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Abstract: Temperature is a key variable to evaluate the energy consumption and thermodynamic
performance of traditional marine auxiliary machinery, chillers and piping systems. In particular,
for the cryogenic storage tanks and fuel gas supply systems of LNG ships, explosion-proof and low-
temperature-resistance properties bring new challenges to the onboard temperature measurement
and monitoring. In order to promote the development of high-performance and safer monitoring
systems for LNG ships, this paper adopted fiber Bragg grating (FBG) technology to ensure the
measurement safety and accuracy of temperature sensors, and performs a series of experiments in a
large temperature range on the chiller, pipeline, and cryogenic storage tank of an LNG ship and their
long-term reliabilities. Firstly, the principle and composition of the designed FBG temperature sensors
are introduced in detail, and the measurement accuracy and range of different metal-coated optical
fibers were tested in a large temperature range and compared against the traditional thermistors.
Then, the effects of different operating conditions of the LNG marine chiller system and cryogenic
storage tank on the temperature measurements were investigated. In addition, the drift degrees of the
optical fibers and industrial thermistors were analyzed to figure out their reliabilities for long-term
temperature measurements. The results showed that for the long-period (16 months) monitoring of
LNG ships in a large temperature range (105-315 K) under different shipping conditions, the optical
temperature measurement based on FBG technology has sufficient accuracy and dynamic sensitivity
with a higher safety than the traditional thermoelectric measurement. Besides, the ship vibration,
ambient humidity, and great temperature changes have little impact on its measurement reliability
and drifts. This research can provide references and technical supports to the performance testing
systems of LNG ships and other relevant vessels with stricter safety standards.

Keywords: LNG fueled ships; fiber Bragg grating; safe temperature measurement; large temperature

range; long-period monitoring; experimental investigation

1. Introduction

According to the statistics, 80% of the world’s freight is performed by ships. Conve-
nient transportation has not only promoted the rapid development of shipping logistics,
but also brought the continuous increase in energy consumption during transportation [1,2].
With the increasingly stringent emission standards for ships, the use of low-carbon and
carbon-neutral fuels is critical to the International Maritime Organization’s greenhouse
gas reduction targets [3]. It is predicted that by 2030, under different CO, reduction paths,
liquefied natural gas (LNG) will provide 40-80% of the fuel mix assistance [4]. It can
be seen that LNG power is undoubtedly the most effective alternative technology for
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petroleum ships in the field of ocean shipping or short-distance rivers [5,6]. LNG fueled
ships mainly includes two types: LNG single-fuel and dual-fuel engines. LNG carriers
generally use LNG as the only energy source, while most other commercial ships adopt
dual-fuel engines [7,8]. In order to achieve the aforementioned emission reduction level,
it is also essential to use more environmentally friendly technologies to retrofit all ships
in operation. At present, the major reasons for the large amount of ship energy consump-
tion are listed as follows [9,10]: (1) the areas of ship cabins and cargo warehouses have
increased dramatically; (2) the variety of marine equipment is growing rapidly, needing
more space (one fifth of the volume is used to arrange equipment); (3) the requirements of
crew and cargo for cabin thermal comfort are increased. The demand and consumption
of conditioning and refrigeration are gradually increasing. Energy saving in ship cabins
and auxiliary equipment is the most promising, direct, and effective way to save carbon
emissions during the life cycle of ships. For ships navigating in the tropics, the annual
average ambient temperature and relative humidity at sea are 308 K and 85%, respectively.
According to classification societies and ship construction standards, new ships need to
maintain the cabin temperature between 295 and 303 K to provide a favorable environ-
ment for ship navigation radar and other electronic equipment, crew thermal comfort,
and cargo storage [11]. However, the power consumption of marine auxiliary equipment,
especially the chillers and blowers, is very high, accounting for about 60% of the total
energy consumption of large cruise ships [12]. It brings about a series of energy-saving and
emission-reduction issues, which many scholars are currently conducting energy-saving
research on. These studies include auxiliary refrigeration cycles [13], dehumidification
systems [14], ship cabin energy balance [15], external material insulation [16], and design
optimization of relevant equipment, including the research on heat exchangers to balance
the convective heat transfer and fan ventilation.

In addition to energy-saving studies of these systems and equipment, the accuracy of
relevant measurement methods and the stability of long-term monitoring are also the key
factors that affect the working conditions of the systems and equipment as well as their
emission reduction and energy conservation. Especially in LNG ships, cryogenic fuel is
usually stored in cryogenic tanks of 111 K and 0.1 MPa, which will be gasified into natural
gas at ambient temperature through the gas supply system and then supplied to the engine
for combustion [17,18]. The temperature difference in the above process is as high as 180
K. How to select an appropriate low- and medium-temperature measurement system to
monitor the fuel storage and supply status of LNG ships in real time is a key issue to
ensure the navigation safety of LNG ships. Since LNG is flammable, it may explode due to
the spark of the sensor circuit, and the real-time temperature monitoring of LNG is risky,
which brings great challenges to the traditional electrical measurement system [19]. At
present, there is no universal system that can provide a long-term, reliable, and accurate
measurement for the performance of LNG system, marine chillers, and their corresponding
ventilation pipes. In general, the measurement system must be customized according to
the measurement accuracy and the required accuracy [20,21]. Different suppliers provide
different temperature measurement solutions with different degrees of accuracy, long-term
stability and reliability, and a qualified third party is required to evaluate the quality of
the delivered measurement system. The various components of the measurement system
will affect the measurement accuracy, e.g., the sensor selection, installation method testing,
electrical connection and wiring, transmitters, data loggers, etc.

The traditional LNG temperature monitoring method usually uses an infrared thermal
imaging camera [22,23] or multi-point embedded thermal resistance [24] to establish a
temperature monitoring system to obtain the temperature map of the external tank, commu-
nicate the thermal imager and the computer, and process the thermal image of the storage
tank. However, these methods are often affected by the sway, vibration, humid working
conditions, and other aging factors on ships. Based on the above characteristics, a fiber
Bragg grating measurement technology with the advantages of insulation, non-inductive
electrical property, water resistance, extreme temperature resistance, and corrosion resis-
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tance has emerged in recent years, and been widely studied and applied in many similar
fields. Chen et al. [25] realized hybrid temperature and stress monitoring based on the
changes of FBG wavelength and reflectivity. The probe consisted of a pre-annealed grating
and steel capillary to overcome the high forming temperature of 600 K and the forming pres-
sure of 2 MPa for the complex braided structure. Ranjana et al. [26] proved the applicability
of FBG temperature sensors for field temperature measurements when the flexible planar
supercapacitors were bent. It achieved a good accuracy and high sensitivity, which showed
possibilities for the flexible planar supercapacitor temperature management system. Bakaic
et al. [27] tested Bragg gratings carved on inorganic fibers in proton and neutron fields,
and indicated that the radiation would not affect the performances of temperature and
pressure sensors. This technique was subsequently applied to the measurements of nuclear
medicine liquid isotopes. Pang et al. [28] proposed a method to simultaneously measure
the temperature and surrounding refractive index with a coated long-period FBG based
on a modal barrier zone. The linearity of the measured temperatures was as high as 0.999,
and its sensitivity was four times higher than the previous research. Dutz et al. [29] set
up a fiber-optic sensor system in the chemical reactor, and conducted a two-year test at
a temperature of 150-500 °C. It was found that the optical fiber temperature data and
the three-point thermocouple array data values were in good agreements, and the high-
accuracy and low-drift properties proved the great potential of optical fiber sensors in
industrial applications. Yu et al. [30] proposed a laser ultrasound visualization system
with a heat-resistant FBG for high-temperature in situ damage diagnosis, which could
perform stable measurements at 1000 °C. Zhang et al. [31] studied the temperature, strain,
and humidity sensitivities of FBG using near-infrared low-loss multimode perfluorinated
polymer fibers, and measured the corresponding linear displacements of Bragg wavelength.
All these studies are the applications at high or normal temperatures. In fact, FBG also has
a great effect at the cryogenic temperatures. Thekkethil et al. [32] carried out mathematical
simulation modeling of cryogenic flowmeter based on the principle of FBG, and proposed
a mathematical model to predict its low temperature operating characteristics. Li et al. [33]
designed a dynamic temperature experiment using oxygen-free copper in the range of 30
to 273 K, and concluded that the relationship between the temperature and the gauge coef-
ficient of silicon-based FBG could be characterized with a third-order polynomial. Cristian
et al. [34] improved the FBG sensitivity under low temperature conditions by depositing
a metal coating with a high expansion coefficient, which largely alleviated the problem
that the sensitivity of fused silica FBG sensors decreased significantly with the decrease
of temperature. Li et al. [35] applied a conductive nickel layer on the FBG through two
electroless plating, electroplated the copper, zinc or tin to form a high thermal expansion
metal shell, and systematically studied the dynamic cooling of bare and metal-coated FBG
sensing characteristics in this process.

Summarizing the above-mentioned documents, the current industrial low- and normal-
temperature monitoring systems are mostly based on an array of thermocouples or thermal
resistors, and few of them are specifically used for the temperature monitoring of marine
equipment under severe working conditions. Although the new optical fiber sensor has
some basic applications in high temperature and low temperature, it is limited to the re-
search and experimental development based on mechanism and numerical model, lacking
of a long-term temperature measurement and drift stability test for the actual system. As
for the long-term monitoring of the shipborne low-temperature LNG storage tank and the
room-temperature chiller system, there is no public literature reports. Therefore, this paper
conducts the long-term reliability temperature monitoring experiments for the LNG storage
tank and chiller-piping system of LNG-powered ships based on FBG technology. Under
the premise of the safety and accuracy of FBG temperature sensors, the measurement
accuracy and range of different metal-coated optical fibers were tested, and the influence
of different working conditions on temperature measurement was studied. This research
can provide relevant experience and technical support for the safety testing of LNG ship
system performance.
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2. Principle and Trial-Production of FBG Temperature Sensor

To meet the low- and medium-temperature measurement requirements of LNG ships,
the FBG temperature sensor with a large temperature range is developed. Since the
temperature of LNG storage tank is generally above 113 K and the temperature of ship
chiller is about 308 K, the measured temperature range for LNG ships is 113 to 308 K.
The sensing process of FBG is to obtain the relative change of the measured signal by
modulating the Bragg central wavelength with external parameters. The mathematical
expression of this process is as follows:

Ap = 2nA 1)

where Ay, 11, and A are the wavelength of the fiber, the effective refractive index, and
the grating period, respectively. Since there is a one-to-one correspondence between the
grating pitch and the center wavelength of the reflection spectrum, the external factors
will lead to the changes of the grating period and effective refractive index. By measur-
ing the wavelength of the reflection spectrum, the interval between the gratings can be
obtained. Therefore, the change of reflection wavelength with the strain and temperature
is approximated by the following equation:

?\—2 = (1—pe)e+ (ap +an)AT ()
where AA and A are the change in the reflection wavelength and the initial wavelength,
respectively. The first term on the right reflects the influence of the strain changes on the
wavelength, where p, is the strain optical sensitivity coefficient, and ¢ is the influence of the
strain on the grating. The second term in the equation is the effect of temperature changes
on the wavelength, where a4 is the thermal expansion coefficient, and &, is temperature
optical sensitivity coefficient. When performing temperature measurement, the FBG must
be kept completely unaffected by the strain. Therefore, it is necessary to use a packaged
FBG temperature sensor, which can ensure the properties of the FBG inside the package
not influenced by any external bending, stretching, squeezing, or twisting strain.

In this case, the thermal expansion coefficient of the optical fiber is usually negligible
in practice. The change of the reflected wavelength caused by the temperature change
can be mainly determined by the temperature optical sensitivity coefficient of the optical
fiber. The detailed principle and structure are shown in Figure 1. The FBG temperature
sensor is an optical fiber bonded to the host material in advance, and the outer coating
is wrapped with coated metal and packaged. When the temperature changes, the outer
temperature-sensitive coating metal and the inner host material produce a tensile stress and
affect the grating period of the optical fiber. Thus, the corresponding relationship between
the external temperature and FBG is established. During the measurement, the pre-passed
broadband light source and the reflected wave passing through the FBG temperature
sensor are integrated in the coupler and enter the interrogator for the wavelength detection
and analysis.

Pl coating FBG

— Fiber Bragg Grating
]

I NI —

Adhesion

Broadband
S

ource Coupler

Grating period A

Fiber optic core Fiber optic cladding

FBG Interrdgator

Wavelength detection

Figure 1. Measuring principle of FBG temperature sensor.

Figure 2 shows the electroplating, package, and testing processes of a specific FBG
temperature sensor, including the thermal metal plating of fiber optic cladding, actual trial-
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produced sensor, FBG interrogator, and temperature linearity test. Firstly, different FBG
plating methods are used to uniformly electroplate the metals with different temperature
sensitivities on the inner surface of the packaging layer, and finally form the FBG sensor.
As shown in the figure, the probe of the encapsulated FBG sensor is almost the same with
the thermocouple or thermal resistance sensors in size. This kind of sensor only needs
light signals, and no current passes during the measurement process. Therefore, it does
not generate heat, reflecting a superior safety. The FBG interrogator is used to collect the
spectrum change caused by the temperature change of the front-end FBG temperature
sensor and decode it into an electrical signal. In a thermotank, the liquid nitrogen fluid is
used to create a measurement environment with a temperature between 113 and 308 K. The
trial-produced FBG temperature sensor is tested for the photoelectric response through the
fiber optic cable and interrogator. Finally, the data collected and analyzed by computer and
the high-precision temperature reference are used to calibrate the FBG temperature sensor.

Thermostat metal FBG temperature probe
=] , - .

/
/

-

Interrogator =

e
.

Sensor temperature calibration
i Fiber optic cable

.......

Figure 2. FBG plating, encapsulation, and temperature linearity test.

3. Experimental Measurements of Marine Auxiliaries
3.1. Temperature Measurement of LNG Tank

To simulate the temperature environment inside the shipborne LNG storage tank, a
low-temperature storage tank was designed with liquid nitrogen as the cooling medium to
facilitate the test of the FBG sensor, as shown in Figure 3. Three temperature measuring
devices were inserted into a 300-L cryogenic liquid nitrogen Dewar bottle at different
axial positions. Each device was bound with two copper core test terminals at the upper
and lower positions, which contained an FBG temperature sensor and a high-precision
thermocouple reference temperature probe. The experiments were carried out on the
feedback temperature of the FBG sensor in the cryogenic storage tank under different
location conditions, and the results were compared with the thermocouple temperature
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sensor at the same location. By controlling the heating power of the heating coil at the
bottom of the low-temperature Dewar, the ambient temperature in the low-temperature
Dewar can be changed. It is used to simulate the precise monitoring scene of the internal
temperature changes of different LNG storage tanks caused by external heat leakage in the
LNG ship fuel storage tank.

. FBG
interrogator

Heating r |:|
controller

— Data logger

Computer & DAP
dof
T I T
. i1
Relief valve N2 dewar | [
| anfill
FBG1 RTD1 Sensors holder
FBGsm.sm:
T |
. FBG2 RID2 F
§ ¢ 11
FBG3 RID3
' N
N |

Testing Dewar

Figure 3. Experiment setup of FBG temperature sensors in testing Dewar.

The testing process and principle can be divided into the following steps: (1) FBG
temperature measurement technology was used to arrange sensors in the upper, middle,
and lower positions of the low-temperature liquid nitrogen storage tank to collect three
groups of temperature in the storage tank, and the same position was measured by accurate
resistance temperature detector (RTD) as the temperature reference; (2) opening the bottom
or surrounding heating module to simulate the internal temperature change of the tank
caused by heat leakage in the external environment, that is, the bottom or surrounding
heating device released heat to the tank, promoted the evaporation of liquid nitrogen in
the tank, or controlled the heat generation to cause the liquid nitrogen fluid in the tank to
roll; (3) continuous optical and electrical signal acquisition and transmission were carried
out, in which the optical signal of FBG was imported into the interrogator and converted
into specific temperature data, and the electrical signal of RTD was imported into the
acquisition device and converted into temperature data; (4) the interpolation between the
two measured values in the corresponding state was imported into the software to judge
the accuracy of FBG temperature measurement method. It is worth noting that the precision
RTD is an industrial-grade high-precision sensor certified by the manufacturer, and its
accuracy is listed in the following sections. Compared with the traditional RTD electrical
signal temperature measurement and transmission process, the FBG sensor adopts optical
signal in the measurement and transmission section, which has no risk of flammability and
explosion. It is very suitable for the temperature monitoring of flammable and explosive
goods, various chemicals, LNG, LPG fuel, and other cargo ships.

3.2. Temperature Measurement of Chiller and Pipeline System

The principle of ship ventilation and air conditioning chiller system (Figure 4a) is
explained as follows. Firstly, the fresh air at a certain temperature outside the cabin enters
the fan coil system through the filter element and the blower, and transfers the cooling
and ventilation load from the room to the chiller and auxiliary boiler. Secondly, the chiller
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starts to work and pumps the chilled water of the specified temperature to the refrigeration
coil. Through the feedback of the temperature sensor, the heat is transferred from the
air processing unit to the cooler evaporator. The air at a certain required temperature is
transported by the fan from the duct to the cabin, and after circulating in the cabin, it
returns to the front end of the fan coil to mix with the fresh air and circulate again. Then,
the temperature feedback is also required in the refrigerant circuit of the chiller. The heat
is absorbed by the refrigerant and transferred to the condenser. The condensed water is
pumped to the cooling tower. Finally, the indoor heat is transferred from the cooling tower
to the outdoor environment.

Air circulation in the cabin Humidity logger& Hand.hgld
Controller Humidity
Refrigerating coil Steam coil L logger
Outside air -> — £
Hot and cold air after treatment —~ 2
Air —_—
Filter I Humidifier
Chilled water pump : Vapor plj"]p il
1 : o1 02 03
Chiller Auxiliary boiler IR Standalone Pipe
" HE
[
[ )
— B i Window Airtight Chamber
(@) (b)
! )
[ Chiller2 J %5 . Chiller 2
— oc;,h/ Chiller 3 .
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e igh)
Valv 5 5
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(c) (d)

Figure 4. Experimental setup of FBG temperature sensors in marine chiller and pipeline system: (a) principle of ship

ventilation and air conditioning chiller system; (b) influence of humidity and condensation temperature on FBG sensor

under maritime conditions; (c) specific form of the temperature test for the bypass pipeline of chiller unit; (d) influence of

the mixing end of the chiller cold-water supply on the FBG temperature reading accuracy.

Figure 4b is the test process diagram of the influence of humidity and condensation
temperature on FBG sensor under maritime conditions. Firstly, a controlled air tight cham-
ber is set up, which is composed of a humidity sensor, a controller, and a humidifier. The
relative humidity (RH) of the chamber can vary from 65% to 95% to simulate the humidity
condition of maritime ships. At least 3 sets of temperature sensor sleeves (composed of
3 calibrated RTD and 3 FBGs) are installed in the independent bypass of water chiller, with
the accuracy of £0.03 K or higher, flow, and humidity test at the same time. Secondly, the
first group of temperature sensor 01 is set as waterproof (by composite pouring or other
waterproof methods) and installed in the cabin pipe, while the second group 02 is installed
in the same position and not waterproof. Group 01 and group 02 are installed in pairs
with both ends closed as much as possible. A third group 03 with waterproof protection is
installed outside the air-tight chamber to provide accurate temperature readings without
interference from humidity. Finally, the humidity inside the laboratory is measured twice
a week by hand-held humidity recorder to provide the humidity distribution curve of
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the water chiller room and estimate the extreme working condition range of the water
chiller room.

Figure 4c shows the specific form of the temperature test for the bypass pipeline of
the chiller unit, in which the chiller unit performed the mixed recovery and reuse of the
chilled water through the bypass branch. The main test points were the inlet and outlet of
the mixed water end of the dispersion system, the fan coil, the pipe reducing side, and the
corresponding end. The FBG sensor insertion depth, pipe humidity, pipe vibration, and
cold-water mixing distance are tested, respectively.

Figure 4d is the test chart of the influence of the mixing end of the chiller cold-
water supply on the FBG temperature reading accuracy. In the experiment, at least four
sets of temperature measuring sleeves were installed in the mixing end header of the
auxiliary cooling system, each of which contained an FBG sensor and an RTD sensor with
a calibration accuracy of +0.03 K or higher to study the influence of cooling water mixing
of different chillers on the main pipe temperature reading. Four temperature sleeves
were placed at 4D, 6D, 8D, and 10D, respectively, from the cooling water mixing point. A
thermowell with calibrated RTD was installed outside 10D, where the heat distribution
was supposed to be stable. The rest of the thermocouple installation and measurement was
compared with the 01 end in the form of temperature to determine the best measurement
location of thermistor. Finally, the best location of the FBG sensor is given after summary
and analysis.

4. Results and Discussions
4.1. Influence of Sensor Packaging Materials

The good thermal expansion and contraction characteristics of metals can sense tem-
perature changes, but the strain that reacts in the metal to the slight temperature change
is very small. The Bragg grating is an effective method for small strain measurements,
so the temperature can be measured according to the strain of the metal body. Therefore,
the different metal coatings of the encapsulated optical fiber needed to be tested in order
to select excellent sensor specimens. The DC magnetron sputtering coating process was
used to coat different metals, and three commonly used coating metals were tested, as
shown in Figures 5 and 6. Different metal coatings reflected different strains with the
temperature changes, and different strains caused the grating pitch to change. A grating
with a specific pitch can reflect a spectrum of a specific wavelength, and the wavelength of
the reflection spectrum also changed with the pitch variations. Therefore, Figure 5 shows
the corresponding relationship between the temperature and Bragg grating wavelength
under different metal coatings. According to the results of different metal coatings in
the temperature range of 105 to 315 K, the corresponding grating barrier wavelengths of
copper, gold, and zinc coatings were 1540-1538, 1550-1548, 1555-1553 nm, respectively.
In the temperature range above 210 K, the copper, gold, and zinc coatings had a similar
wavelength trend, but in the temperature region below 210 K, the wavelength of the Bragg
grating of the zinc coating was more stable.

Figure 5d shows the feedback optical powers of different metals, which is also a
parameter to measure the applicability of the sensor. The feedback optical power brought
by different metal coatings was also different. Generally, for the Bragg grating sensor,
the greater the optical power, the more accurate the measurement can be sensed. The
stronger the optical power, the easier it is to receive the measured feedback information.
Figure 6 shows the corresponding relationship between the wavelength shift value and
the temperature under different material coatings. The wavelength deviation values
corresponding to the gold, copper, and zinc metal coatings increase with the decrease of the
temperature, and the maximum absolute value of the offset was 1.31 nm. In the test results,
the maximum deviation of the Bragg grating with gold coating was the largest, the copper
coating would produce more serious wavelength deviation in the low temperature region,
and the deviation value of zinc coating in the low temperature region was the smallest.
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Figure 5. The relationship between wavelength, temperature, and optical power under different packaging materials:
(a) zinc packaging material fiber testing; (b) copper packaging material fiber testing; (c) gold packaging material fiber
testing; (d) wavelength vs. optical power in different packaging materials.
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4.2. Measurement Accuracy, Stability and Response in Cryogenic Conditions

The low-temperature fuel tank is the core equipment of LNG ship, and its stability,
temperature monitoring in the storage tank, and safety protection are the key factors that the
ship needs to consider. In the face of flammable and explosive LNG low-temperature fuel,
the traditional thermocouple or thermal resistance temperature sensors cannot effectively
and stably perform measurements under low temperature conditions of about 110 K, and
the sensor may produce sparks when it is electrically driven, which is not conducive to
safety. Therefore, it is very necessary to develop an accurate and efficient FBG temperature
sensor for the signal transmission without electricity.

Figure 7 shows the measurement error comparison between the representative tem-
perature sensor RTD of the wire power feedback signal and the FBG temperature sensor
of the optical fiber transmission under the same measuring conditions. The measurement
errors of the two methods were not much different under the same condition, and the max-
imum deviation was between —0.04 and 0.08 K, which is basically within the acceptable
measurement deviation of marine chiller, air conditioning unit, cryogenics bunker, etc. The
stability test of the FBG temperature sensor was also carried out in this article. First, the two
sensors were tested under the same working condition, and the ambient temperature to be
measured was increased, i.e., the power of the electric heating wire continued to increase,
and the heating power was kept constant after 16 min until the end of the measurement.
The measurement counted 10 per minute, and the data were collected continuously for
30 min. The specific results of the measurement are shown in Figure 7b. The measurement
error of the temperature was shown to be divided into two parts: one was the heating
process, and the other was the holding process. In the heating process, the measurement
deviation of the traditional RTD sensor was relatively large, and the data jumped sharply
with the deviation about —0.07 to 0.09 K, while the deviation of the FBG sensor was only
between —0.01 and 0.03 K. In the temperature keeping stage, the measurement errors of
the two temperature sensors were relatively small.
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Figure 7. Measurement results of RTD and FBG: (a) comparison of measurement accuracy; (b) comparison of measurement

stability.

The response time is also a representative parameter, especially for the measurements
in the low-temperature zone of LNG fuel storage tank. It helps to achieve the real-time
temperature monitoring of the LNG cryogenic storage tank to avoid further violent rollover
of the cryogenic fuel. The measurement result is shown in Figure 8. The green line
represents the heating power, the yellow line represents the set target temperature, the
red line is the temperature measured by the RTD sensor, and the blue line shows the
temperature obtained by the FBG sensor. In about 13.5 min, the heating power was stable
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at 60 W, and the set target temperature is maintained at 172 K. Because the pressure of
LNG in the upper layer of the storage tank was relatively small, the nucleate boiling took
place at 13 to 15 min after the start of the test, and the temperature increased rapidly. Due
to the temperature control of the heater, the upper RTD and FBG sensors stabilized at the
target temperature of 172 K after 15 min. The test results show that FBG can effectively
measure the temperature stratification, and its dynamic performance is similar to RTD

sensor, implying that the performance of this sensor can meet the condition monitoring
of LNG.
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Figure 8. Temperature response time test of cryogenic tank: FBG vs. RTD.

4.3. Temperature Monitoring of Marine Chiller System

In the above process, the temperature was a key variable for evaluating cooling energy
consumption and efficiency. Temperature changes at different locations in the system were
usually the important conditions that determine the compressor operating, fan opening
and cooling water circulation. A temperature sensor with a tolerance of 1% was more
accurate than a temperature sensor with a tolerance of 5%. The uncertain factors of these
measurements may lead to higher energy consumption of ship auxiliary systems. In
addition, the stability of the measuring sensors for the auxiliary equipment of the ship
is also one of the reliable indicators of a mature system when the ship is running on a
long voyage.

The experimental study aimed to investigate the factors that may affect the temper-
ature measurement accuracy of the ship chiller system. The calibration reports of all
reference sensors were obtained and verified to ensure the accuracy of the experimental
benchmark. Figure 9a and Table 1 show the accuracy and long-term reliability of RTD
and FBG temperature sensors. The experiment used a Fluke ultra-precision thermal 10-k
thermistor in advance with an accuracy of +0.015 K for the comparative sampling and
monitoring of the operation data in the chiller room, and the average error of the monthly
sampling was stored in the data acquisition system. The insertion depth of the reference
sensor was 80 mm, and 16 months of data analysis were summarized for comparative
analysis. The volatility of RTD was larger than that of FBG, its reading was less stable
than FBG, and the accuracies of these two sensors were within an acceptable range. In
addition, for the temperature measurement of the pipeline, as the insertion depth of the
sensor increased, the standard deviation of the error also decreased. From experimental
observations, it can be concluded that at least 50% of the insertion depth can keep the
sensor readings within the quasi-acceptable range. Figure 9b shows the influence of the
cabin humidity on the measurement sensitivity of the FBG temperature sensor. As the
measurement object, two FBG sensors were placed in the humidity control room, and
the set point of the humidity controller was set to 80% RH. The wire connection of one
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sensor was coated with sealant for waterproofing, while the other was not waterproofed.
The ultra-sensitive thermal 10-k thermistor used for the experimental temperature refer-
ence was exposed to the normal room environment with waterproof. From the long-term
measurement results, it can be concluded that the measurement error of the readings of
the two sensors against the reference sensor was within 0.05 K, and after 16 months of
uninterrupted measurement, there was no obvious increase or reduction. According to
the long-period observation, the humidity had almost no effect on the measurement of the
FBG temperature sensor in the static fanless room, proving that the temperature sensor
without waterproof coating can be used under high humidity conditions.
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Figure 9. Measurement results: (a) long period monitoring for marine chiller system; (b) influence of humidity on
temperature reading accuracy of FBG.

Table 1. Influence of insertion depth on temperature sensor measurement.

Insertion Length (mm) Standard Deviation of the Insertiop Depth/Pipe
Error (K) Diameter
20 0.589006937 0.425
50 0.21651205 0.475
80 0.018468919 0.525
110 0.055356604 0.575
140 0.079622758 0.625

Figure 10a shows the influence of the neutron pipe elbow and the main straight pipe
of the chiller system on the accuracy and drift of the two temperature sensors (2 FBG
and 2 RTD). The 4 sensors were installed in two straight pipes and elbow pipes at the
same position, and the measured data of the sensors in 16 months were recorded and
transmitted to the data storage server for subsequent analysis. The results show that
during the entire experiment, the readings of all sensors were within an error range of
0.1 K, but the errors of RTD and FBG installed in the elbows fluctuated greatly. It is
because the sub-pipes were mixed to the main straight pipe through the elbow, causing
great turbulent flow and vibrations, which affected the measurement effect of the sensor.
Figure 10b shows the effect of water mixing in the sub-pipes of each compartment sub-
system on the return water of the common header of the chiller system. According to
the requirements of the experimental setup, the FBG installation, measurement and data
collection were completed at four positions (4D, 6D, 8D, and 10D), where D was the main
pipe diameter. Comparing the long-term measurement results, it can be found that for
the sensors installed at the positions of 4D, 6D, 8D, and 10D from the mixing point of the
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main pipeline, only the average measurement error at a distance of 8D was within 0.1 K.
Therefore, it is recommended to install the FBG temperature sensor at a distance of at least
8D from the mixing point to maintain its measurement accuracy.
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Figure 10. Experimental results: (a) influence of upstream vibration/turbulence; (b) influence of measuring position of
chiller pipeline.

5. Conclusions

In this paper, three main kinds of temperature sensing metal coating materials were
tested using the FBG temperature measurement technology, based on which an FBG
temperature sensor was developed. This sensor had a light and compact structure with
the advantages of high measuring precision and non-electric signal transmission, which
was suitable for the system monitoring in flammable and explosive scenes. In addition, the
FBG sensor designed in this paper was used to study the influence of different operating
conditions on the temperature measurements of LNG low-temperature fuel storage tank,
marine chiller, and corresponding pipelines. The major conclusions were summarized
as follows:

(1) The Bragg grating wavelengths of the three metal coatings were obtained in a large
temperature range. The corresponding values of copper, gold, and zinc coatings are
1540-1538, 1550-1548, and 1555-1553 nm, respectively. The gold-plated Bragg grating
had the largest wavelength deviation in the overall testing range, the deviation of
copper coating layer would greatly increase in the low temperature area, and the zinc
coating layer had the smallest deviation in the low temperature area;

(2) In the low-temperature measurements of LNG storage tank, the FBG sensor with the
explosion-proof, non-electric-spark, and pure optical fiber transmission performed
an excellent accuracy and stability. The measurement error was only —0.01 to 0.03 K,
and the dynamic response is faster than the traditional RTD sensors. It proves that the
proposed FBG sensor can effectively measure the temperature stratification to meet
the status monitoring of the LNG storage tank;

(3) For the temperature monitoring of marine chiller system, the drift degrees of the two
types of temperature sensors (RTD and FBG) were compared and analyzed in the
long-term reliability experiment. It indicated that the non-waterproof FBG installed
on the open thermowell can provide the best temperature accuracy and stability when
the temperature sensor is inserted at the distance of 8D from the water mixing point
of the pipe. Since the sub-pipes were mixed to the main straight pipe by elbows, the
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errors of both RTD and FBG installed on the elbow would greatly fluctuate due to the
vibrations after the turbulent flow.

The new findings and suggestions of this experimental study can provide references
and technical supports to the development of standardized measurement and verification
systems for the testing and monitoring of LNG ships and relevant vessels with stricter safety
standards. The subsequent measurement and calibration system will further contribute to
the navigation energy conservation and power cost reduction of marine vessels.
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