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ARTICLE INFO ABSTRACT

Fiber optic sensors offer a new and unique way to detect and analyze phase transitions, due to their small
thermal mass and inert material. This paper presents and demonstrates a dual-sensor system to detect and
analyze phase transitions in pure water and aqueous ethanol mixtures. With a multi-mode interferometer based
on a thin-core fiber, and a fiber Bragg grating sensor, it is possible to differentiate between refractive index,
temperature and strain in the sample system. The three parameters supply important information during a phase
transition, but also in the characterization of the liquid and solid phases. Binary mixtures at non-eutectic con-
centrations are expected to separate into a solid phase consisting of only one constituent, and the sensors are
demonstrated to be able to estimate the concentration in the remaining liquid phase. For pure water and low
ethanol concentrations, the progression of the phase transition was found to be limited by heat transfer, whereas
for higher concentrations the process becomes mass transfer limited. In pure water, strain due to thermal ex-
pansion of the ice hinderes temperature measurements in the solid phase. The reflection-based geometry enables
insertion probes that measure the properties inside the samples, with little or no disturbance of the system. By
interpreting the sensor response in a known system, the sensing capabilities in unknown substances can be
evaluated. The sensor system is able to capture the dynamics of the phase transition, which can be difficult to
predict theoretically due to the multitude of contributing effects. Analysis of the combined signal from the two
sensors enables the determination of the ethanol mixture melting points in agreement with the literature, within
the uncertainty of the system (0.25 K).
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1. Introduction

A fundamental understanding of phase transitions is important both
in industrial processes and for research purposes. To detect the onset of
a phase transition, and to monitor its subsequent progression, is para-
mount in fields such as in energy storage systems based on latent heat
[1], food technology [2], the pharmaceutical industry [3], and lique-
faction of hydrogen [4,5]. Understanding and control of the liquid-to-
solid transition is also important in biology and in fixation of biological
tissue for optical microscopy [6,7].

Because the nucleation and growth that initiates a phase transition
is stochastic in nature, accurate detection is important [8]. Detecting
the phase transition directly can aid in confirming, creating, or alleviate
the need for a prediction. Because ethanol is miscible in both polar and
non-polar substances, it is a versatile solvent in a wide range of
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industries (e.g., chemical, pharmaceutical, food and fuel)[9]. Studies
have shown that refractometric analysis of aqueous ethanol mixtures is
challenging due to anomalies in the physical-chemical properties, such
as hydrophobic solute association and the formation of ethanol clusters
[10,11]. Freezing of such binary mixtures, has been widely studied
[12-15] and it is accepted that the solid phase that forms is pure ice
i.e. it consists of only water molecules. This entails that the con-
centration in the remaining liquid phase, and its associated properties,
change during the phase transition.

Classical techniques to detect liquid-to-solid transitions include
differential scanning calorimetry [12,15] and differential thermal
analysis [6,16], which measure the difference in heat exchange and
temperature, respectively, as the temperature is scanned over the in-
terval where a phase transition is expected to occur. Although these
techniques give important information on phase transitions, the

! This document is the result of the research project funded by InterReg Sweden-Norway program [IR2015.01] and the ENERSENSE research initiative.

https://doi.org/10.1016/j.expthermflusci.2020.110198

Received 31 October 2019; Received in revised form 3 June 2020; Accepted 4 June 2020

Available online 10 June 2020

0894-1777/ © 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/BY/4.0/).


http://www.sciencedirect.com/science/journal/08941777
https://www.elsevier.com/locate/etfs
https://doi.org/10.1016/j.expthermflusci.2020.110198
https://doi.org/10.1016/j.expthermflusci.2020.110198
mailto:markus.s.wahl@ntnu.no
https://doi.org/10.1016/j.expthermflusci.2020.110198
http://crossmark.crossref.org/dialog/?doi=10.1016/j.expthermflusci.2020.110198&domain=pdf

M.S. Wahl, et al.

experimental setup is complicated and not well suited for industrial
application, and it does not allow for measurements in specific points in
the sample or a reactor. It is also possible to detect liquid-solid tran-
sitions by measuring the changes in conductivity. A current is sent
through the sample and an increase in impedance indicates solidifica-
tion [2]. Because phase transitions are either exothermic or en-
dothermic, they can also be detected by measuring the temperature
changes locally, using electronic temperature sensors (e.g., thermo-
couples). However, these sensors may disturb the measurements by
acting as heat sinks/sources, and thus affect the temporal response due
to their thermal mass [17]. For transparent materials, phase transitions
can also be observed visually, if they cause a change in the transpar-
ency. However, this requires transparent containers or windows [18],
which may not always be feasible in the design of the measurement rig
or reactor.

General advantages of fiber optic sensors in experimental thermo-
physics and thermochemistry include the inert glass material of optical
fibers, their robustness and small size. This enables sensors with a small
thermal mass, which minimize the influence on thermodynamic pro-
cesses. This is ideal for accurate measurements in small sample sizes, or
where heat flow is a limiting factor. Optical fibers made of fused silica
also remain flexible at cryogenic temperatures [19], which makes them
robust and especially well suited in low temperature sensing. Immunity
to electromagnetic interference, high sensitivity, low cost and the
possibility for remote sensing are other advantages that motivate the
use of fiber optic sensors.

Researchers have in recent years developed fiber optic sensors to
detect and study phase transitions [20-24]. Han et al. detected the
phase transition in n-octadecane by utilizing the different refractive
index (RI) in the solid and liquid states. For N-octadecane, these values
happen to be above and below the RI of the fiber, which enables the
distinction of phases based on a guiding- or no-guiding-condition. This
was demonstrated both in a multi-mode fiber interferometer [20] and a
Fresnel reflection probe [24]. Also based on changes in reflectivity,
Mani et al. [23] detected freezing of aqueous NaCl-solutions. These
Fresnel-reflection sensors offer a mechanically robust point measure-
ment of the aggregate state, as only the cleaved end-face of a single-
mode fiber (SMF) is required to be in contact with the sample. How-
ever, the small interface with the sample makes the technique sensitive
to irregularities such as bubbles or impurities that may be present in the
sample. A method with a larger sample interface to average over was
presented by Millo et al. [21], who performed evanescent field at-
tenuation spectroscopy in the infrared (IR) range to detect the freezing
event in water and heavy water. However, the transmission config-
uration and the need for specialty fibers that are transmissive in the IR
complicates the experimental implementation. Kumar et al. [22] used a
fiber-optic multi-mode interferometer to measure micro-strain induced
by the solidification of paraffin wax.

This paper presents a novel dual-sensor setup to detect and study
phase transitions, based on well-known fiber-optic sensor technologies.
It consists of a fiber-optic multi-mode interferometer [25], interrogated
in reflection, together with a fiber Bragg grating (FBG) sensor [26]. The
sensors and the interrogation setup are depicted in Fig. 1. The RI sen-
sitivity of the multi-mode interferometer enables detection of all phase
transitions that cause a change in RI. However, the interferometer is
also sensitive to temperature and strain [27,28]. To distinguish between
these parameters, an FBG sensor is used, which is also sensitive to
temperature and strain, but not to RI. Under the assumption that a li-
quid material imparts an insignificant strain on the sensors, any de-
viations from the FBG sensor temperature sensitivity in the solid phase
can be attributed to strain. The dual-sensor setup can therefore be used
to distinguish between these parameters, which implicitly also lead to
measurement of parameters such as sample concentration, freezing
point, melting point and latent heat.

The reflection-based geometry of the fiber-optic sensors creates in-
sertion probes that are clamped only in one end. This simplifies the
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implementation, and alleviates thermally induced bending stress that
may occur in transmission-based sensors. This sensor can therefore give
information on both the liquid and solid phase, in addition to the
transition itself.

The next section will present the dual-sensor configuration and the
measuring procedure. The results for measurements in pure water and
the binary mixtures of ethanol and water will then be presented and
discussed to highlight the amount of information obtained from the
sensor setup. By interpreting the results in a known system, it is showed
how the sensor response can be utilized to examine substances with
unknown properties. Throughout the paper, a distinction between the
freezing point and the melting point of the sample will be upheld.

2. Experimental methods

The experimental setup is illustrated in Fig. 1, showing the sensor
configuration (left) and the measurement rig (right). The optical in-
terrogation setup consists of a broadband source (FYLA, SCT500), a
grating-based spectrometer with 0.3 nm resolution (Ibsen I-MON 512),
and a 2 X 2 coupler (Thorlabs, TW1550R5A2). The sensors are con-
nected to the remaining two arms of the coupler. The FBG sensor
(Optromix) is inscribed in an SM1500 fiber with a reflectivity of 79%
and full-width half-maximum (FWHM) of 0.2 nm. The multi-mode in-
terferometer is fabricated by splicing a 14.2 mm section of thin-core
(TC) fiber (SM400) to the end of a single-mode fiber (SMF). The core-
diameter mismatch causes cladding modes to be excited in the TC fiber,
which create the interference spectrum. To ensure good visibility in the
interference spectrum, the cleave angles were confirmed to be smaller
than 0.1 degrees [25]. To increase the reflected signal, a silver mirror
was deposited at the end-face of the fiber by the mirror reaction [29].
The fiber was placed in contact with the reactant solution and with-
drawn carefully without breaking the meniscus created by surface
tension. By monitoring the reflected signal during silver deposition, the
process could be ended when the reflectivity reached its maximum
(~66%). Inspection with an optical microscope showed an approximate
mirror thickness of 60 um. To achieve comparable signal intensities
from the two sensors, a variable fiber-optic attenuator was placed be-
tween the coupler and the FBG sensor. A band-pass filter was also used
to block wavelengths outside the range of the spectrometer
(1510-1610 nm).

The FBG sensor has a strong reflection peak at a wavelength, g
given by [26]:

Ap = 2ngr A, ®

where n,y is the effective RI of the grating and A is the grating period. A
change in the temperature, AT will affect both the effective RI and the
period of the grating due to the thermo-optic effect and thermal ex-
pansion. The change in wavelength can be expressed as [30]:

A = Ag(a + E)AT 2

where « is the thermal expansion coefficient, and £ is the thermo-optic
coefficient, which accounts for approximately 95% of the temperature
sensitivity [26]. The sensitivity to strain was found to be approximately
1 pm/ue in previous work [26].

The interference spectrum from the TC sensor exhibits intensity dips
at wavelengths where the modes interfere destructively. The wave-
length of the i'th dip, A4;,; can be expressed as:

4L [nejf (/L next) - ne’jf (/13 nex[)]
2i—1

Adip,i = 5 (3)
where L is the length of the interferometer, n.; and ne’ffis the effective
index of two modes at wavelength 1 and external (sample) RI (11.y).
Because of the evanescent field extending beyond the boundaries of the
fiber, the effective indices of the modes depend on the external RI. The
interference spectrum will therefore shift based on the RI surrounding
the sensor. As explained in [25], this sensitivity to the external RI can
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Fig. 1. Schematic of the experimental setup. The fiber-optic sensor system (left) consists of a broadband source, a spectrometer, a 50:50 fiber optic coupler and the
two sensors (fiber Bragg grating (FBG) and thin-core (TC) interferometer). Both sensors reflect light at wavelengths dependent on their temperature and strain,
whereas only the TC-sensor is sensitive to the RI of the surroundings. The fiber-optic attenuator is used to get comparable signal intensities from the two sensors. The
measurement rig (right) consists of a temperature bath filled with silicon oil, an electrical Pt100 temperature sensor and a test tube holding the sample liquid. The

two sensors are placed inside the sample.

be expressed as

dlap  Aap ( on an')
dnext (ng - ng/) anext anext (4)

’

where n, and ny is the group velocity of the same two modes. This
shows that it is the difference in sensitivity to the external RI of the two
modes that cause the RI sensitivity of the interferometer.

The temperature sensitivity appears because both n.; and n,y are
functions of temperature. Although the thermo-optic coefficient of
water is two orders of magnitude higher than that of the fiber material
[31,32], the fiber properties dominate because of the high confinement
factor. In this sensor, only 1072% of the electromagnetic field extends
beyond the fiber boundaries, but this can be increased by etching the
fiber with hydrofluoric acid [11].

A temperature bath (Hart Scientific, 7103 Micro-bath) with an ac-
curacy of 0.25 K, was used to perform the temperature scans (Fig. 1,
right). An additional temperature sensor (3-wire, Pt100) with a stain-
less steel sheath, was placed in the silicon oil bath fluid. The fiber-optic
sensors were secured 1 mm apart inside a test tube (Borosil, 27 ml),
with the sample placed 10 cm below the silicon oil surface. The tem-
perature bath has a stated temperature uniformity of +0.2 K, which
should ensure uniform conditions in the sample. The test tube was left
open at the top to keep the sample at atmospheric pressure. A LabVIEW
program was developed to control the temperature setpoints and scan
rate in the temperature bath, and for acquiring data from the Pt100-
sensor and the spectrometer. The output was logged every 20 s. Ad-
ditionally, a digital boroscope was placed in the temperature bath to
visually monitor the process, and capture images and videos.

The samples were prepared with deionized water ( < 1.5uS/cm)
mixed with 96% Ethanol (VWR) by weight. From the uncertainty dis-
closed by the manufacturer, the estimated error in the concentration of
the prepared mixtures was 0.4%. The mixtures were heated to 50°C for
5 h and subsequently stored for one week to let the mixtures equili-
brate, in accordance with the recommendations by Takaizumi et al.
[13]. 6 mL of sample fluid was placed in the test tube before the fibers
were inserted. The fiber-optic sensors were clamped in a way that en-
sured that they had the same position in the test tube each run. The
samples were then let to stabilize at 30°C for 15 min, which was ne-
cessary to achieve reproducible results, especially at higher ethanol
concentrations. The temperature scans were performed with a cooling

rate of 0.2°C/min down to —30°C, and heating rate of 0.1°C/min back
to 30°C. Prior to all measurements, the test tube and the optical fibers
were rinsed with acetone, 96% ethanol and DI water, to remove any
contaminants.

Freezing of water into ice occurs when an ice nucleus appears that is
larger than the critical size for further growth [8]. This is a statistical
process that is driven by the degree of metastability i.e. a larger su-
percooling will increase the probability of a critical-size nucleus to in-
itiate the phase transition. Because of the enthalpy of fusion, the
freezing process will release latent energy that heats the sample. This
limits the amount of solids that can be produced, as the sample cannot
exceed its melting temperature [33]. Treating the system as adiabatic in
the instant where the solid phase forms (freezing), the heat produced by
the solidification (AQ/*) must be equal to the heat spent to heat up the

sample. The energy balance then gives:

AQug + AQiee = AQSE, 5)

where AQy; and AQy, are the heat absorbed by the remaining liquid
phase and the solid ice phase, respectively. This can further be for-
mulated as:

Clmyg AT, + Cmice ATy = AHEE M, )

where Cll,iq and CL“ are the specific heat capacities of the liquid and ice,
respectively, m;., is the amount of ice produced, my;, is the remaining
liquid, AT; is the supercooling, and AHX is the enthalpy of fusion for
ice. A greater supercooling or heat capacity of the liquid will therefore
produce more solid when the sample freezes, and reduce the amount of
additional heat that must be removed to freeze the remaining liquid. As
the enthalpy of fusion decreases for higher ethanol concentration
[15,34], more ice may initially be produced, and the subsequent crystal
growth requires less heat to be transferred. We assume in the above
equation that the heat capacities are approximately constant in the
considered temperature interval.

3. Results and discussion

Snapshots of how the freezing of 10% ethanol progresses are shown
in Fig. 2. In this case, the nucleation occurs in the bottom of the test
tube and the crystal grows upwards. Where in the test tube and at what
temperature the nucleation takes place, varies from experiment to
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Fig. 2. Snapshots show the progression during freezing of 10% ethanol at 3 s time intervals. Multiple crystal facets are visible. The high crystallinity indicates high

purity in the solid phase.

experiment. Higher concentrations were observed to slow down the
crystallisation process, in agreement with [35,36].

An example of an output spectrum from the dual-sensor config-
uration is shown in Fig. 3. The three main interference dips and the FBG
peak are highlighted. To accurately determine the wavelength of the
dips, they were fitted to a fifth-degree polynomial over a 9 nm spectral
range. The FBG peak wavelength was similarly found by curve-fitting a
Gaussian function. In the following sections, the change in these wa-
velengths during the temperature scans will be presented and inter-
preted to analyze the phase transitions.

At constant temperature in the bath, the measured root-mean-
squared error (RMSE) of the determined wavelengths were 1.4 pm and
5.7 pm for the FBG and TC sensor, respectively. With an FBG tem-
perature sensitivity of 9.2 pm/°C, this gives a mean error of 0.15 °C. The
TC sensor was measured to have an RI sensitivity of 51.6 nm/RIU at
n = 1.3165 (pure water at 1550 nm). The FBG sensor is assumed to
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Fig. 3. A typical output spectrum, showing the sum of the reflected intensities
from the two sensors as a function of wavelength. Three interference minima
(dips) are identified, but only the first is used in interpreting the response. The
peak from the FBG sensor has been attenuated as to not saturate the spectro-
meter, while ensuring acceptable visibility of the interference spectrum. The
features of both sensors shift to longer wavelength (red-shift) with increasing
temperature. The TC sensor red-shifts for increasing external RI. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

have a strain sensitivity of 1pm/ue, based on previous results [26].

In the following, the results for the case of pure water will be pre-
sented and analyzed. First, the FBG response will be discussed, and the
conclusions drawn here will then be used to analyze the response from
the TC sensor. The treatment will then be expanded to include the
binary mixtures of ethanol and water, where the FBG will be used as a
temperature sensor inside the sample and the combined dual-sensor
response will be discussed.

3.1. Freezing of pure water

To study the sensor response in pure water, the sensors were placed
in a 6 mL sample and cooled down to —30°C, as described in the Sec. 2.
Fig. 4 shows the wavelength of the FBG-peak during the experiment,
both as a function of temperature (left) and time (right). Both plots
show the same data, with the wavelength axis spanning both plots. The

0 30
/é cooling heating (5-6min) 20 =
5-0'2 freezing I
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Fig. 4. The wavelength of the FBG-peak (Fig. 3) and how it shifts as a function
of temperature and aggregate state of the surrounding medium. Both plots show
the same data, as a function of temperature (left) and time (right). The mea-
sured temperature (Pt100) is plotted as a function of time (red). Upon cooling,
the peak shifts to shorter wavelengths (blue-shift) until the freezing event
causes a short-timed local heating (inset). The stronger blue-shift after freezing
is due to strain. When the sample is reheated, the strain relaxes, and at 0°C, the
ice starts to melt. The melting process keeps the local temperature constant
until the whole sample has become liquid. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)
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Table 1

Thermodynamic properties and calculated mass of ice created upon nucleation.
The super-cooling (T;) is the difference between the measured freezing tem-
peratures and the melting points from the CRC Handbook [40]. The heat of
fusion values were extracted from Kumano et al. [34] and the heat capacities
from Rivkin et al. [41]. The amount of water originally present was calculated
from the sample volume (6 mL) based on the densities of the mixtures.

Concentration: 0% 5% 10% 15% 20% 25% 30%
Ty (CC): 11.8°C  11.7°C 12°C  13.8°C  14°C 11°C -
AHpys (J/8): 33355 3289 3206 3088 2932 2741 2513
Clpi’q (J/gK): 4.18 4.22 4.27 4.32 4.37 4.42 4.49
Ci;e (J/gK): 2.108 2.108 2.108 2.108 2108 2.108 2.108

Produced ice (g): 0.83 0.83 0.87 1.03 1.10 0.94 -
% of water: 13.8% 14.7% 16.4% 20.7% 23.5% 21.6% -

measured temperature (Pt100) is also plotted as a function of time in
the right plot (red). On cooling, the FBG-sensor is assumed to have no
strain in the liquid, and the wavelength shifting to shorter wavelengths
is therefore only due to the change in temperature (Eq. (2)). The shift in
the liquid phase can therefore be used to create a baseline for the
sensitivity, from which deviations must be caused by strain or a dif-
ference in temperature compared to what is measured outside the test
tube in the bath fluid.

This difference can be observed when the water freezes at —11.8°C,
which causes a sudden rise in temperature due to the release of latent
heat. The peak shifts to a wavelength that corresponds to a temperature
of 0°C. With a heat of fusion for ice of 333.55 J/g and an undercooling
of 11.8°C, and assuming adiabatic conditions in the instant of freezing,
calculations based on Eq. (6) estimate that only 0.83 g (14%) of ice is
produced, see Table 1. Visual inspection showed that, contrary to the
behavior seen in ethanol mixtures (Fig. 2), the initial solid phase in the
pure water samples fills the whole sample volume with a slush or a
dendritic ice structure in less than a second [37]. The small transient
observed during the latter part of the freezing process is likely due to
the random buildup of ice surrounding the fiber.

Further freezing requires additional heat transfer from the sample to
the bath fluid. The heat transfer only facilitates the freezing of more
water, and will not be able to cool the sample further until all liquid is
frozen. According to the sensor output, this process takes around six
minutes, after which the wavelength again continues to blue-shift. In
the figure, this process is highlighted with green arrows and shown in
higher detail in the inset, which shows the initial heating (red-shift) and
the subsequent cooling and strain-induced blue-shift. The FBG sensor is
hence able to detect the initial dendritic phase and the subsequent
crystal growth [6].

3.1.1. The influence of heat flux on the detected strain

The initial blue-shift 60 pm below the baseline is attributed to the
increased volume of ice over water, which causes strain on the sensor.
Further cooling causes the FBG-peak to deviate further from the liquid
baseline, which is interpreted as increased strain due to thermal ex-
pansion. This is consistent with increased compressive strain in the
axial direction of the fiber due to ice compaction at lower temperatures
[38], which is two orders of magnitude higher than that of the fiber
[31]. By using the strain sensitivity from [26], the shift corresponds to a
strain of approximately 300 pe.

When the heating starts, the stress on the fiber seems to relax faster
than it was built up during cooling, and the peak wavelength returns to
the baseline already at —23°C. From the right plot, it can be seen that
this process takes approximately one hour. During several repetitions of
the experiment, most runs showed similar accelerated relaxation. It is
an interesting effect as it initiates only when the sample is heated, and
happens continuously over one hour. To investigate if the relaxation
was due to the optical power causing local heating at the fiber tip, a
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measurement was conducted with the laser power reduced to 4%,
which did not change the relaxation rate. Since the fiber extends out
into room temperature, heat conduction through the fiber could also
supply the heat necessary for the relaxation. Several heating and
cooling cycles below 0°C were also performed to investigate whether
the effect is caused by thermal expansion effects in the ice, or if the
relaxation is due to slow slippage at the fiber-ice interface. This showed
that upon every cooling stage, the increased stress on the fiber ap-
peared, and was released at an increased rate during re-heating. For
each cycle the strain decreased — during the fourth cool-down the strain
response was halved. This may indicate some slippage of the fiber re-
lative to the ice when the sample is heated. Only a decrease in thermal
strain due to heat conduction through the fiber was found to support
this behavior.

We emphasize that only sensor signals from the phases of the ex-
periment deemed to be strain-free have been used to interpret results
from the phase-transitions. Further discussions of strain therefore fall
beyond the scope of the present work.

3.1.2. Melting of pure water

At the melting point (0°C), the peak wavelength remains constant
until the bath fluid reaches 5°C. This shelf is interpreted as the sample
having constant temperature, which is attributed to the endothermic
melting of ice. To melt the 6 mL sample requires 2.1 kJ of heat, which is
transferred slowly due to the low temperature difference. During this
phase, the sample will remain at the melting temperature.

The temperature increase and retention during freezing and melting
cannot be resolved by the temperature sensor (Pt100) outside the test
tube. Having a temperature sensor with a small thermal mass therefore
makes it possible to capture the dynamics of the phase transition.

3.1.3. Refractometric analysis of the phase transition

With the addition of an RI sensitive sensor, also the properties of the
liquid and solid phases can be probed. Tracking the intensity dip cre-
ated by the TC sensor in the same experiment as above gives the be-
haviour shown in Fig. 5. As this sensor is also sensitive to the RI sur-
rounding the fiber, the temperature sensitivity becomes a convolution
of the thermo-optic properties of both the fiber and the liquid. This is
described by Eq. (3), where both n. and n. are functions of tem-
perature. This enables further analysis of the properties of both the li-
quid and the solid phase.

As with the FBG-results (Fig. 4), the freezing event creates a red-
shift to the wavelength that corresponds to a temperature of 0 °C.
However, after the whole sample has become solid, the dip shows a
large blue-shift of approximately 1.3 nm. This is comparable with the
expected shift due to a difference in RI of 0.025 between water and ice
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Fig. 5. The wavelength of the first TC interferometer dip (Fig. 3), from the same
experiment as Fig. 4, as a function of temperature (left) and time (right). The
same initial heating upon freezing is observed, but is in this case followed by a
1.2 nm blue-shift due to the lower RI of ice. Based on the results in Fig. 4, one
can conclude that part of the shift in the solid ice i.s due to strain. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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(51.6nm/RIU-0.025 = 1.29nm) [32]. The compressive strain seen earlier
in Fig. 4 (200-400 min) can be seen to cause a red-shift in the TC sensor
(right graph). The opposite direction of the strain-induced shift from
the TC sensor is consistent with the results in [39] if compressive strain
occurs in the axial direction. At 380 min, the FBG sensor indicates that
the strain is released and the TC sensor pivots. The sensor may still be
affected by some strain, but the sensitivity is now positive with regards
to temperature (400-600 min). Although the thermo-optic coefficient
of ice is negative, as it is for water above 4°C [32], the positive sensi-
tivity is expected because the fiber temperature response dominates.

At 0°C, the intensity dip experiences large shifts during the melting,
before it joins the liquid baseline. The total shift during the melting is
approximately 1.3 nm, which corresponds to the total shift during the
freezing. The large oscillations observed during the melting is attrib-
uted to the ice shifting during the melting process, exposing varying
fractions of the fiber surface to liquid water. Movement of the re-
maining ice has been observed using the boroscope. The combined
analysis of the two sensors emphasizes the benefits of having a dual-
fiber setup, as discussed in the present work.

3.2. Freezing of ethanol mixtures

The FBG sensor result for the 10% sample is shown in Fig. 6. As in
the results for pure water, the exothermic reaction heats the sample,
which can be seen as a temporary red-shift in the cooling curve.
However, due to the increased ethanol concentration in the remaining
liquid phase, the melting point is continuously lowered as the freezing
progresses. Contrary to the result for pure water, the temperature
therefore decreases during the phase transition. When the freezing
approaches completion, the cooling of the solid can proceed. The same
effect can also be seen by comparing the endothermic shelves in Figs. 4
and 6. While the endothermic shelf in Fig. 4 is perfectly horizontal, the
shelf in Fig. 6 exhibits a slope. This will be discussed further in Section
3.3.

As the sample regains equilibrium with the temperature bath, the
response resumes its strain-free behavior. Because little or no strain is
observed in the cooling process, the slightly shorter wavelength seen
when reheating is probably not caused by strain, but rather by the
continuous thawing of ice in binary mixtures over a finite temperature
interval. This would keep the sample at a slightly lower temperature
since additional heat must be supplied. However, the endothermic shelf
observed in the pure water measurements reappears at —5°C until 2°C,
where the remaining ice melts. The melting point of 10% ethanol is
—4.5°C [40].

Fig. 7 shows the wavelength shifts from the FBG sensor for all
ethanol concentrations measured, as a function of the cooling bath
temperature. Due to freezing-point depression in binary mixtures, the
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Fig. 6. The wavelength shifts of the FBG-sensor in 10% ethanol, as a function of
temperature (left) and time (right). As in the case of pure water, the freezing
event causes a short red-shift due to local heating. However, the sensor does not
experience any significant strain from the solid formed. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 7. The FBG peak wavelength shifts as a function of bath temperature for
ethanol concentrations 0-25%. For higher concentrations, the freezing tem-
perature is lowered. The 30% sample did not freeze and is therefore not shown,
whereas the 25% sample froze first during the reheating phase.

higher concentrations freeze at lower temperatures. The freezing tem-
peratures are indicated with grey lines. The 30% sample did not over-
come the nucleation barrier in the temperature range measured and is
therefore not shown, whereas the 25% sample first froze during the
heating phase. The pure water shows clear evidence of compressive
strain, but also the 5% sample seems to have some compression of the
Sensor.

The amount of super-cooling for each sample is summarized in
Table 1. Based on the heat of fusion [34] and specific heat capacities for
ethanol mixtures [41], the expected amount of ice initially formed was
calculated using Eq. (6). For all ethanol concentrations, less than 23.5%
of the water is able to freeze. That higher concentrations are able to
produce more ice without additional heat transfer, is owed by the de-
crease in latent heat, increase in specific heat capacity, and increased
super-cooling.

Although higher ethanol concentrations initially produce more ice,
the freezing process was visually observed to be slower in the more
concentrated samples. This is probably due to limited mass transfer at
the solid-liquid interface, which also has been observed in forced
convection studies [35,36]. These studies describe the creation of a
“mushy zone” consisting of concentrated solute inclusions, which was
also observed in the 30% ethanol sample used in this study.

The different melting points of water and low ethanol concentra-
tions can again be observed by the endothermic shelves extending
below the baseline, but at higher ethanol concentrations, the shelves
become less pronounced. This is expected, as the melting temperature
will increase as the ethanol concentration in the liquid phase decreases
during melting.

By using the shift in the FBG wavelength prior to freezing as a
function of temperature, a calibration curve can be established. With
the calibration curve, and the data in Fig. 7, the actual temperature
inside the sample can be estimated. This is shown in Fig. 8 as a function
of time, for the freezing events (left) and melting (right). The calcula-
tion assumes that the shift is only a function of temperature, which
clearly causes anomalies in the results for pure water. Because of the
small strain seen after freezing for low ethanol concentrations, the
temperature is underestimated on this interval. In the mixtures, the
largest error is 4°C in the 5% sample.

The water measurement also shows a period of constant tempera-
ture during freezing, whereas the ethanol samples decrease in tem-
perature during freezing (Fig. 8, left). The latter is expected as the
ethanol concentration increases during the freezing process, which
lowers the melting temperature. The temperature is therefore main-
tained at the decreasing melting temperature as long as the release of
latent heat is faster than the heat transfer out of the sample to the
temperature bath. This effect can be compared to the decrease in en-
dothermic energy in Fig. 1 in the work of Takaizumi et al. [13] and was
also observed in the freezing of biological specimens [6]. The effect is
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Fig. 8. The calculated local temperature within the sample for ethanol con-
centrations 0-20%, calculated by using the data prior to freezing as a baseline.
Strain effects in the pure water sample causes a large disparity in the tem-
perature estimation after freezing. The same but moderate effect can be seen in
the 5% sample. The estimated melting temperatures can be compared to lit-
erature values indicated with grey lines.

evident already at 5%, but increases for higher concentrations. It should
also be noted that due to the amount of ice initially formed, shown in
Table 1, the plateaus of elevated temperature correspond to con-
centrations higher than before the nucleation. This causes the tem-
peratures during the crystal growth phase to be lower than what is
expected in the initial concentrations. Because the eutectic point is not
reached in the measurement, the freezing will continue throughout the
cooling stage. However, at one point, the amount of remaining liquid
will be small enough and have a high enough concentration to slow
down the phase transition sufficiently for the temperature to decrease
down to that of the bath fluid. Samples with higher concentration will
slow down earlier and therefore have a shorter period at the elevated
temperature.

3.3. Melting of ethanol mixtures

Fig. 8 (right) shows the temperature inside the samples during the
heating stage, where the endothermic shelves are seen to tilt increas-
ingly for higher ethanol concentrations. The same reasoning as for the
freezing process can be employed to explain this trend. That the tem-
perature inside the sample is lower than that outside means that the
endothermic thawing is more efficient at removing heat than what can
be transferred from the bath fluid. This effect becomes more prominent
for lower concentrations, as the change in ethanol concentration during
melting is reduced. The tabulated melting points for the different con-
centrations are indicated with grey lines [40]. For pure water and the
5% sample, the estimated melting temperatures from the FBG sensor
are approximately 0.3°C below the expected. The higher concentrations
have a wider melting interval and the concentration in the liquid phase
changes faster during melting. This makes it more difficult to determine
the exact melting temperatures, but it also shows the importance of
measuring the actual conditions when the temperature is scanned
across the phase-transition interval.

3.4. Refractometric analysis in ethanol mixtures

The wavelength of dip 1 (TC sensor) in Fig. 3 is shown in Fig. 9 for
selected ethanol concentrations. The measurement series is the same as
what was presented in Fig. 7, but only the wavelength of the TC sensor
is shown. The different mixtures exhibit different slopes due to the
thermo-optic coefficient varying with the concentration. Contrary to
the results for pure water (Fig. 5), the wavelength shows a strong red-
shift upon freezing in the binary ethanol mixtures. The freezing event
can be identified by the strong red-shift at the low-temperature end of
each line. As was seen in Fig. 7, the 25% sample freezes during the
heating stage, and the 30% sample does not freeze at all. When the
samples are re-heated, the wavelength of the dip blue-shifts and ends up
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Fig. 9. The wavelength shifts of the TC dip as a function of bath temperature for
selected ethanol concentrations. Because of the increased RI for higher con-
centrations, the liquid lines appear at higher wavelengths. The decreased sen-
sitivity to temperature at higher concentrations is consistent with the decrease
in thermo-optic coefficients [11]. Upon freezing, the dip continues to red-shift
after the initial heating. The transition back to the liquid phase becomes more
smooth for higher. concentrations.

just below the liquid line.

The red-shift upon freezing can theoretically be described by either
an increase in external RI or by strain. However, from Fig. 7 it is rea-
sonable to conclude that only the pure water and the 5% ethanol
sample are significantly affected by strain imparted by the solid phase.
Because of the opposite sensitivity to strain, the small strain seen for
low ethanol concentrations would red-shift the TC wavelength ap-
proximately an equal amount. Also, for higher ethanol concentrations,
the transition back to the liquid phase becomes more smooth. Because
of the geometry of the setup, where the heat transfer goes radially
outwards through the test tube, the optical sensors are expected to be
slightly warmer than the sample as they extend out of the temperature
bath into room temperature. Since the solid phase is expected to be pure
ice [12,14], it is therefore reasonable to assume that a concentrated
ethanol mixture is left around the sensors. This assumption is supported
by the fact that at —30°C there will still be concentrated liquid present,
which will be true for temperatures above the eutectic. At the lowest
temperature measured, it is therefore expected that the remaining li-
quid phase has an ethanol concentration of around 40% [40]. If pure ice
were to surround the sensor, the blue-shift seen in Fig. 5 would be
expected. This theory may also explain why the dip appears at slightly
shorter wavelengths during the heating, compared to the cooling line.
Due to the concentrated liquid phase that remains after the liquid-to-
solid transition, ethanol evaporation may have occurred. This is sup-
ported by the 30% line which does not show the hysteresis. To estimate
the melting temperatures from these results is difficult since the tem-
perature is measured outside the sample, which was shown to differ
from that inside.

This motivates a further analysis of the origin of the increased RI
after freezing, which will be done in the following section.

3.5. Analysis of post-freeze results

By utilizing the curves prior to freezing, the wavelength shift as a
function of ethanol concentration was found, at each temperature. With
the assumption that the sensor always is in contact with a liquid phase,
also after freezing, the ethanol concentration in the remaining liquid
was calculated. The calculation followed these steps:

1. Each wavelength curve in Fig. 9 was fitted to a second-degree
polynomial, using the data from 30°C down to each respective
freezing point.

2. The fitted functions were extrapolated down to —30°C.

3. At each temperature step, a new function was found that describe
the wavelength as a function of ethanol concentration.

4. A new vector was created from the 30% ethanol data that did not
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Fig. 10. The calculated ethanol concentrations surrounding the fiber-optic
sensors before and after freezing, together with tabulated melting temperatures
from [40]. In the liquid phase, the concentrations are constant, while after
freezing the concentrations become functions of temperature. The horizontal
axis shows the temperatures calculated from the FBG sensor output (Fig. 8).

freeze, which contain the estimated temperature inside the sample
measured with the FBG sensor.

5. The temperatures from Step 4 were then used to find the actual
ethanol concentration from the function defined in Step 3.

6. The resulting concentration was plotted as a function of the tem-
perature measured inside the sample.

The resulting concentrations are shown in Fig. 10, together with the
tabulated melting points of ethanol water mixtures from Lange’s
Handbook of Chemistry [40]. The estimated temperature from the FBG
sensor inside the sample is plotted on the horizontal axis.

In the liquid phase the concentrations are constant, as is expected
since this is the data that was used to calibrate the estimation. The
amount of undercooling for each concentration is the difference be-
tween the lowest temperature of the horizontal (liquid) line and the
tabulated melting points shown in black. For the concentrations 5-20%,
the undercooling increases from 10 to 14°C, see Table 1. Following this
trend, the 25% sample is expected to freeze at approximately —30°C,
but in this case it did not overcome the nucleation barrier until later
during the re-heating. This highlights the statistical nature of the phase
transition.

The underestimation of the temperature from the FBG-sensor in the
solid phase causes an underestimation of the ethanol concentrations on
the same interval. However, the opposite strain effect on the TC-sensor
will partly compensate for this effect. If the assumption of pure water in
the solid phase is correct, the lines in Fig. 10 should therefore follow the
tabulated melting points after freezing. That some of the lines (lower
concentrations) lie below the tabulated data means that the average RI
around the fiber is lower than what is expected. The reason for this is
difficult to conclude, but it may indicate that the ice phase exists close
enough to the fiber to displace some of the concentrated ethanol solu-
tion. This may also explain the increased deviation from the tabulated
values at lower temperatures, where more of the remaining liquid
around the fiber freezes. Air bubbles trapped close to the fiber would
also decrease the effective concentration measured. The release of air
bubbles may be the reason for the more erratic behavior of the 0% and
5% samples during melting, but does not explain the increased devia-
tion at lower temperatures. Simulations done in previous work [25],
show that the half-length of the evanescent field is 4-500 nm (optical
intensity: ~350 nm), which defines the volume around the fiber that is
probed. The sensor measures the average RI in this volume, and the
effect is therefore a local phenomenon.

Upon heating, the estimated concentrations eventually approach
and coincide within 0.1°C of the tabulated melting values. This may
indicate that the ice closest to the sensors has melted and left only li-
quid in the volume probed by the evanescent field. The combined
output from the dual-sensor setup can therefore be expected to be able
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to estimate melting points, limited by the accuracy of the two sensors
and the temperature bath. The temperature measurement showed an
RMSE of 0.15°C and the temperature bath is accurate within 0.25°C.
Based on the RMSE of the wavelength determination, the sensor should
be able to estimate the ethanol concentration within + 0.1%, but strain
and a non-linear RI sensitivity introduces additional errors for both
Sensors.

As the growth of the solid phase is random, it is also not certain that
the two fiber-optic sensors are exposed to the same conditions. Placing
both sensors on a single fiber would create a longer probe, but would
reduce these uncertainties. The sensor response is also different from
experiment to experiment, although the same general behavior can be
observed.

Whereas this study has interpreted the sensor-system response
based on known properties of the samples, the intended use of a sensor
is generally the opposite i.e. to extract unknown information from the
sensor response. In situations where the properties of the samples are
known approximately, the sensors can aid in measuring or confirming
the actual conditions. In most systems, assumptions or prior measure-
ments will aid in understanding the output. Even though the inter-
pretation of most measurements relies on some assumptions or prior
measurements, the dual-fiber sensor system also offers some a priori
information. Both the temperature and RI in the system can be ex-
plicitly determined in gasses and liquids, where strain effects can be
neglected. In addition, the effective concentration around the sensors
and the heat generation/absorption is implicitly given by the RI and
temperature. In experimental situations there are also factors that are
difficult to control, which affects the progression of phase transitions
e.g. heat transfer. Even with the known melting temperatures for aqu-
eous ethanol mixtures used in this study, the dynamic behavior of the
samples is difficult to predict. The sensors ability to capture the unique
progression of each measurement is therefore paramount in real-life
systems.

4. Conclusions

A dual fiber-optic sensor system was presented, and demonstrated to
be able to detect and characterize phase transitions in both pure liquids
and binary mixtures. Mixtures of ethanol in the range of 0-30% were
used to demonstrate the concept. The combination of a multi-mode
interferometer with a fiber Bragg grating sensor was used to distinguish
between RI, temperature and strain. The interplay between these
parameters were used to extract the information that can be obtained
about phase transitions, as well as the liquid and solid phases. By
identifying the strain-free regions in the FBG sensor response, the
changes in external RI can be estimated. This was especially important
in the case of pure water, where compressive strain from thermal ex-
pansion was found to greatly thwart the temperature measurement. An
indisputable explanation for the accelerated strain relaxation during the
heating stage was not found, but conductive heat transfer through the
fiber may be a contributing factor.

Visually, pure water seems to freeze instantaneously because of the
rapid dendritic crystal growth. However, the sensors are able to resolve
the transition fully, progressing from a monophasic liquid, through a
biphasic liquid-solid state, to the solid state. It was noted that only the
pure water exhibits a constant temperature during freezing, whereas
the temperature gradually decreases for the ethanol mixtures. The ef-
fect is more pronounced for higher concentrations, and is expected due
to freezing-point depression in binary mixtures. This is also apparent
during melting, where the temperature remains constant until the
transition is complete — an effect that becomes less pronounced at
higher ethanol concentrations. Due to the dynamic nature of the ex-
periment, the melting temperatures for different concentrations of
ethanol were difficult to extract from each one of the two sensors. But
through analysis of the combined response of the two sensors, the de-
termined melting points agreed with the tabulated values within the
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uncertainty of the experiment (0.25°C).

The system was also able to distinguish between pure liquids and
binary mixtures, because of the partial freeze-out of the latter. This
results in less, or no strain, and an increased concentration (increased
RI) in the remaining liquid phase, whereas pure water showed a distinct
reduction in RI due to the lower density of ice. The freezing process in
pure water and low ethanol concentrations was found to be limited by
heat transfer, whereas mass transfer was seen to be the limiting factor
in mixtures with higher concentrations. The lack of strain after solidi-
fication also enabled an estimate of the concentration in the remaining
liquid phase, which was found to lie below the literature values.

The amount of information extracted from the sensor system before,
during and after a phase transition, emphasizes the benefits of having a
dual-fiber setup.
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