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Abstract
A single-mode-no-core-single-mode (SNS) fiber optical sensor for the detection of solidliquid and liquid-solid phase changes in C18H38 n-alkane (n-octadecane) is proposed and
demonstrated. The transmission-type sensor probe consists of a short section of no-core fiber
sandwiched between two sections of a single-mode fiber. Phase changes in n-octadecane are
accompanied by large step-like variations of its refractive index (RI). Such a large
discontinuous change of the n-octadecane’s RI during its phase transition leads to the
corresponding step-like change in the transmitted optical power that can reliably indicate the
phase change of the sample in the vicinity of the sensor. The proposed sensor probe is simple,
accurate and is capable of detecting the material’s phase based on a single measurement. The
results of this work suggest that the proposed sensor is potentially capable of detecting liquidsolid phase changes in other materials whose thermo-optic properties are similar to those of
n-octadecane.

Introduction
Phase change materials (PCMs) are widely used in thermal energy storage applications due to
their ability to absorb, store and release large amounts of energy during melting or
solidification. To achieve higher efficiency in energy storage applications, it is necessary to
be able to accurately detect the phase changes in PCMs. A typical indirect approach to the
detection of phase changes in a PCM involves monitoring of the material temperature with
standard electrical sensors, such as thermocouples. However this approach has some
limitations. For example, due to its high thermal conductivity, a thermocouple can transfer
the heat to or from the sample, which in turn may affect the phase state in its vicinity and thus
cause errors in the phase change detection [1].
Therefore in practice, direct detection of the phase changes in PCM is preferred. For optically
transparent materials, direct observation of the solid-liquid interface is possible [2]. However
this method is not suitable for opaque materials. Both X-ray tomography and radiography
allow for the visualization of solid-liquid interfaces regardless of optical transparency [3-5]
and thus both methods can detect changes in the material density associated with phase
changes, however these methods are laboratory-based and incapable of providing real time

information. During melting or solidification, most PCMs show changes in electrical
resistance, therefore resistance diagnostics has also been used for the detection of phase
changes [6]. However this method is only applicable to bulk material samples and does not
allow for phase detection at a specific points within the sample’s volume. Differential
scanning calorimetry (DSC) can be applied to characterize PCMs, and it also can be used to
detect the phase states [7]. However, it is also incapable of detection the phase state at a
specific point within the sample’s volume, making it unsuitable for energy storage
applications which involve large PCM volumes.
Fiber optic sensors offer the advantages of a simple structure, high sensitivity, low cost, and
immunity to electromagnetic interference making them popular candidates for measurements
of many physical parameters, including temperature [8-9] and strain [10-11]. Several studies
considered applications of fiber optic sensors in detection of phase changes. For example,
Arnon et al. [12] developed a fiber-optic evanescent wave spectroscopic method for detection
of solid-liquid phase changes in water based on the changes of the sample’s absorbance.
However the technique is relatively complex and requires the use of special silver halide
based fibers. Rahul et al. [13] demonstrated detection of phase states in a paraffin wax using
a single-mode-multimode reflective fiber probe. The operating principle of their proposed
senor relied on the detection of strain acting upon the fiber probe due to its micro-bending in
the solid phase. Mani et al. [14] reported a Fresnel reflection fiber sensor for monitoring the
crystallization of water and aqueous solution of NaCl based on changes of reflectivity of the
fiber probe associated with changes in the material RI during the phase transition. Similar
Fresnel reflection fiber probe was reported recently for C18H38 n-alkane (n-octadecane) [15].
Although this method is simple and accurate, it requires multiple measurements to realize
continuous optical power monitoring since it relates the phase change to a relative change in
the optical power reflected by the probe’s end immersed in the material sample. Moreover,
such Fresnel sensors are highly susceptible to disturbances within the material, including
fluctuations in reflections due to air bubbles or impurities, making it less reliable in real
world applications.
In this paper we propose and experimentally demonstrate a novel fiber optic sensor for the insitu detection of solid-liquid and liquid-solid phase transitions in n-octadecane. The sensor
probe is fabricated by splicing a section of no-core fiber between two standard SMFs. The
phase change is detected by monitoring the normalized optical power transmitted through the
sensor probe immersed into the sample. N-octadecane, whose physical properties make it
attractive for a number of applications, such as thermal control in a spacecraft [16], or in
comfort clothing, to maintain the appropriate temperature close to that of human skin [17]. In
this work n-octadecane was chosen for the proof of principle demonstration of the proposed
sensing method because the material’s crystallization occurs over a narrow range of
temperatures, with a high degree of repeatability. In addition, the closeness of the
solidification point to room temperature allows for a simpler experimental set up. Moreover,
the material is transparent in the liquid phase and opaque in the solid phase with a small
mushy zone, which makes it possible to observe the phase change in the vicinity of the probe
as the means of validation.
The sensor proposed in this work allows for a simple, low cost, accurate and reliable in-situ
detection of liquid-solid and solid-liquid phase changes in n-octadecane without the need for
temperature measurements. Compared to the previously reported Fresnel reflection sensor
[15], the sensor proposed here offers the capability of detection of a specific phase state based
on a single measurement. Moreover, the binary nature of the sensor’s output (namely, “low”
or “high” power states) allows to eliminate small fluctuations due to strain and thermal

convection, making the proposed sensor resistant to various disturbances in practical
applications.

Experimental setup and operating principle
The proposed sensor probe and its characterization setup are shown in Figure 1. The system
consists of a laser (NETTEST, central wavelength 1550 nm), a 3 dB coupler, fiber sensor
probe and a dual-channel optical power meter (4100, Dbm Optics). The 3 dB coupler splits
input power from the laser source between Channel 1 of the optical power meter serving as a
reference and the fiber sensor probe. The fiber probe output is connected to Channel 2 of the
optical power meter in a ratiometric scheme [15]. The sensor probe is fabricated from a short
section of no-core fiber (Thorlabs, FG125LA) sandwiched between two sections of a
standard single-mode fiber (Thorlabs, 1550BHP) by fusion splicing. The coating is stripped
from the no-core fiber section and the single-mode fiber near the no-core section is marked
with blue ink to allow for better visibility of the probe’s position when it is immersed in the
n-octadecane sample. Since the liquid phase sample is transparent while the solid phase
sample is not, visual observation of the blue mark indicates that the material is in its liquid
phase at the location of the mark. The temperature in the vicinity of the fiber sensor probe is
monitored with a K-type thermocouple placed in close proximity (~2 mm) to the fiber probe
and at the same distance from the heat source as the fiber probe. The thermocouple has an
error of 0.004 x T, where T is the actual temperature. A Peltier element is used as a
thermoelectric heater/cooler.

a

b
Fig. 1. (a) Schematic diagram of the experimental setup; (b) fiber probe schematic.

Assuming the input and output single-mode fibers are the same and the length of the no-core
fibre section is L, when the sensor is immersed in the solid sample whose RI is higher than
that of the no-core fiber, the field in the no-core fiber consists of leaky modes and the output
of the sensor can be described as [18]:
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where E(L) is the electrical field at the end of no-core fiber, E0 is the electrical field of the
fundamental mode of the single-mode fiber. The electrical field of the leaky mode in the nocore fiber can be described as [18]:
𝑀

𝐸(𝐿) = ∑𝑚 = 1𝑏𝑚𝐸𝑚𝑒𝑖𝛽𝑚𝐿𝑒 ‒ 𝑎𝑚𝐿

(2)

where Em and bm are electrical field and excitation coefficients of the mth leaky mode in the
no-core fiber respectively, βm and am are the propagation constant and attenuation constants
respectively and M is the total number of modes in the no-core fiber.
When the sensor is immersed in the liquid sample whose RI is lower than that of the no-core
fiber, the field of the no-core fiber consists of guided modes which can be described as [19]:
𝑀

'
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(3)

where 𝑏'𝑚 is the excitation coefficient of each mode, 𝐸'𝑚 are the eigenmodes of the no-core
fiber and 𝛽𝑚' are the propagation constants of each eigenmode of the no-core fiber.
From [20], the RI values for n-octadecane are known to be approximately 1.468 for the solid
and 1.432 for the liquid phase at a wavelength of 600 nm. We have used the data in [20] and
the Cauchy’s equation [21] to calculate the approximate values of the refractive index of the
n-octadecane in the wavelength range of interest for our experiment. The results of the
calculations showed that the RI of n-octadecane at a wavelength of 1550 nm decreases only
by about 0.08% for the solid and by 0.07% for the liquid phase compared to the values at 600
nm. The RI of n-octadecane decreases with temperature, but it should be noted that while in
the solid phase RI experiences only a small decrease with the increase in temperature, as soon
as n-octadecane becomes liquid, its RI decreases sharply from circa 1.468 to 1.432 [20]. The
RI of the no-core silica fiber is 1.444 at 1550 nm. When the sensor is immersed in the solid noctadecane, since the RI of the material sample is higher than that of the no-core fiber, light
propagating through the no-core section is no longer confined to the fiber due to the absence
of total reflection, which results in a low power output from the sensor. As soon as the noctadecane melts into liquid, the RI of the sample decreases to 1.4226, becoming lower than
the RI of the no-core fiber. The modes with the incident angles larger than the critical angle
will be totally reflected so that the output power increases sharply. Therefore the phase state
of n-octadecane in the vicinity of the fiber probe can be detected by a single measurement of
the transmitted power, and the phase change can thus be determined by detecting the step-like
change in the sensor’s output.
Figure 2 illustrates the simulated optical power distributions within the no-core fiber section
(left) and the transmitted output powers (right) for the sensor immersed in solid (a) and liquid
(b) n-octadecane. Z axis indicates the direction of light propagation. The monitor value
shown on the right-side graphs represents the intensity of light along the Z axis. The

simulations have been carried out using commercial software package BeamPROP (Rsoft,
Pasadena, CA, USA). In the simulations the free space wavelength was set as 1550 nm, the
RIs of the single-mode fiber core and cladding were set as 1.4504 and 1.4447 respectively,
and the RI of the no-core fiber was set as 1.444. The lengths of the two sections of the singlemode fiber spliced with the no-core fiber were set equal to 1 mm and the length of the nocore fiber was 5 mm, similar to those in the experiment. The diameters of the core and
cladding of the single-mode fiber were assumed 8.3 µm and 125 µm respectively and the
diameter of the no-core fiber was 125 µm. In the simulations the RI of the solid n-octadecane
was assumed equal to 1.468 and that of the liquid n-octadecane RI was set to 1.432. From the
simulations it can be seen, that when the material sample is solid (Fig. 2a), the light power
launched from the input single-mode fiber section into the no-core fiber (Z=100 µm) leaks
out of the no-core fiber into the solid sample whose RI is higher than that of the no-core fiber,
causing low power output. As soon as the sample melts into a liquid (Fig. 2b), the RI of the
material sample becomes smaller than that of the no core fiber, so that the input optical power
is strongly confined within the no-core fiber section leading to a higher power coupled into
the output single-mode fiber and thus leading to the higher output of the sensor.

a

b

Fig.2 Simulated output power distributions (left) and intensity of the light along the Z axis (right)
when the sensor is immersed in: (a) solid, (b) liquid sample.

Experimental results and discussion
As a preliminary step, the sensor was initially characterized in air (prior to immersing it in noctadecane. Fig. 3 illustrates the measured normalized output spectrum of the fiber probe.
From the figure it can be seen that the output power varies with the source wavelength, but
the maximum power variation is less than 4.5 dB over a wide wavelength range from 1520
nm to 1600 nm. In our experiments the laser wavelength was set at 1550 nm.
In order to experimentally demonstrate the operation of the proposed sensor, a series of
heating and cooling experiments were carried out for a 25 ml sample of n-octadecane with
99 % purity (Sigma Aldrich), using the experimental setup shown in Figure 1. The fiber
probe and the thermocouple were immersed in the n-ocatdecane sample and the thermocouple
was fixed in the vicinity of the fiber probe (~2 mm). The thermocouple was connected to a
logger to record the temperature of material close to the fiber probe. To ensure the stability of
the surrounding temperature, the experimental setup was placed inside a transparent heat
insulating enclosure. A digital camera was also placed inside the insulating enclosure and
connected to a laptop PC for recording images. The camera shutter was also controlled by the
PC. The photo images were taken at the same time as the output power of the sensor and
temperature data were recorded with steps of 0.5 °C.
At the start of the heating experiment the temperature of the Peltier was set to 20C, well
below the temperature range of interest near the phase change point (circa 27.5C). Then both
the sample and the Peltier were kept inside the transparent insulating enclosure for a
sufficient period of time to ensure the starting temperature of 20 C. This ensured that the
temperature of the surrounding environment did not inadvertently cause sporadic phase
changes in the sample and thus the only heat source that could cause a phase change was the
Peltier heater. This resulted in a well-defined interface between the solid and liquid noctadecane that was easily observable by the camera. The Peltier heater was then set to the
temperature of 50 °C and began pumping heat into the material sample from the bottom of
the cuvette upwards, causing a slow progressive melting of n-octadecane, so that a visible
interface between the solid and liquid phases could be seen moving up through the sample
and recorded by the camera.

Fig.3 Measured transmission spectrum of the sensor

Prior to the cooling experiment, in order to ensure a well-defined sharp interface between the
solid and liquid n-octadecane, the temperature of the heater was first set to 30 °C for a period
of time sufficient for the sample’s overall temperature to reach 30 °C. Then the Peltier
heater’s current direction was reversed so that the cold side of the heater, set at the
temperature of 15 °C, was in contact with the sample, causing its slow solidification up from
the bottom of the cuvette and producing a sharp and clearly visible interface between the
liquid and solid phases that was recorded by the camera.
Based on the data returned by the fiber optic sensor and the thermocouple, Fig. 4 illustrates
the dependence of the normalized output power of the sensor probe versus the temperature of
n-octadecane. Every data point in Fig. 4 is an average of five different heating/cooling
experiments.

Fig.4 The response curve of the experiments

As can be seen from Fig. 4, in the range of temperatures from 24 °C to 27 °C during heating
the normalized transmitted power remains relatively low averaging near -28 dB. As soon as
the temperature of the material reaches ~27.5 ºC the sample melts into a liquid and the output
power increases sharply to about -25 dB, which is in agreement with the simulation results. In
the liquid phase light rays with an incident angle larger than the critical angle experience total
internal reflection, which causes a sudden increase in the transmitted power. The critical
angle can be described as [21]
𝑛2

𝜃𝑐 = 𝑎𝑟𝑐𝑠𝑖𝑛𝑛

1

(5)

where n2 and n1 are the RIs of the material and fiber respectively.
It can also be seen that the output power level continues to increase in the liquid phase with
temperature as a result of the decrease of the liquid sample’s RI. As the liquid sample is
heated from 27.5°C to 29.5°C, the probe’s output power increases slightly by about 0.7 dB,
which is consistent with a temperature-induced decrease of the material’s RI in the liquid
phase.
The average error of the data in the solid phase is 0.16 dB, while that in the liquid phase is
0.04 dB. One possible reason for such a difference in errors is likely the sensitivity of the
fiber probe to strain and bending. The strain and stress forces acting upon the fiber sensor in
the solid phase are greater in comparison with those in the liquid phase as a result of the
higher material density of solid n-octadecane [22. 23]. Moreover, restricted mobility of the
fiber probe in the solid phase may result in random micro-bending of the fiber leading to the
variations in the power output.
It can also be observed that the average power levels in solid and liquid phases are also
slightly different for the cooling and heating cycles. This also could be attributed to the
influence of stain and bending forces on the probe. Since in each of the experiments the
directions of movement of the solid phase front were different, this led to the difference in
bending forces and resulting curvature of the probe.
The recorded images show that the sensor output step change aligns very well with the visual
observations. Figure 5 shows a series of images of the n-octadecane sample taken at different
temperatures during the heating experiment. From the photos it can be seen that at 27 °C the
sensor is not visible, which means the sample surrounding the sensor is solid, while at
27.5 °C the fiber sensor is visible, which proves that above 27.5 C the sample surrounding
the sensor is in liquid phase.

Fig.5 Photographs of the sample at different temperatures during heating experiment

On cooling, as the temperature decreases to 26.5 °C the n-octadecane sample solidifies. The
output power decreases immediately from -25.5 dB to -28.2 dB as there is no total reflection
for the light rays in the no-core fiber section. Figure 6 illustrates images of the n-octadecane
sample taken at different temperatures during cooling. From the photos it can be seen that at
27.5 °C and 27 °C the sensor is visible, which means the sample surrounding the sensor is
liquid, while at 26.5 C the fiber sensor is no longer visible, which proves that from 26.5 C
the sample phase surrounding the sensor is solid.

Fig.6 Photographs of the phase change front at different temperatures during cooling.

Based on the experimental data above, melting and crystallisation temperatures for noctadecane are 27.5C and 26.5 C, which is in a good agreement with those reported in [22].
From the above experiments it can be seen that due to the sudden change of the RI of the
sample associated with solid-liquid or liquid-solid phase transitions, the output power level
from the sensor probe can be used as a measure or an indicator of the material’s phase: the
output power is low when the sensor is immersed into a solid n-octadecane and if the sensor
is immersed into a liquid n-octadecane, the output power is high. Therefore the specific phase
can be detected by a single measurement, which is an improvement compared to the sensor
we proposed previously, since that sensor needs at least two distinct measurements to detect
the phase of the sample [15].
Signal processing can be used to improve the reliability of detection of the phase change. The
first step in signal processing is to digitize the outputs from the fiber sensor and the reference
fiber following optoelectronic conversion. Subsequently software based averaging and noise
reduction using low pass filtering or more sophisticated signal processing can be carried out
to improve the signal-to-noise ratio. Finally the sensor output power level is compared to a
reference power level chosen as an intermediate power equidistant from the lowest and
highest possible outputs from the sensor, recorded during the heating/cooling cycles. The
result from the comparison will indicate whether the material is in solid or liquid phases at
the location of the probe.
To study of the sensor’s ability to operate in non-laboratory conditions where temperature
and thermal convection changes are less controlled and less predictable, another cooling
experiment was carried out, during which the temperature inside the enclosure was set to
15 °C and liquid n-octadecane was left to cool naturally. The initial temperature of the noctadecane was 30 °C. Unlike cooling from the bottom of the container in the former
experiment, in this case cooling of the sample occurs from its outer walls towards the center
of the sample, so that the increasing pressure (due to the increasing sample density) is applied
to the fiber from all directions. In such conditions there is no visible solid-liquid interface and
the phase change is likely to be affected by various random factors. This in turn may result in

larger fluctuations of the sensor output. The purpose of this experiment was to evaluate the
performance of the sensor in such conditions, and its results are illustrated in Fig. 7, where
each point is an average of five measurements. As it can be seen from the figure, in the
temperature range from 24 °C to 26.5 °C, the power changes from -28.8 dB to -28.5 dB,
which means that the sensor’s output is low and the n-octadecane is in its solid state in the
vicinity of the sensor. In the temperature range from 27 °C to 29 °C the output power changes
from -25.2 dB to -24.6 dB. The output power is high indicating that the sensor is immersed in
liquid n-octadecane.

Fig.7 The result of the cooling naturally experiment.

The average error of the whole experiment result is 0.16 dB, which is larger than in the
previous experiment (Fig.4). This is likely due to that in the latter experiment, the changes in
the values and direction of bending and strain forces acting upon the fiber immersed in the
sample were random during the whole process. However, even though the bending and the
strain change randomly, it can be seen from Fig.7 that the information provided by the sensor
allows for the unambiguous detection of the occurrence of solidification at 26.5 °C, which is
exactly the same result as in the former experiment. It is can be concluded thus that the sensor
is capable of providing reliable phase information even when it operates in a more realistic
non-laboratory environments where solidification or melting is not unidirectional. In this is
also demonstrates a better ability to deal with real-world conditions than the sensor we
proposed previously [15].

Conclusion
A novel optical fiber sensor based on an SNS fiber structure for detection of the phase state
of n-octadecane has been proposed and demonstrated experimentally. From the experimental
results it can be seen that the sample becomes liquid at approximately 27.5 °C and
solidification occurs at 26.5 °C, which is very close to the values reported in literature [22].
Since the output power level of the sensor changes abruptly from low to high with the
transition of n-octadecane from solid to liquid phase (and vice versa), detection of the
specific phase of the n-octadecane can be realized with a single power measurement and

without the knowledge of the sample’s temperature. The sensor’s performance is resistant to
external perturbations, such as occurrence of air bubbles, impurities and mechanical
disturbances. It can be easily integrated with a control unit for practical energy storage
systems. The results of this work suggest that the proposed sensor is potentially capable of
detecting liquid-solid and solid-liquid phase changes in other materials whose thermo-optic
properties are similar to those of n-octadecane, namely in the materials whose phase
transitions are accompanied by a step change of refractive index between the values lower
and higher than that of the silica fiber at the operating wavelength of the optical source.
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1.

An all optical fiber sensor based on a singlemode-no-core-singlemode (SNS) fiber
structure for detecting the solid-liquid phase change in a phase change material (noctadecane) is proposed and experimentally demonstrated.

2.

The sensor relies on the step change of the output power caused by the change of the noctadecane’s refractive index during the phase change, allowing for direct detection of
the phase through one simple measurement.

3.

The sensor has strong resistance to disturbances since the output signal is always low for
the solid and high for the liquid state.

4.

The sensor is capable of detecting the supercooling of the material sample.

