pressure are approximately 0.7 °Cand 0.15 MPa, respectively. It could be seen that
the results obtained by the FBG sensors are in good agreement with those acquired by
the reference electric sensors, and have a better signal-to-noise ratio. Figure 6(c) and
Figure 6(d) show the accelerations detected by the FBG acceleration sensor and the
piezoelectric accelerometer respectively, which were installed close to each other on
the oil tank as shown in Figure 4(a). The approximated amplitude fluctuation ranges of
FBG acceleration sensors and piezoelectric accelerometer are respectively -0.2 gto 0.2
g and -0.16 g to 0.19 g within 1.0 s, excluding some maximum values and minimum

values. The difference between the ranges is approximately 0.05 g.
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Amplitude (g)

36

Figure 6. Experimental results (a) temperature, (b) pressure, (c) acceleration

response by FBG sensor, (d) acceleration response by piezoelectric accelerometer.

The hydraulic oil'in the test pipe was static with a pressure of zero MPa. The
test pipe was excited by an impact force induced by a hammer with a force
sensor inside. Figure 7 illustrates the dynamical strain responses measured by
nine FBG strain sensors mounted on the surface of the test pipe (as shown in
Figure 4(c)). The sampling frequency of the FBG sensors was 2 kHz. As
temperature changes are small and slow, their effects on the wavelength shifts
of FBG strain sensors were ignored for the measurement of dynamical strain

responses over a short period (2.5 s) as shown in Figure 7.
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Figure 7. Dynamical strain responses measured by FBG strain sensors.

Figure 8(a) shows the impact force measured by the force sensor embedded in the
hammer and the curve in Figure 8(b) is the acceleration response detected by the

piezoelectric accelerometer installed on the test pipe (as shown in Figure 4(c)).
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Figure 8. (a) Impact force, (b) acceleration response measured by piezoelectric

accelerometer.
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4.2. Frequency Domain
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Figure 9. Frequency responses of acceleration.

The frequency response of the acceleration signals in Figure 5(c) and Figure 5(d)
obtained by Fast Fourier Transform (FFT) are shown in Figure 9. As the FBG
acceleration sensor (113.97 Hz and 244.43 Hz) and the piezoelectric accelerometer
(113.88 Hz and 244.26 Hz) were mounted near to each other on that tank, they captured
the same main vibration frequency components. The frequency spectrum of the
piezoelectric accelerometer is clearer than that of the FBG acceleration sensor as the

acceleration sensitivity of the piezoelectric accelerometer is higher.
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Figure 10. Frequency spectra of nine FBG strain sensors on the test pipe.
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Figure 11. Natural frequencies of the test pipe (a) FBG strain sensors, (b)

piezoelectric accelerometer on the test pipe.

Figure 10 depicts the frequency spectra of the dynamical strain responses detected by
the nine FBG strain sensors in Figure 7. As shown in Figure 11(a) and Figure 11(b), the
first four natural frequencies of the test pipe obtained by the piezoelectric accelerometer
were 74.6 Hz, 209.8 Hz, 410.4 Hz and 670.6 Hz, closely corresponding to those picked
up by the FBG sensors (74.4 Hz, 209.5 Hz, 410.9 Hz, and 670.9 Hz).

4.3. Modal Domain

Table 1..Damping ratio and natural frequency of the test pipe.

Mode | Damping ratio (%) Natural frequency (Hz)
number FBG sensors FBG sensors | Accelerometer | Difference (%)
1 0.665 74.6 74.4 0.27
2 0.305 209.8 209.5 0.14
3 0.145 410.4 410.9 0.12
4 0.195 670.6 670.9 0.03

The frequency domain results of the dynamical strain response obtained by the nine
FBG strain sensors and the excitation force measured by the force sensor in the hammer
could be used to calculate Strain Frequency Response Functions (SFRFs). Then the
modal parameters of the test pipe including natural frequency, damping ratio, and strain
mode shape, can be estimated from the SFRFs [48]. The results of the first four mode
damping ratios and natural frequencies of the test pipe are shown in Table 1. The

differences between the natural frequencies measured by the FBG strain sensors and the
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reference piezoelectric accelerometer are small (0.27 %, 0.14 %, 0.12 % and 0.03 %),

which indicates that the FBG sensors obtained accurate results.

Figure 12 illustrates the normalised strain mode shapes of the test pipe along its
length. According to the strain mode shapes, the strain distribution of the pipe could be
determined, which is useful for condition monitoring and damage identification in

hydraulic piping systems.
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Figure 12."The first four normalized strain mode shapes of the test pipe.

Using the frequency domain results of the dynamical strain response obtained by the
nine FBG strain sensors and the excitation force measured by the force sensor in the
hammer, Strain Frequency Response Functions (SFRFs) can be calculated. Then the
modal parameters of the test pipe including natural frequency, damping ratio, and strain
mode shape, can be estimated from the SFRFs [48]. The results of the first four mode
damping ratios and natural frequencies of the test pipe are shown in Table 1. The small
differences between the natural frequencies measured by the FBG sensors and the
reference accelerometer indicates that the results obtained by the FBG sensors are

accurate.

4.4. Clamp Looseness Monitoring

FBG strain sensor was employed to monitor the dynamical strain responses of the test

pipe under operating conditions. Impact forces were applied on the test pipe before and

-16 -



after clamp looseness occurred at one supporting end, as shown in Figure 5. Figure 13
illustrates the changes of the first three mode natural frequencies of the test pipe
detected by the FBG strain sensor. The change of the first mode natural frequency of
the test pipe is 0.2 Hz. The second and third mode natural frequencies of the test pipe
reduce by 9.1 Hz (4.8 %) and 20.3 Hz (5.4 %) after the clamp loosed, respectively. The
natural frequency decreases of the test pipe was caused by the constraint stiffness
change due to the clamp looseness. Therefore, the clamp looseness of hydraulic pipes
can be monitored by detecting the changes of natural frequencies using the proposed
FBG dynamic measurement system. Preliminary trials show that the proposed system is

feasible for condition monitoring of hydraulic pipes.
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Figure 13. Changes of the first three mode natural frequencies of the test pipe.

4.5. Future Work

Future work will focus on the development of FBG sensors for flow rate
measurement, and investigation of multi-sensor data fusion, damage identification, and
condition information extraction methods. A new kind of practical FBG sensor for flow
rate measurement with high precision and high reliability will be developed and
integrated in the proposed multi-parameter dynamical measuring system. Combining
data measured by multiple FBG sensors for the same physical process (multi-sensor

data fusion) can improve the accuracy and robustness of damage identification and

condition assessment of hydraulic piping.

5. Conclusions

-17 -



Dynamical measurement of multiple physical parameters is necessary to obtain
information to prevent fatigue failures in hydraulic piping system. Although FBG
sensors have already been used for monitoring individual parameters of a pipeline,
there is not a convenient platform for simultaneous measurement of multiple
parameters at many different locations and in a dynamic environment. Based on
previous research on FBG sensors and signal processing methods, a new dynamic
measurement system has been implemented to detect multiple dynamic parameters for
industrial hydraulic piping. This paper has presented the system framework and its
multi-parameter measurement principle. The proposed system can accommodate
numerous FBG sensors to create a sensor network for distributed measurement. It can
process the acquired sensor signals in different domains (time, frequency and modal) to
extract information on the condition of hydraulic piping.

Multi-parameter dynamical measuring experiments in a hydraulic piping
experimental platform were carried out to demonstrate the presented system. The
results of comparison experiments with electrical and piezoelectric sensors indicate that
the new system is a good solution to the problem of multi-parameter dynamical
measurement in hydraulic piping thanks to its integrated nature and its simplicity as all
the sensors used are of the same type. The proposed system was implemented to
monitor the clamp looseness of the hydraulic pipe under operating conditions.
Preliminary trials show that the proposed system is feasible for real-time condition

monitoring of industrial hydraulic pipes.

Acknowledgments

This research is supported by the National Natural Science Foundation of China
(Grant No. 51475343), and the International Science and Technology Cooperation
Program of China (2015DFA70340).

References

[1] B.O.Y. Lydell, Pipe failure probability—the Thomas paper revisited, Reliability Engineering &
System Safety, 68 (2000) 207-217.

[2] A. Maekawa, M. Noda, M. Shintani, M. Suzuki, Development of noncontact measurement
methods using multiple laser displacement sensors for bending and torsional vibration stresses in
piping systems, International Journal of Pressure Vessels and Piping, 137 (2016) 38-45.

[3] A. Maekawa, T. Tsuji, T. Takahashi, M. Kato, A Simple Measurement Method of Pressure
Pulsations Using Outer Surface Strain in Piping Systems, J. Press. Vessel Technol.-Trans. ASME, 138

-18 -



(2016) 1-10.

[4] X.P. Ouyang, F. Gao, H.Y. Yang, H.X. Wang, Modal Analysis of the Aircraft Hydraulic-System
Pipeline, J. Aircr., 49 (2012) 1168-1174.

[5] L. Wong, W.K. Chiu, J. Kodikara, Using distributed optical fibre sensor to enhance structural
health monitoring of a pipeline subjected to hydraulic transient excitation, Structural Health
Monitoring, (2017) 1-15.

[6] P--x. Gao, J.-y. Zhai, Y.-y. Yan, Q.-k. Han, F.-z. Qu, X.-h. Chen, A model reduction approach for
the vibration analysis of hydraulic pipeline system in aircraft, Aerospace Science and Technology, 49
(2016) 144-153.

[7] F. Xue, Z.X. Wang, L. Lin, W.X. Ti, M.X. Gong, P. Liu, G.G. Shu, Experimental and Numerical
Evaluation of the Vibration Fatigue of Small Bore Pipe in PWR, Advanced Materials Research,
97-101 (2010) 848-851.

[8] H.-b. Zhai, Z.-y. WU, Y.-s. Liu, Z.-f. Yue, Dynamic response of pipeline conveying fluid to random
excitation, Nuclear Engineering and Design, 241 (2011) 2744-2749.

[9] P.S. Patil, S.S. Desai, S.S. Katkar, R.A. Ghatage, Real Time ‘Condition Monitoring of Pipeline
Network, International Journal of Advance Research in Computer Science and Management Studies,
5(2017) 110-117.

[10] J.-S. You, H.-T. Kuo, W.-F. Wu, Case studies of ‘risk-informed inservice inspection of nuclear
piping systems, Nuclear Engineering and Design, 236 (2006) 35-46.

[11] A. Abdulshaheed, F. Mustapha, A. Ghavamian, A pressure-based method for monitoring leaks in
a pipe distribution system: A Review, Renewable and Sustainable Energy Reviews, 69 (2017)
902-911.

[12] A. Bahadori, Qil and gas pipelines and piping systems: design, construction, management, and
inspection, Gulf Professional Publishing, 2016.

[13] B. Liu, Z.H. Yu, C. Hill, Y.J. Cheng, D. Homa, G. Pickrell, A.B. Wang, Sapphire-fiber-based
distributed high-temperature sensing system, Opt. Lett., 41 (2016) 4405-4408.

[14] P. Rajeev, J.-Kodikara, W.K. Chiu, T. Kuen, Distributed optical fibre sensors and their
applications in pipeline monitoring, Key Engineering Materials, 558 (2013) 424-434.

[15] M.-T. Hussels, S. Chruscicki, A. Habib, K. Krebber, Distributed acoustic fibre optic sensors for
condition monitoring of pipelines, Sixth European Workshop on Optical Fibre Sensors, 2016.

[16] X. Qiao, Z. Shao, W. Bao, Q. Rong, Fiber Bragg Grating Sensors for the Qil Industry, Sensors,
17 (2017).

[L7]A. Morana, S. Girard, E. Marin, J. Perisse, J.S. Genot, J. Kuhnhenn, J. Grelin, L. Hutter, G. Melin,
L. Lablonde, T. Robin, B. Cadier, J.R. Mace, A. Boukenter, Y. Ouerdane, Radiation-Hardened Fiber
Bragg Grating Based Sensors for Harsh Environments, IEEE Transactions on Nuclear Science, 64
(2017) 68-73.

[18] O. Frazao, L.A. Ferreira, F.M. Araujo, J.L. Santos, Applications of fiber optic grating technology
to multi-parameter measurement, Fiber and Integrated Optics, 24 (2005) 227-244.

[19] S.J. Mihailov, Fiber Bragg grating sensors for harsh environments, Sensors, 12 (2012)
1898-1918.

[20] C.-Y. Hong, Y.-F. Zhang, M.-X. Zhang, L.M.G. Leung, L.-Q. Liu, Application of FBG sensors for
geotechnical health monitoring, a review of sensor design, implementation methods and packaging
techniques, Sensors and Actuators A: Physical, 244 (2016) 184-197.

[21] M. Fabian, D. Hind, C. Gerada, T. Sun, K.T. Grattan, Multi-parameter monitoring of electrical

-19 -



machines using integrated fibre Bragg gratings, 25th Optical Fiber Sensors Conference (OFS), 2017,
IEEE, 2017, pp. 1-4.

[22] F.L.M. Dos Santos, B. Peeters, On the use of strain sensor technologies for strain modal analysis:
Case studies in aeronautical applications, Rev. Sci. Instrum., 87 (2016) 1-11.

[23] M. Nicolas, R. Sullivan, W. Richards, Large Scale Applications Using FBG Sensors:
Determination of In-Flight Loads and Shape of a Composite Aircraft Wing, Aerospace, 3 (2016) 18.
[24] Q. Wang, J. Huang, Q. Liu, Z. Zhou, Dynamic strain measurement of hydraulic system pipeline
using fibre Bragg grating sensors, Advances in Mechanical Engineering, 8 (2016) 1-8.

[25] Y. Tu, L. Ye, S.P. Zhou, S.T. Tu, An Improved Metal-Packaged Strain Sensor Based on A
Regenerated Fiber Bragg Grating in Hydrogen-Loaded Boron-Germanium Co-Doped Photosensitive
Fiber for High-Temperature Applications, Sensors, 17 (2017).

[26] P. Fanelli, C. Biscarini, E. Jannelli, F. Ubertini, S. Ubertini, Structural health  monitoring of
cylindrical bodies under impulsive hydrodynamic loading by distributed FBG strain measurements,
Measurement Science and Technology, 28 (2017) 17.

[27] K.M. Sousa, I. Brutkowski Vieira da Costa, E.S. Maciel, J.E. Rocha, C. Martelli, J.C. Cardozo da
Silva, Broken Bar Fault Detection in Induction Motor by Using Optical Fiber Strain Sensors, IEEE
Sensors Journal, 17 (2017) 3669-3676.

[28] Y.H. Zhang, W.Y. Yang, Simultaneous precision' measurement of high temperature and large
strain based on twisted FBG considering nonlinearity and uncertainty, Sensors and Actuators
a-Physical, 239 (2016) 185-195.

[29] S. Cigszezyk, P. Kisata, Inverse problem of determining periodic surface profile oscillation
defects of steel materials with a fiber Bragg grating sensor, Applied optics, 55 (2016) 1412-1420.

[30] T. Jiang, L. Ren, Z. Jia, D. Li, H. Li, Application of FBG based sensor in pipeline safety
monitoring, Applied Sciences, 7 (2017) 540.

[31] L. Ren, T. Jiang, D.-s. Li, P. Zhang, H.-n. Li, G.-b. Song, A method of pipeline corrosion
detection based on hoop-strain monitoring technology, Structural Control and Health Monitoring, 24
(2017) e1931.

[32] J. Huang, Z. Zhou, X. Wen, D. Zhang, A diaphragm-type fiber Bragg grating pressure sensor
with temperature compensation, Measurement, 46 (2013) 1041-1046.

[33] J.-Y. Huang, J. Van Roosbroeck, J. Vlekken, A.B. Martinez, T. Geernaert, F. Berghmans, B. Van
Hoe, E. Lindner, C. Caucheteur, FBGs written in specialty fiber for high pressure/high temperature
measurement, Optics express, 25 (2017) 17936.

[34] C.A. Marques, G.D. Peng, D.J. Webb, Highly sensitive liquid level monitoring system utilizing
polymer fiber Bragg gratings, Optics express, 23 (2015) 6058-6072.

[35] G. Lyu, G. Che, J. Li, X. Jiang, K. Wang, Y. Han, L. Gao, Design of Novel FBG-Based Sensor of
Differential Pressure with Magnetic Transfer, Sensors, 17 (2017).

[36] J. Wang, L. Zhao, T. Liu, Z. Li, T. Sun, K.T.V. Grattan, Novel Negative Pressure Wave-Based
Pipeline Leak Detection System Using Fiber Bragg Grating-Based Pressure Sensors, Journal of
Lightwave Technology, 35 (2017) 3366-3373.

[37] J. Zhu, J. Wang, P. Gan, Z. Hu, Y. Hu, Design and Analysis of a Novel Dual FBG Accelerometer
Based on Lantern Shape Metallic Shells, IEEE Sensors Journal, 17 (2017) 5130-5135.

[38] F. Liu, Y. Dai, J.M. Karanja, M. Yang, A Low Frequency FBG Accelerometer with Symmetrical
Bended Spring Plates, Sensors, 17 (2017).

[39] Y. Zhang, W. Zhang, Y. Zhang, L. Chen, T. Yan, S. Wang, L. Yu, Y.P. Li, 2-D Medium-High

-20 -



Frequency Fiber Bragg Gratings Accelerometer, IEEE Sensors Journal, 17 (2017) 614-618.

[40] J. Wang, Y.J. Zeng, C.Y. Lin, Z.L. Hu, GD. Peng, Y.M. Hu, A Miniaturized FBG Accelerometer
Based on a Thin Polyurethane Shell, leee Sensors Journal, 16 (2016) 1210-1216.

[41] P. Lu, Q. Chen, Fiber Bragg grating sensor for simultaneous measurement of flow rate and
direction, Measurement Science and Technology, 19 (2008) 125302.

[42] V.H. Baroncini, C. Martelli, M.J. da Silva, R.E. Morales, Single- and two-phase flow
characterization using optical fiber bragg gratings, Sensors, 15 (2015) 6549-6559.

[43] D. Creighton, P.P. Kirwan, T.P. O'Brien, C. Costello, K.W. Moloney, Temperature Compensated
Toroidal Centripetal Flowmeter, IEEE Sensors Journal, 16 (2016) 6874-6878.

[44] S. Thekkethil, R. Thomas, H. Neumann, R. Ramalingam, Experimental investigation on mass
flow rate measurements using fibre Bragg grating sensors, I10P Conference Series: Materials
Science and Engineering, 10P Publishing, 2017, pp. 012136.

[45] Y. Zhao, Y.F. Gu, R.Q. Lv, Y. Yang, A Small Probe-Type Flowmeter Based on the Differential
Fiber Bragg Grating Measurement Method, IEEE Trans. Instrum. Meas., 66 (2017) 502-507.

[46] J. Cheng, W.J. Zhu, Z.W. Huang, P.B. Hu, Experimental and simulation study on thermal gas
flowmeter based on fiber Bragg grating coated with silver film, Sensors and Actuators a-Physical, 228
(2015) 23-27.

[47] J. Huang, Z. Zhou, D. Zhang, Q. Wei, A Fiber Bragg Grating Pressure Sensor and Its Application
to Pipeline Leakage Detection, Advances in Mechanical Engineering, 5 (2015) 590451.

[48] J. Huang, Z. Zhou, L. Zhang, J. Chen, C. Ji, D.T. Pham, Strain Modal Analysis of Small and
Light Pipes Using Distributed Fibre Bragg Grating Sensors, Sensors, 16 (2016) 1583.

[49] N. Liu, J. Huang, P. Lou, Z. Wang, Z. Zhou, Multi-Parameter Measurement of Hydraulic
Systems Based on Fiber Bragg Grating Sensing, 2017 International Conference on Innovative
Design and Manufacturing, Milan, Italy, 2017.

-21-



Table 1. Damping ratio and natural frequency of the test pipe.

Damping ratio (%)

Natural frequency (Hz)

Mode
number FBG sensors FBG sensors | Accelerometer | Difference (%)
1 0.665 74.6 74.4 0.27
2 0.305 209.8 209.5 0.14
3 0.145 410.4 410.9 0.12
4 0.195 670.6 670.9 0.03
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Highlights

A multi-parameter dynamical measuring system using FBG sensors was
proposed.

System framework and multi-parameter measuring principle were described:

Experiments on a hydraulic piping platform were conducted to wvalidate the
system.

Results obtained by FBG sensors agreed well with those by the reference
Sensors.
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