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Abstract

The present study aims to compare the feasibility of using ultrasound techniques and
image processing to obtain comprehensive experimental results on the dynamics of solid–
liquid fraction changes during the melting and solidification of coconut oil as a phase
change material (PCM). The discussion will focus on the advantages and limitations of
various ultrasonic techniques and image data analysis for inspecting materials during
phase transitions. Ultrasound enables the detection of phase changes in materials by
analysing variations in their acoustic properties, such as wave velocity and amplitude,
during transitions. This method is not only cost-effective compared to traditional non-
destructive techniques, such as X-ray tomography, but also offers the potential for real-time
monitoring in thermal energy storage systems. Furthermore, it can provide valuable
information about internal mechanical parameters and the material’s structure. A detailed
analysis of the melting and solidification dynamics has been conducted, confirming the
feasibility of using ultrasound parameters to assess the reconstruction of material structures
during phase changes. This study paves the way for more efficient and cost-effective
monitoring of phase change materials in various applications.

Keywords: melting; solidification of coconut oil; ultrasonic wave propagation; image
processing; temperature; phase change material

1. Introduction
Phase change materials are widely used due to their high energy density and almost

constant temperature during the change in phase. One of the most promising PCMs is
coconut oil, as it is a relatively cheap, non-toxic, biodegradable material with a good
shelf life of up to 5 years. That time can be even longer if the PCM is protected from
photodegradation and oxidation [1]. In addition, it has been confirmed that there are
many potential applications of coconut oil, e.g., in greenhouses [2], battery management
systems [3], a temperature control agent for building systems [4], for keeping the passengers’
thermal comfort in vehicles [5]. The main challenge to using PCM in thermal energy storage
systems (TESs) is connected with the degradation of heat performance by shrinking voids
randomly formed into the PCM during solidification because of the density change [6],
complicated dynamics of changing the solid–liquid interface geometry, and characteristics
of the mushy zone, which is the transition region between the liquid and solid phases [6].

Energies 2025, 18, 5455 https://doi.org/10.3390/en18205455

https://doi.org/10.3390/en18205455
https://doi.org/10.3390/en18205455
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-3124-7503
https://orcid.org/0000-0003-3321-0859
https://orcid.org/0000-0002-2958-3700
https://doi.org/10.3390/en18205455
https://www.mdpi.com/article/10.3390/en18205455?type=check_update&version=1


Energies 2025, 18, 5455 2 of 22

The real-time analysis of the solid/liquid interface is crucial for the determination of
actual solidification or melting rate. The traditional technique is based on temperature
sensors that measure the temperature evolution during the process. Then, based on the
temperature interpolation, the amount of liquid/solid fraction is obtained [7]. However,
this approach is limited, especially in the case of analysing high-temperature or corrosive
PCM. The accuracy of the technique is also sensitive to the accuracy of obtaining the
average values of temperature in the PCM volume. In this context, it seems that the
position and number of senators can play an important role [8]. Furthermore, the influence
of subcooling temperature is often neglected. Due to that fact, the contact-free techniques
with the possibility to measure not only the position but also the shape of the two-phase
front should be analysed.

One of such techniques is optical. Usually, it can be successfully used for PCM in which
the liquid or solid phase is transparent. Furthermore, it is relatively cheap and easy to use in
real-time data analysis. However, it is somewhat limited to surface studies only and cannot
reveal any information on the solid/liquid interface inside the crystal structure [9,10].

Other possible techniques involve the use of X-ray tomography. This technique
is based on the density difference between solid and liquid phases, influenced by tem-
perature and concentration. High-resolution X-ray images could provide information
about the growth front interface as well as the 3D internal PCM structure during melt-
ing/solidification. It is possible to obtain the volumetric liquid/solid fraction [11]. However,
this technique is quite complex and not feasible for use in the field tests of latent thermal
energy storage units (LTESs), especially in the case of LTES with a heat transfer area placed
into the volume of the tank with PCM, e.g., shell and tube or shell and coil geometry. This
is because using the high density of conventional popular materials in heat exchangers,
such as copper or stainless steel, can be beneficial. Moreover, despite the possibility of
inspecting the internal structure of PCM in 3D or quantifying relevant parameters such as
volumetric liquid/solid fraction, it cannot be established whether the internal structure of
PCM and its temperature history are related. The analysis is made possible by the use of
time-lapse image data.

Another well-known technique is eddy current sensing. In this technique, the differ-
ences in the electrical conductivity between the liquid and solid phases are utilised [7]. The
main limitation of using these techniques in the case of PCM is the fact that the electrical be-
haviour of organic and inorganic PCMs is drastically different. The PCMs from the group of
alkanes are electrical insulators and present little contrast between the electrical properties
of the liquid and solid phases. There are slightly better-looking substances from the group
of fatty acids and esters, which present some polarisations and promote some electrical
conduction, particularly in the liquid phase. The most significant disproportion between
the electrical properties of the liquid and solid phases seems to be in salt hydrates [12].

The ultrasonic pulsed echo and transmission methods have been widely used to locate
material discontinuities. Numerous literature studies have been presented on the use
of such techniques for observing solidification fronts in aluminium, tin, iron, and steel.
Generally, the limitation is the temperature of the PCM because direct contact between the
transducer and the material is needed. The solution could be the cooling of the transducers.
However, this approach comes with a potential trade-off: the loss of information about the
morphology and curvature of the solid/liquid interface [13]. This is a concern that needs
to be addressed in future research. Moreover, there is limited information about using
such techniques to analyse the parameters of organic PCM during phase change. Until that
moment, these techniques have been used primarily to study the adulteration of edible oils,
such as coconut oil or sunflower oil, by analysing the variation in sound velocity [14]. In
addition, the ultrasound pulse velocity (UPV) and attenuation have been used to determine
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the physicochemical and mechanical properties of oils [15]. However, the presented results
have been limited to the liquid phase of edible oils (above the melting point) [16] or limited
to the solid phase, focused on crystallisation behaviour [17]. The non-contact method has
also been proposed for phase change identification in a mixture of building materials with
PCM. J. Hong et al. [18] investigated a contactless ultrasonic method to monitor thermal
and mechanical variations in concrete plates, including those with PCM-LWAs (phase
change material mixture with lightweight aggregate). The experimental investigation has
been carried out during melting and free cooling processes. It has been highlighted that
the contactless ultrasonic system enabled a 5.5% reduction in dynamic modulus for a
concrete plate mixed with 160 kg/m3 PCM-LWAs. Furthermore, the time lag effect of heat
transfer and surface temperature reduction through heat storage performance has been
shown. Guardia et al. [19] have been experimentally investigating the use of ultrasonic
pulse transmission to evaluate the thermal performance and energy storage capacity of five
cement-lime mortars with 20% of PCM, cellulose fibres, and LWA (perlite) under different
thermal conditions. Using the sound attenuation coefficient to identify the phase change
PCM from solid to liquid and vice versa, during heating and cooling, was confirmed as a
possibility. In addition, Dragonetti et al. [20] confirmed the potential of using ultrasonic
techniques for detecting solid inclusions in molten salt piping systems used in concentrated
solar power (CSP) plants.

There is a limit to using both ultrasonic and image data analysis techniques for
observing the dynamic solid–liquid fraction. The present work aims to compare the
possibility of using both the ultrasound approach and image data analysis to provide
comprehensive experimental results about the dynamics of solid–liquid fraction change
during the melting/solidification of coconut oil PCM. The discussion will focus on the
advantages and limitations of using two different non-invasive methods for inspecting
materials during phase change. Generally, the use of ultrasound allows for the detection
of phase changes in materials, where the solid–liquid interface can be monitored through
variations in acoustic properties (e.g., velocity of sound wave, amplitude) during the phase
transition. This is a low-cost method compared to traditional non-destructive techniques,
such as X-ray tomography, and allows for real-time monitoring of thermal energy storage
systems (TESs) [21]. This is especially important in real applications where the tanks
in which phase change materials are kept are usually metallic, because identification
of the solid–liquid interface by image data analysis is limited [22]. On the other hand,
the machine learning (ML) techniques have been confirmed to enhance the accuracy of
identification of the solid–liquid interface, leading to improved predictions of material
performance [23]. From that perspective, combining image data analysis with ultrasound
to monitor the solid–liquid interface could provide valuable data about the distribution of
phase for different kinds of PCMs and boundary conditions. It should also be stressed that
the ultrasound method provides information about the composition of the solid/liquid
fraction based on the limited volume. In the present study (contact method), the focus is
on the path of a sound wave through the PCM volume. In contrast to the optical method
(image processing method), the composition of the solid/liquid fraction is related to the
cross-sectional area occupied by the solid/liquid phase.

A key contribution of this study will also establish the possibility of correlating changes
in the internal structure of PCM and relevant parameters, such as liquid/solid fraction, with
temperature history. The influences of subcooling temperature on sound wave parameters
will also be analysed. Moreover, an experimental database of the ultrasonic properties of
coconut oil is available below its melting temperature.
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2. Materials
The subjects of the study were coconut oil and a non-eutectic mixture of fatty acids

with non-permanent composition: caproic acid, caprylic acid, capric acid, lauric acid,
myristic acid, palmitic acid, stearic acid, arachidic acid, oleic acid, linoleic acid. Due to
that fact, in such a mixture of substances, there is no visible sharp melting point. The
coconut oil melts at a range of temperatures (see Table 1). Furthermore, according to the
new literature, the peak temperature during melting and solidification is affected by the
melting/solidification heating rates. It has been confirmed that even for pure PCM (like
Rubitherm products), there can be some visible change between the measured and declared
melting/solidification temperature range [24–27]. Generally, the thermal conditions could
affect the character of transitions. It can be visible by a narrow or wider transition range.
In present studies, it has been assumed (based on own experiments and other literature
studies) that the melting range is between 22 ◦C and 28 ◦C [28].

Table 1. Thermal properties of coconut oil [28,29].

Property Unit Value

Apparent melting point C 25.5
Melting range C 22–28 C

Latent heat kJ/kg 178
Conductivity W/mK 0.329

Density kg/m3 −0.7761 × T[K] + 1149.97
Specific heat kJ/kgK 3870 for solid; 2070 for liquid

Dynamic viscosity kg/(ms) 2.3323× 10−5 ×T[K]2 − 1.5604× 10−2 ×T[K] + 2.6283

However, there is no complete consensus about this temperature range. According
to previous authors’ DSC results, the melting range occurs between 10 ◦C and 25 ◦C (see
Figure 1). It should be noted that the cooling rate in this test was equal to 1 ◦C/min.
Depending on the method and kind of the coconut oil (virgin coconut oil or refined coconut
oil), the melting temperature varies from 21 ◦C to almost 27 ◦C [28]. On the contrary,
according to the literature on solidification, this range is relatively lower, even between
16 ◦C and 18 ◦C [29]. Furthermore, according to other literature and DSC results, this range
could be even wider. However, as noted above, this is also a function of heating. If a rapid
cooling rate (e.g., 1 C/min) occurs, the crystallisation may start from 20 ◦C or even lower
temperatures. In contrast, for a slow cooling rate (e.g., 0.08 C/min), the crystallisation
begins from about 25 ◦C and ends at about 22 ◦C to 20 ◦C. In the case of a slow cooling
process, there is also a more visible influence of the subcooling effect [17].

  
(a) (b) 

Figure 1. Specific heat capacity as a function of temperature (a), liquid fraction as a function of
temperature, and DSC measurement results for selected properties of coconut oil (b) [29].
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3. Experimental Methods
This section presents the experimental methods used in the paper. It includes the ultra-

sonic method used for measurements of temperature- and frequency-dependent acoustical
properties of coconut oil, and the image processing method aided by machine learning for
the evaluation of solid fraction.

3.1. Ultrasonic Method

Ultrasonic studies of coconut oil at variable temperatures were carried out us-
ing the trough transmission method. The measurement setup for ultrasonic tests, as
shown in Figure 2a, consisted of a measuring chamber with a capacity of about 370 mL
(L × W × H 61 × 61 × 100 mm3), an immersion circulation thermostat (Haake DC30,
Thermo Fisher Scientific, Newington, NH, USA) with a heating power of 2 kW and a
cooling power of 320 W at 20 ◦C, a computer with software for operating the Opbox
1.0 (Wrocław, Poland) digital ultrasonic flaw detector, ultrasonic immersion transducers,
temperature measurement software, and three digital thermometers (Termometer PT-401
®Elmetron, Zabrze, Poland) with thermocouples (PT100). Temperature measurements dur-
ing the tests were taken using two thermocouples placed at different points in the coconut
oil measuring chamber. One was placed at the same height as the ultrasonic transducers
(marked T3), the second 20 mm below (marked T4), and the third was installed in the liquid
in the heating/cooling system tank (T2). The recording of temperatures T1, T2, T3 was
carried out using RS232C serial communication between individual Thermometer PT-401
devices and an independent computer dedicated to recording temperature data by our
own software.

The circulation thermostat allows for the regulation of the liquid temperature in the
range from −50 ◦C to +250 ◦C using the T1 temperature measurement system. Figure 2b
shows a detailed view of the measuring chamber with ultrasonic transducers. The mea-
suring system consists of a chamber made from stainless steel (1) with a water jacket
(4) enabling cooling or heating of the tested material in the measuring chamber (5). The
chamber also contains mounting (brass) and sealing elements (made of silicone) for the
ultrasonic transducers (2), interchangeable adapters for mounting ultrasonic transducers
(3) of various diameters made using 3D printing technology with O-ring seal, connectors
(8) and (9) for the flow of the heating/cooling fluid, and the ultrasonic transmitter (6) and
receiver (7). The use of two transducers placed in a single measurement path, opposite
each other (halfway up the measurement chamber), allows for the use of transmitted wave
(TT) or echo (PE) methods in measurements. Broadband longitudinal wave ultrasonic
transducers with a central frequency of 1 MHz and an active diameter of 10 mm (®Optel
Ultrasonic Technology, Wrocław, Poland) were used in the tests. Dedicated Optel software
OPBOX ver. 1.0 2009 used during measurements enabled signal recording with a minimum
time step of 1 s and was averaging 32 signals. During the ultrasonic measurements, the
coconut oil chamber was recorded with a 12-megapixel digital camera (DC).

Figure 3 presents exemplary ultrasonic signals of a wave transmitted through a PCM
sample in the liquid (35 ◦C) and solid (21 ◦C) states. For both cases, the first incoming pulse,
associated with the longitudinal wave propagating in the test material, was analysed. The
signals were recorded every 5 s at a sampling rate of 100 MHz. Based on the signals, two
parameters—the time of flight (TOF) and maximum amplitude of the wave propagating in
the material—were determined. Based on the measured TOF of all recorded signals, it was
possible to evaluate the ultrasonic wave propagation velocity for a known (constant during
experiments) distance between the probes. The distance measurement was performed with
a calliper with an accuracy of 0.02 mm. This was conducted to assess changes in coconut
oil properties during cooling or heating.
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(a) 

 
(b) 

Figure 2. Diagram of the measuring system for ultrasonic testing (a) and detailed view of the measuring
chamber (b), where 1—chamber, 2,3—mounting and sealing elements for the ultrasonic transducers,
4—water jacket, 5—measuring chamber, 6—transmitter, 7—receiver, 8,9—water connectors.

 
Figure 3. Time domain ultrasonic signals were recorded for the sample of PCM as a liquid (35 ◦C)
and a solid (21 ◦C).
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Comparing the wave pulses in the liquid and solid states, an amplitude decrease of
approximately 22 dB was observed, with a simultaneous increase in velocity of roughly
80 m/s. The ultrasonic transmitter was excited with a voltage of 300 V, and the signals
were additionally amplified, depending on the measurement (temperature), in the range
of 7 dB to 54 dB. The signals were averaged 32 times and filtered with a band-pass filter
with a frequency of 0.5 MHz to 6 MHz. Signal filtering and averaging were used to
improve the signal-to-noise ratio (SNR) and eliminate the interference generated during
the measurements.

3.2. Acoustical Properties of Coconut Oil

To verify the repeatability of the obtained ultrasonic results, two types of preliminary
tests were conducted. The first involved determining the “stability” of the wave parameters
at specific temperatures as a function of time. Figure 4 shows the measured velocities and
amplitudes of longitudinal waves recorded at various temperatures: 22 ◦C (solid phase),
30 ◦C, and 35 ◦C (liquid phase) over 60 min.

 

 
Figure 4. Longitudinal wave velocities (a) and amplitudes (b) for PCM sample recorded throughout
the 60 min measurement cycle at temperatures 22 ◦C, 30 ◦C, and 35 ◦C.

It can be seen that both the wave velocity and its amplitude are practically constant
throughout the 60 min measurement cycle. Based on the obtained results, it can be con-
cluded that the designed measurement chamber, along with the heating and cooling system,
ensures stable conditions during the measurements, and consequently, allowed results to
be obtained for the determined ultrasonic parameters. Table 2 presents the precision of
measured parameters during ultrasonic tests.
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Table 2. Precision of measured parameters during ultrasonic tests.

Distance Measurement
[mm]

Time Measurement
[µs]

Uncertainty of Velocity Measurements
[m/s]

Sampling Rate
[MHz]

0.02 0.01 0.5 100

The second type of preliminary testing consisted of verifying the repeatability of
wave parameter values across measurement cycles. For this purpose, ultrasonic testing
was performed for several measurement cycles, including the cooling and heating of a
coke oven oil sample. Figure 5 presents the amplitudes and velocities of the longitudinal
wave as a function of time and temperature for the PCM sample, which was recorded
during two cooling and heating cycles (approximately 160 min within a given temperature
range in the circulation system: from 35 ◦C to 19 ◦C for cooling and from 19 ◦C to 35 ◦C
for heating). High qualitative repeatability of the measured ultrasonic wave parameters,
i.e., the determined group velocities and maximum amplitudes, was observed for both
measurement cycles. Based on the obtained preliminary test results, it can be concluded
that the ultrasonic method is repeatable, and the measured wave parameter values are
stable at a given temperature.

Figure 5. Longitudinal wave velocity (a) and amplitudes (b) as a function of time for a temperature
range from 35 ◦C to 19 ◦C for PCM oil (approximately 160 min).

Due to the limited information in the literature, one of the main focuses of the presented
study is to provide a comprehensive database of acoustical parameters for coconut oil. Most
of the results presented only the ultrasonic velocity for room temperature (see Table 3).
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Table 3. Selected results of acoustical parameters for coconut oil.

Coconut oil

T [C] f (MHz) V [m/s] a [dB/cm] Literature

25 5 - 4.4 [30]

Room temp.

1 1362.3 -

[31]

2 1367.7 -

3 1369.0 -

5 1367.2 -

7 1367.9 -

Room temp. 2 1368.28 - [32]

30

1 1401.1 -

[33]
2 1406.6 -

3 1408 -

5 1406 -

38 to 10 1.98 1360–1550 - [17]

35–20 1
1393 (liquid) 0.9

Present study
1514 (solid) -

There are no precise guidelines for the accurate value of room temperature. Usually, it
can be assumed that the temperature range could be between 20 ◦C and 25 ◦C. This is a
significant difference because it is the temperature range in which coconut oil could occur
in solid, liquid, or a mixture of solid and liquid phases. Only one of the presented articles
from the literature has presented precise information about the temperature range and
selected thermal parameters. Unfortunately, authors do not precisely analyse the dynamic
relations between liquid and solid phase changes. It is not possible to check if the coconut
oil has been fully melted and solidified each time without precise thermal analysis. In the
author’s opinion, it is necessary to present a comprehensive thermal analysis together with
visual observation and the results of the ultrasound-based method.

Figures 6 and 7 present the variability of selected coconut oil properties with tempera-
ture change. Changes in amplitude, velocity, and density as a function of temperature from
35 ◦C to 18.3 ◦C were observed over 200 min. There is a visible relation between the density
of coconut oil (calculated as a function of temperature) and wave velocity.

 
Figure 6. Example of variability of selected coconut oil parameters during the cooling process from
35 ◦C to 18.3 ◦C.
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Figure 7. Example of variability of selected coconut oil parameters during the cooling process from
35 ◦C to 18.3 ◦C.

Figure 8 shows the changes in the velocity of the longitudinal wave in coconut oil
during the cooling cycle, along with changes in temperature, density, and compressibility
of the tested material over the 230 min measurement period. It can be seen that within the
presented range of temperature changes, a decrease in the compressibility of coconut oil is
observed, determined from relationship (1):

β =
1

ρ ∗ V2 (1)

where β—material compressibility, V—longitudinal wave velocity, and ρ—oil density.

Figure 8. Changes in speed, temperature, density, and compressibility of coconut oil during cooling
in the temperature range of 35 ◦C to 18.3 ◦C.

It shows that an increase in velocities from 1403 m/s at 35 ◦C to 1570 m/s at 18.3 ◦C is
a result of an increase in the material’s stiffness.

Figure 9 presents the changes in wave velocity as a function of temperature. On this
basis, two inflexion points were determined, which illustrate the onset of the crystallisation
process at temperatures of 23.3 ◦C and 20.5 ◦C. The end of crystallisation was determined
based on Figure 9 at approximately 20 ◦C, which is consistent with the previous literature
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reports [17]. For that temperature, it has been assumed that the velocity of the solid phase
is 1514 m/s.

Figure 9. Changes in velocity as a function of temperature with determined inflexion points for the
crystallisation process in the temperature range of 35 ◦C to 18.3 ◦C. The green dotted line is a tangent
line to the experimental data for the temperatures below 20.5 ◦C, while the red dotted line is a tangent
line to the experimental data for the range of temperatures 20.5 ◦C–22 ◦C.

3.3. Image Processing

The image data analysis has already been used in the author’s previous studies in
the case of analysing solidification [21] and melting [25]. In both presented papers, the
main techniques are based on binarisation, which is used to estimate the liquid/solid
fraction via a binary ratio. However, this procedure will not be possible in the case of the
solidification of coconut oil. It is working well in the case of a sharp border between the
melting and solidified phases. Coconut oil solidifies in such a way only in the first phase of
the process, which is when the solidified material is visible only close to the heat transfer
area. Then, the solidified material creates a nucleation site in the whole volume of the tank.
Furthermore, the layer of solidified material is thicker at the bottom of the tank compared
to the top, due to the influence of natural convection [34]. Such a process cannot utilise a
simple methodology based on labelling the solidified layer, as was performed in a vase
of Rt18HC [27]. Furthermore, in the presented study, the geometry of the experimental
module is more complex. First of all, the module is not transparent. It is only possible to
make an image from the top of the module. Moreover, this decreases light penetration
and increases the trouble with reflections and shadowing patterns resulting from other
elements of the measurement infrastructure 1–4 (Figure 10), where the original image is
on the left, and the greyscale image is on the right with highlighted shadow areas. These
challenges highlight the complexity of the problem we are addressing.

Due to that fact, the quality of photos has been checked to confirm the useless database.
It has used the well-known method based on the Matlab code from the literature [35]. The
quality of the image has been analysed based on comparison of a few parameters: MSE
(mean square error), PSNR (peak signal noise ratio), RMSE (root mean square error), MAE
(mean absolute error), SNR (signal-to-noise ratio), and UQI (universal quality index). The
results are presented in Tables 4 and 5. Generally, the image structure remains recognisable
(UQI > 0.8); on the other hand, noises significantly degrade pixel accuracy (see results of
(MSE, PSNR).
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(a) (b) 

Figure 10. Example of a gradient shadow pattern resulting from the measurement infrastructure.
Original image (a) and image after binarization (b).

Table 4. Parameters for the first selected photo–liquid phase only.

MSE RMSE MAE PSNR SNR UQI

1.0359 × 103 32.18 6.37 17.97 10.11 0.84

Table 5. Parameters for the second selected photo–solid phase only.

MSE RMSE MAE PSNR SNR UQI

1.0541 × 103 32.47 6.39 17.90 13.51 0.89

3.4. Experimental Procedure of Evaluation of Solid Fraction by Machine Learning

Finally, the authors proposed two new algorithms based on supervised machine learning
(ML). The main difference between those two algorithms is the method of counting the pixels
in the final statistic. In the first model (Model 1), there is a possibility to ignore some areas for a
percentage of the solid phase. In the second method (Model 2), all pixels are taken to calculate
the solid fraction. Both models use supervised machine learning to classify pixels in images.
It trains a model to recognise areas of solid phase based on pixel features. For each pixel,
the model calculates RGB channels, Gaussian texture, texture variation (standard deviation),
local variation in texture, and texture details (used Gabor filter). Next, the training images are
labelled manually as solid (1) and liquid phase (0). Then, the decision tree is made. It learns a
hierarchy of rules, splitting pixels by feature values. Then each node tests a condition on a
feature and routes the pixel down the tree. Finally, there is an assignment of a class label (solid
phase or not). In the prediction phase, for new images, the model computes the same features
per pixel and predicts class labels for every pixel. The output is a binary mask highlighting
detected solid-phase areas (see Figure 11). However, the final result is also related to the image
resolution equal to 4.7 × 106.

Figure 11. Preprocessing of images.
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There is no significant visual difference between those two models (see Figures 12 and 13).
Still, there are apparent differences in the results of the calculation for the solid fraction (see
Figure 13). Generally, Model 1 better predicts the solid fraction at the end of solidification.
Model 2 better predicts the solid fraction at the end of melting one. The deeper image anal-
ysis confirmed the disproportion with the labelling of solid fraction areas. The maximum
disproportion can be larger than 30% at the last phase of solidification and melting.

  

Figure 12. Comparison of original photography (left) with the mask-labelled solid phase according
to Model 1 (right).

  

Figure 13. Comparison of original photography (left) with the mask-labelled solid phase according
to Model 2 (right).

Comparison of selected results obtained from using IPM1 and IPM2 (see Figures 14 and 15).
According to image processing results, some solid phase occurs even at the beginning

of the process (average temperature 35 ◦C). The minimum percentage of solid phase is
about 20% to 30%, and the maximum is between 70% and 90%. It should be noted that the
use of image data analysis is limited by the optical parameters of the experimental module
and PCM. The proposed algorithms based on supervised machine learning can predict
the amount of solid phase in the case of a visible, sharp melting front quite well. Still, it
is a challenging task to achieve good results for a mixture of a liquid phase with many
separated solid particles. This effect is a visible increase due to the influences of shadowing,
gradients, and reflections. One possible solution could be to use a higher-quality camera
with higher resolutions to modify the experimental module.
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Figure 14. Solid fraction as a time function during the melting/solidification of coconut oil.

Figure 15. Comparison of selected results of image analysis according to Model 1 and Model 2.

4. Results and Discussion
4.1. Comprehensive Analysis of PCM Transition

Figure 16a schematically presents a method for comparing the results of ultrasonic,
temperature, and visual tests. Ultrasonic tests of changes in wave transit time accompa-
nying temperature changes over time (see Figure 16b) are compared with photographs of
the measuring chamber (see Figure 16c) filled with PCM in various states of matter. The
pictures show changes in the state of matter of the tested material, and the numbers indicate
the time and the corresponding temperatures indicated in Figure 16c. The temperature was
measured directly in the measuring chamber at points below (T4) and the height of the
ultrasonic transducers (T3) (see Figure 2). Figure 16a shows the measured temperatures for
the entire cycle from individual thermocouples, T3 and T4, demonstrating the thoroughness
of our experimental setup.
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Figure 16. Comparison of temperatures recorded in coconut oil by thermocouples T3 and T4 (a) and
comparison of the results of ultrasonic (wave transit time), temperature (b) tests, and the correspond-
ing photographs of the material in the stages 1–9 (c).

The wave velocity and amplitude values determined based on transit time, recorded
during one cooling and heating cycle of the material in the temperature range of
35 ◦C–20 ◦C–35 ◦C, are summarised in Figure 17. The temperature changes presented
in the graphs are average values obtained from thermocouples T3 and T4. The duration of
this cycle was 96 min.

 

 

(a) (b) 

Figure 17. Changes in the velocity (a) and amplitude (b) of the ultrasonic wave of one cooling and
heating cycle of the material in the temperature range of 35 ◦C–21 ◦C–35 ◦C. The temperature is the
average temperature of thermocouples T3 and T4, with a cycle duration of 96 min.

As seen in Figure 18, there is a visible disproportion between the solid fraction variabil-
ity calculated according to image processing methods and the analysis of sound velocity
(fraction US) at the beginning and end of the solidification process. Furthermore, there
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is a slightly different profile of change in this parameter for the melting process. The
reason is that the amount of solid phase in image processing has been calculated for tank
surfaces (top area), neglecting the influences of the mushy zone. Clearly, the mushy zone
can strongly influence melting dynamics and heat transfer behaviour, which in turn may
contribute to inaccuracies in surface-based image analysis. Similar considerations were
highlighted by [36], where the role of mushy regions was examined in the context of ther-
mal characteristics and heat storage applications in solar–biogas heating systems. Due to
that fact, it is necessary to modify the imaging system to take this effect into account in
future work. Moreover, the image processing models struggle to track single-solid particles
within the PCM volume. In the case of the ultrasound method, the sound parameters have
been obtained for the centre profile of the PCM tank (average volume of PCM).

Figure 18. Comparison of solid fraction experimental results by ultrasonic and image processing methods.

Such results are not significantly affected by ambient parameters, such as light re-
flections. However, the results are limited to the area within the impact of the sound
wave. Generally, it can be assumed that the amount of solid phase in the case of using
image processing is proportional to the amount present on the surface of the container.
On the contrary, in the case of the acoustical method in the present study, this amount is
proportional to the volume that occurs at the centre of the tank (see Figure 19). It should
be noted that the ultrasonic measurements ignored the edge effects. However, despite
the transducers being placed in the central part, they provide information from certain
volume. In prior experiments, the acoustic field was regarded as a function of distance
from the emitter and was measured. These experiments show that the diameter of the
acoustic beam for 1 MHz transducer (used in the studies) is about 10 mm. Thus, we assume
that the information about the material “comes” from certain volume (diameter ~1 cm and
length ~4.17 cm ≈ 3.3 cm3. This is approximately 10% of total volume of PCM).

As a result of the tests, it is obtained that the acoustic parameters are affected by the
transition of phase change material during melting/solidification (liquid, solid, mushy
zone). It corresponds with additional parameters like density and material compressibility,
which influence the ultrasound velocity and amplitude wave.

Consequently, combining image data analysis with ultrasound is necessary to obtain
valuable insights into the dynamics of the solidification/melting front, and to provide
satisfactory data for a comprehensive analysis.
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Figure 19. Schematic representation of estimation of solid fraction by two different methods: on the left,
the method is based on image processing; on the right, the method is based on the acoustical method.

4.2. Analysis of the Dynamics of the Solidification/Melting Process

It should be highlighted that in the case of coconut oil, non-isothermal phase changes
occur during the phase transition. In the mushy zone, for the same temperature, both
solid and liquid phases exist. Additionally, there is an abrupt change in enthalpy per
unit temperature around the freezing point. This is a moving boundary problem that
can be solved by the front-tracking method, [37]. To solve this problem, it is necessary
to track both the moving phase-change boundary and a temperature history profile. The
combination of using image data analysis with ultrasound could provide valuable data
about the dynamics of the solidification/melting front, correlating the liquid/solid fraction
with temperature history.

As seen, there is constant growth of sonic wave velocity during the solidification of
coconut oil. It is obviously in agreement with other literature results for other vegetable
oils [30]. It has been confirmed that in the liquid phase, the sonic velocity linearly decreases
with the increase in temperature. Such linearity has also been observed in the present
study (see Figure 20c, points 1 to 3). However, the character of the velocity profile starts to
visibly change from the beginning of the solidification process (see Figure 21c for points
4 to 12). According to the literature, the subcooling temperature seems to be the starting
point of the solidification process [38]. It is not fully confirmed by the images analysed.
As seen, the solid phase occurs already at point 3 (see Figure 20a). It can be explained by
the fact that presenting a temperature profile is an arithmetic average. After the second
phase of solidification (see Figure 21), the temperature is stabilised at the solidification
temperature, and again, there is visible linear growth of sonic wave velocity. However,
the rate of velocity change is visibly smaller. It is due to the decreasing rate of increase
in the solid fraction. This clearly shows that compared to the temperature profile, the
velocity profile could have information about phase changing during the whole cooling
and solidification process. The amplitude does not change during the cooling of the liquid
phase. However, the amplitude seems to be even more sensitive when a solid phase occurs
in the tank volume. First of all, the amplitude of visible growth increases (decrease in
ultrasonic attenuation) during the cooling process of liquid coconut oil (see points 1 and 2
at Figure 20). Generally, the amplitude decreases (attenuation increases) with temperature
decreases [39]. However, there are usually highly variable observations. It is because
attenuation is affected not only by temperature change but also by variation in mixture
composition [40]. As mentioned, the coconut oil is composed of many fats with slightly
different properties (non-eutectic mixture). When the material structure starts to rebuild
(crystallisation occurs), it rapidly changes the tendency to increase absorption of ultrasonic
waves into the PCM volume (see point 3 at Figure 20a). This parameter starts to change
directly from the initial phase of solid phase nucleation appearing in the volume (see
Figure 20b—point 3). Then, the character of the amplitude curve appears similar to the
temperature profile, but it does not fully stabilise like the temperature. There is a clearly
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observed slow decrease in amplitude over time. This confirms the sensitivity of amplitude
to the dynamic changes in the internal structure. It has been better presented in a short
image sequence (https://www.youtube.com/watch?v=XL3ULG80EcI (Supplementary
Materials)). That video presents the cooling of coconut oil from a temperature of 35 ◦C to
20 ◦C. It is worth noting that the movement of solid particles occurs during the solidification
of PCM. The influence of natural convection can explain it.

 
Figure 20. Comparison of sonic and thermal parameters distribution during the solidification
of coconut oil: (a) solidification front images for the first 40 min of the process, (b) distribution of
average PCM temperature and amplitude, (c) distribution of average PCM temperature and ultrasonic
wave velocity.

 

Figure 21. Comparison of sonic and thermal parameters distribution during the solidification of
coconut oil: (a) solidification front images for the last 30 min of the process, (b) distribution of
average PCM temperature and amplitude, (c) distribution of average PCM temperature and sonic
wave velocity.

The amplitude of sonic waves is stable during the first 20 min of the melting process.
Then, a prominent peak is visible, and again, a stable value of amplitude is maintained until
the end of the process (see Figure 22a). Notably, the amplitude does not exhibit constant
changes in value during the melting of coconut oil. It occurs suddenly, with a quick change
in that parameter. Due to that fact, it is hard to use it as a marker suitable for analysing
the dynamics of the melting front. On the contrary, the constant nonlinear changes are
presented by sonic wave velocity. This dynamic change is visible in the first phase of
melting (see Figure 22a,b from points 1 to 6). This is visibly correlated with the character of

https://www.youtube.com/watch?v=XL3ULG80EcI
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changes in the average temperature of PCM. This is also clearly occurring in the second
phase of melting (see Figure 23a,c from points 7 to 12), when the temperature is stabilised;
only a small change in the velocity is observed till the point at which the solid phase cannot
be observed for any amount of solid phase present in the volume (see Figure 23, points
11–12). In the authors’ opinion, these parameters can be used as a marker for analysing the
behaviour of melting front dynamics.

 

Figure 22. Comparison of sonic and thermal parameter distribution during the melting of coconut oil:
(a) melting front images for the first 30 min of the process, (b) distribution of average PCM temperature
and amplitude, (c) distribution of average PCM temperature and ultrasonic wave velocity.

 

Figure 23. Comparison of sonic and thermal parameter distribution during the melting of coconut oil:
(a) melting front images for the last 30 min of the process, (b) distribution of average PCM temperature
and amplitude, (c) distribution of average PCM temperature and ultrasonic wave velocity.

5. Conclusions
This study investigates the dynamics of the melting and solidification of coconut oil

(PCM) within a rectangular chamber at a constant wall temperature. Results of the experi-
ment were obtained using two non-destructive methods: image processing and ultrasonic
data analysis. While each method has its advantages and disadvantages, the combination
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of image data analysis with ultrasound has proven to provide valuable insights into the
solidification and melting processes. Using both methods is crucial for correlating changes
in the internal structure of phase change materials (PCMs) with relevant parameters, such
as liquid/solid fraction and temperature history.

The effects of subcooling temperature on sound wave parameters have also been
analysed. Additionally, an experimental database of the temperature-dependent ultrasonic
properties of coconut oil at various frequencies has been established.

The study confirms that ultrasound parameters can be used to analyse the structural
reformation of materials during phase changes. Notably, the relationship between sound
wave velocity and PCM temperature can help to determine the temperature range of
the solidification process. On the other hand, the significant drop in amplitude during
the cooling process can be utilised to pinpoint the exact moment when solid particle
nucleation begins.

The current ultrasonic technique utilises one emitter and one receiver to monitor the
melting and solidification processes. This configuration performs effectively during solidi-
fication; however, during melting, the acoustic parameters are affected by the material’s
phase change. To address this issue, future research will focus on employing an array of
emitters and receivers at various positions.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.youtube.com/watch?v=XL3ULG80EcI. The cooling of coconut oil from a temperature of
35 ◦C to 20 ◦C.
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Abbreviations
The following abbreviations are used in this manuscript:

Fo Fourier number []
f Frequency [Hz]
MF Melting fraction [%]
Ra Rayleigh number []
SF Solid fraction [%]
Ste Stefan number
t Time [s]
T Temperature [◦C]
MAE Mean absolute error
PSNR Peak signal-to-noise ratio
RMSE Root mean square error
SNR Signal-to-noise ratio
SF Solid fraction
UQI Universal quality index
IPM Image processing model
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US Ultrasound
DSC Differential scanning calorimeter
PCM Phase change material
TES Thermal energy storage
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34. Andrzejczyk, R.; Kowalczyk, T.; Kozak, P.; Muszyński, T. Experimental and theoretical study of a vertical tube in shell storage

unit with biodegradable PCM for low temperature thermal energy storage applications. Appl. Therm. Eng. 2021, 183, 116216.
[CrossRef]

35. Wang, Z.; Bovik, A.C. A universal image quality index. IEEE Signal Process. Lett. 2002, 9, 81–84. [CrossRef]
36. Liu, Z.; Gao, X.; Huang, X.; Xie, Y.; Gao, J.; Yang, X.; He, Q. Evaluation on solar-biogas heating system for buildings: Thermal

characteristics and role of heat storage sectors. Appl. Energy 2025, 390, 125817. [CrossRef]
37. Voller, V.R.; Peng, S. An enthalpy formulation based on an arbitrarily deforming mesh for solution of the Stefan problem. Comput.

Mech. 1994, 14, 492–502. [CrossRef]
38. Solomon, G.R.; Karthikeyan, S.; Velraj, R. Sub cooling of PCM due to various effects during solidification in a vertical concentric

tube thermal storage unit. Appl. Therm. Eng. 2013, 52, 505–511. [CrossRef]
39. Benedito, J.; García-Pérez, J.V.; Dobarganes, M.C.; Mulet, A. Rapid evaluation of frying oil degradation using ultrasonic technology.

Food Res. Int. 2007, 40, 406–414. [CrossRef]
40. Sharma, T.; Pandey, K.K.; Tripathi, M.; Upmanyu, A.; Singh, R.C. Ultrasonic attenuation study of liquid mixtures of Propylene

Glycol and DD water at various temperatures. Mater. Today Proc. 2024, 104, 70–76. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.est.2025.115463
https://doi.org/10.3390/en18112923
https://doi.org/10.1016/j.ijthermalsci.2022.108076
https://doi.org/10.1016/j.applthermaleng.2023.121925
https://doi.org/10.3390/app9081627
https://doi.org/10.1007/s10973-021-10839-7
https://doi.org/10.36948/ijfmr.2024.v06i03.20438
https://doi.org/10.61343/jcm.v2i01.50
https://doi.org/10.1016/j.applthermaleng.2020.116216
https://doi.org/10.1109/97.995823
https://doi.org/10.1016/j.apenergy.2025.125817
https://doi.org/10.1007/BF00377601
https://doi.org/10.1016/j.applthermaleng.2012.12.030
https://doi.org/10.1016/j.foodres.2006.10.017
https://doi.org/10.1016/j.matpr.2024.01.054

	Introduction 
	Materials 
	Experimental Methods 
	Ultrasonic Method 
	Acoustical Properties of Coconut Oil 
	Image Processing 
	Experimental Procedure of Evaluation of Solid Fraction by Machine Learning 

	Results and Discussion 
	Comprehensive Analysis of PCM Transition 
	Analysis of the Dynamics of the Solidification/Melting Process 

	Conclusions 
	References

