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Abstract: Values of energy supply and demand vary within the same timeframe and are not equal. Consequently, to minimise the amount 
of energy wasted, there is a need to use various types of energy storing systems. Recently, one can observe a trend in which phase 
change materials (PCM) have gained popularity as materials that can store an excess of heat energy. In this research, the authors ana-
lysed paraffin wax (cheese wax)’s capability as a PCM energy storing material for a low temperature energy-storage device. Due  
to the relatively low thermal conductivity of wax, the authors also analysed open-cell ceramic Al2O3/SiC composite foams’ (in which  
the PCM was dispersed) influence on heat exchange process. Thermal analysis on paraffin wax was performed, determining its specific 
heat in liquid and solid state, latent heat (LH) of melting, melting temperature and thermal conductivity. Thermal tests were also performed 
on thermal energy container (with built-in PCM and ceramic foams) for transient heat transfer. Heat transfer coefficient and value  
of accumulated energy amount were determined. 
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1. INTRODUCTION 

Energy accumulation plays an important role in sustainable 
utilisation of available energy sources and in improving their effi-
ciency [1]. It happens due to some energy sources being available 
for limited timeframes, such as solar energy and waste heat emit-
ted by machines, home appliances and buildings [1]. Phase 
change materials (PCM) provide the opportunity to accumulate 
such heat energy because of their relatively large values of latent 
heat (LH). Energy accumulation systems utilising PCM are char-
acterised by ability to store or release large amounts of energy, 
maintaining almost constant temperature value when the phase 
transition occurs. They are used in multiple fields: solar energy 
(solar water heating, solar air heating [2, 3, 4], solar power plants 
[4]), construction of passive and active energy-storage systems 
[5], photovoltaic panel cooling [6], electronics [7], automotive 
industry [8], space heating and domestic hot water systems [9], 
space cooling systems [10], spacecraft industry, food industry, for 
biomedical appliances and intelligent textiles. The first studies in 
the literature dealing with PCM are dated back to the ’40s of the 
preceding century [11], but only the energy crisis during the ’70s 
led to their utilisation as thermal energy storages (TES) that can 
release sensitive heat (SH) or LH, and visibly increased PCMs’ 
importance for energy management [12, 13]. PCMs can be 
grouped based on their origin as organic, non-organic or eutectic 
mixtures. Organic PCMs can be further divided into paraffins, fatty 
acids and ionic liquids. Inorganic PCMs are mostly salts, their 
hydrates and eutectic mixtures created with them. They are typi-
cally characterised by high values of enthalpy of fusion, a small 

range of phase transition temperature and higher – in comparison 
with organic PCMs – thermal conductivity coefficients. However, 
inorganics are not thermally stable during phase transition – they 
undergo segregation and might be supercooled. Such occurrenc-
es can cause corrosion of PCM containers. Organic PCMs have a 
relatively high value of LH, are chemically stable and their melting 
temperature can be controlled by regulation of carbon atoms’ 
amount in chain during the synthesis process. The disadvantages 
of using organic PCMs include their tendency to change volume 
during melting, as well as low thermal conductivity coefficients. 
For example, salt’s hydrates have thermal conductivity coefficients 
within the range of 0.4–0.7 W/(mK) [14] while organics have it in 
the range of 0.15–0.3 W/(mK) [15]. Organics don’t cause corro-
sion, are non-toxic and the supercooling effect during phase 
change is relatively small in their case. Organic PCMs are readily 
available in relatively low prices, characterised by a wide range of 
work temperatures to choose from, chemically stable and safe to 
use with drinking water and various other materials [16]. Given the 
small thermal conductivity coefficients of the materials discussed 
above, the issue of intensifying heat transfer presents a scientific 
problem. One of its solutions is to disperse the material in another 
body, which is able to transfer the heat well (such as metals and 
their alloys). The conducting material can be structured as a 
frame, net, porous foam etc., with copper and aluminium foams or 
expanded graphite allowing mention as examples. Porous ceram-
ic materials can also be used. Additionally, PCM containers can 
be equipped with parts that intensify the heat exchange process, 
such as ribbed structures [17, 18, 19, 20], metal meshes and 
rings. Another way to intensify the heat exchange rate is the 
utilisation of nanomaterials mixed with PCMs to increase the 
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thermal conductivity coefficient of such blends in comparison with 
the raw material [21, 22, 23]. The container shape plays a major 
role in the heat exchange process as well, e.g. a container shaped 
as a cylindrical ring displays better thermal characteristics than a 
spherical one of the same volume. 

In this research, the authors used ceramic open-cell compo-
site foams of Al2O3/SiC. The advantage of using such foams is 
their low weight in comparison with metallic foams, as well as a 
lower price. It has to be noted that, unfortunately, the heat transfer 
coefficient for ceramic foams is lower than that for foams based 
e.g. on aluminium alloy or copper. 

Pure Al2O3 has a thermal conductivity coefficient of 18 W/mK 
[24], which can be increased by adding SiC to the material up to 
35 W/mK, with a 43% SiC weight admixture [25]. 

Utilisation of a ceramic array should perceptibly increase the 
heat exchange rate during the charging process of a container 
with PCM. It should lower the time required to charge and dis-
charge the heat energy from and into the PCM heat accumulation 
system. 

2. THERMAL PROPERTIES OF THE PCM 

In this research, paraffin (cheese) wax was used as PCM, and 
it is composed of refined petroleum slack and beeswax. Paraffins 
are materials consisting of saturated carbon–hydrogen chains 
(with CnH2n+2 formula) integrated with branched, straight and 
ring-like (aromatics) structures, which are produced by the distilla-
tion of crude oil. Both the melting point temperature and LH of 
fusion increase with chain length. For an n in between 5 and 17, 
they are liquid at room temperature, while those with an n higher 
than 17 manifest in the form of solids. With an increasing number 
of carbon atoms, the melting temperature of paraffin waxes is also 
increased. Solid paraffin waxes are a mixture of hydrocarbons 
(iso-alkanes and cycloalkanes). For this reason, it is also difficult 
to accurately determine the molar mass of paraffins. Cheese wax 
is considered non-toxic, which is important for PCM TES that are 
intended for application in drinking water preparation. This type of 
paraffin (cheese wax) is used to protect cheese. No legal re-
strictions apply and they can be used as a PCM in domestic hot 
water tanks, without additional tests and approvals. And this is 
very important from a practical point of view. 

Concerning the present study, the first measurements per-
formed were those of specific heat, LH and phase transition tem-
perature. Specific heat measurements of the discussed PCM were 
performed using a differential scanning calorimeter (DSC) Mettler-
Toledo DSC 822e with IntraCooler Haake EK 90/MT under a 
nitrogen atmosphere (60 ml/min flow speed) [Fig. 1]. The test was 
performed using standard DSC aluminium crucibles with a 40 µl 
volume. Temperature appreciation speed was set to 10 °C/min. 
Specific heat measurements were performed in accordance with 
recommendations in the literature [26, 27]. 

Specific heat measurement was performed using an indirect 
method with a sapphire calibration constant temperature growth 
rate of 10 °C /min and heat flux (HF) being the directly measured 
value [28]. 

 Samples of a weight between 5 mg and 20 mg were taken 
from provided material (Fig. 2). 

In the first experimental step, the heat rate with an empty con-

tainer (𝐻𝐹𝑐𝑟
𝑒𝑥𝑝

) was recorded. After placing the sample in the 
crucible, the measurement was repeated, obtaining HF readings 

of samples with crucibles 𝐻𝐹𝑝𝑟+𝑐𝑟
𝑒𝑥𝑝

 . HF for the sample follows the 

formula: 

𝐻𝐹𝑝𝑟
𝑒𝑥𝑝

=  𝐻𝐹𝑝𝑟+𝑐𝑟
𝑒𝑥𝑝

− 𝐻𝐹𝑐𝑟
𝑒𝑥𝑝 .            (1) 

 
Fig. 1. DSC DSC822e and crucibles used. DSC, differential scanning 

calorimeter 

 
Fig. 2. Plastic wax analysed in the research 

In the next step, heat rate on the reference material (sapphire) 

𝐻𝐹𝑠𝑎𝑝
𝑒𝑥𝑝

 was measured. The reference material was a sapphire 

disc with a diameter of 7 mm, which was directly analysed in the 

calorimeter’s chamber. 𝐻𝐹𝑠𝑎𝑝
𝑒𝑥𝑝

 was obtained by subtracting the 

HF signal for sapphire from the signal measured with the device’s 
chamber when it was empty. It allowed determination of the spe-
cific heat of the reference sample, following the formula: 

𝑐𝑝𝑠𝑎𝑝

𝑒𝑥𝑝
=  

𝐻𝐹𝑠𝑎𝑝
𝑒𝑥𝑝

𝑚𝑠𝑎𝑝 𝛽
 ,               (2) 

where 𝐻𝐹𝑠𝑎𝑝
𝑒𝑥𝑝 represents the heat rate with the reference sample 

(mW), 𝑚𝑠𝑎𝑝 the reference sample’s weight (mg) and ß the rate of 

temperature change during the test (K/min). 
Afterwards, the correction factor K, used to account for heat 

loss to the environment, was calculated: 

𝐾 =  
𝑐𝑝𝑠𝑎𝑝

𝑙𝑖𝑡

𝑐𝑝𝑠𝑎𝑝
𝑒𝑥𝑝 ,                        (3) 

where 𝑐𝑝𝑠𝑎𝑝

𝑙𝑖𝑡  represents the standardised specific heat of a sap-

phire reference (J/[gK]) [28]. 
The experimental value of the specific heat of the samples 

was determined using Eq. (1) and in compliance with the following 
relationship: 
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𝑐𝑝𝑝𝑟

𝑒𝑥𝑝
=  

𝐻𝐹𝑝𝑟
𝑒𝑥𝑝

𝑚𝑝𝑟 𝛽
,              (4) 

where: 𝑚𝑝𝑟 represents the sample weight (mg), and ß the rate of 

temperature change during the test (K/min). 
Weights of wax samples and the sapphire reference sample 

were measured using an analytical balance. The specific heat of 
PCM samples was calculated using the following relationship: 

𝑐𝑝𝑝𝑟
𝑐𝑜𝑟 =  𝑐𝑝𝑝𝑟

𝑒𝑥𝑝
 𝐾,              (5) 

where: 𝑐𝑝𝑝𝑟
𝑐𝑜𝑟  represents the sample’s specific heat after correction 

(J/[gK]). 
Fig. 3 presents the DSC thermograph of a HF signal meas-

ured for the wax sample after subtracting the signal measured 
with the empty crucible. 

 
Fig. 3. Wax DSC thermogram – identification of specific heat. DSC, 

differential scanning calorimeter 

Values of the specific heat of PCM specimens calculated us-
ing the procedure described above are presented in Fig. 4 (for 
solid and liquid states of the material).  

 
Fig. 4. Specific heat of wax vs. temperature 

For the solid phase, a major increase of heat capacity is per-
ceptible in the dependence of temperature, achieving the value of 

2.9 kJ/(kgK) in 25 C. A relatively small increase of specific heat 
can be observed for the material in its liquid state. 

Tab. 1. Specific heat capacity of the paraffin wax [29] 

Melting temperature 

(C) 

Specific heat capacity (kJ/kgK) 

Solid Liquid 

32–32.1 1.92 3.26 

The measured average specific heat for the solid phase 
amounts to 2.3 kJ/kgK and is slightly higher than the data pre-
sented in the literature [29]. 

In turn, for the liquid phase, the measured average specific 
heat is 2.99 kJ/kgK, which is less than the value presented in the 
literature [29]. The discrepancies are probably due to the different 
carbon–hydrogen chains’ structure of the paraffin in the solid state 
and the fact that the tested sample is composed of refined petro-
leum slack and beeswax. This is also evidenced by the higher 
melting point, as shown in Tab. 1. 

The LH of melting and melting temperature for the analysed 
material were determined using DSC analysis in compliance with 
the standards presented in the literature [30, 31, 32], with indium 
being used as a reference material for determination of the LH of 
melting. 

𝐿 = 𝐿𝑐
𝑚𝑐 𝐴 

𝑚 𝐴𝑐 
                (6) 

where: 𝐿 represents the LH of melting for the sample, 𝐿𝑐  the LH of 
melting for the reference material, 𝑚 the specimen weight, 𝑚𝑐  

the reference weight, 𝐴 the surface area under the HF graph (as 

marked in Fig. 5) for the sample and 𝐴𝑐  the area on the HF graph 
for the reference material. 

A temperature range for this measurement was selected 
based on the sample’s material characteristics. Tests were carried 
out through the aid of the same calorimeter as for previous trials 
(Mettler-Toledo DSC822e, in nitrogen with its flow speed equal to 
60 ml/min), using an IntraCooler device. 

As visible in Fig. 5, DSC analysis of the wax sample showed a 
single-step melting process with very small differences between 
the heating cycles. For each of the tests, there is one peak in the 
melting process. The peak on each DSC curve represents a 
phase change. As can be seen in Fig. 5, due to the presence of 
multicomponent hydrocarbon isomers, paraffin does not have a 
clear (sharp) melting temperature. The melting process of wax 
does not occur in a constant temperature, but rather in a range of 

temperature values, which starts at 25 C and ends at 60 C. In 
the initial part of the transition, the LH is relatively small, while 

soaring LH values can be observed at 53 C, which corresponds 
to the calculated melting temperature of the tested PCM. 

 
Fig. 5. Wax DSC thermograms – identification of the latent and melting 

temperatures. DSC, differential scanning calorimeter 

To determine the LH of melting of PCM, three tests were per-
formed, and their results are presented in Tab. 2. Small differ-
ences in the calculated LH lead to the conclusion that the phase-
change and thermal properties of the material are stable, making 
it suitable for use in TES systems. 
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Tab. 3 shows the properties of the paraffins. Compared to the 
values measured in this study, the melting enthalpy of paraffins is 
more than twice as high. This is because, as mentioned before, 
paraffins consist of carbon–hydrogen chains and this may indicate 
shorter chains for the tested sample. Therefore, the LH of the 
cheese wax is much lower. 

Tab. 2. Results of measuring the melting point and LH of the paraffin wax 

Test No. Melting temperature (°C) LH (kJ/kg) 

1 52.3 104.31 

2 52.3 104.04 

3 52.3 103.53 

Mean 52.3 104.0 

LH, latent heat 

Tab. 3. The thermal properties of paraffins 

Paraffin 

No. of 
carbon 

atoms in 
one mole-

cule 

Melting 
temp. 

(C) 

LH 
(kJ/kg) 

Density 
(kg/m3) 

n-Nonadecane 19 32 222 785 

n-Eicozane 20 36.6 247 788 

n-Heneicozane 21 40.2 213 791 

n-Docozane 22 44 249 794 

n-Trikozane 23 47.5 234 796 

n-Tetracozane 24 50.6 255 799 

n-Pentacozane 25 53.5 238 801 

n-Hexacozane 26 56.3 256 803 

n-Heptacozane 27 58.8 235 779 

n-Oktacozane 28 41.2 254 806 

n-Nonacozane 29 63.4 239 808 

n-Triacontane 30 65.4 252 775 

LH, latent heat 
 
Uncertainty in measurement of specific heat and LH was es-

timated using the procedures described in the literature [33, 34]. 
Complex standard uncertainty was calculated according to the 
formula: 

 𝑢𝑐(𝑌) = √∑ (
𝜕𝑌

𝜕𝑋𝑖
 𝑢(𝑋𝑖))

2
𝑛
𝑗=1             (7) 

where: 𝑢(𝑋𝑖) represents standard uncertainties of partial meas-
urements and 𝑢𝑐(𝑌) total complex standard uncertainty. 

The following factors influence the uncertainty in determina-
tion of the specific heat and the LH of fusion: repeatability of heat 
power measurements for an empty cell, empty crucibles, sample 
and sapphire, and determination of the mass of the sample, sap-
phire and indium. The uncertainty in the heat power measurement 
is ±0.1 mW. The error of mass measurement with the analytical 
balance was determined at the level of 
 ±0.01 mg. The uncertainty in the specific heat and the LH of 
fusion for the thermal power was estimated at the level of ±3%. In 
the next step, measurements of PCM’s thermal conductivity coef-
ficient were carried out using a KD2 thermal properties analyser 
(Decagon Devices Inc.) This device can be used to measure 
properties of solid, loose and liquid materials [35]. The method of 
calculating the thermal conductivity coefficient is based on solving 
temperature functions: 

 For heating phase: 

𝑇(𝑡) = 𝑚0 + 𝑚2 𝑡 + 𝑚3 𝑙𝑛(𝑡) for 0 < 𝑡 ≤ 𝑡ℎ,           (8) 

 For cooling phase: 

𝑇(𝑡) = 𝑚1 + 𝑚2𝑡 + 𝑚3 𝑙𝑛 (
𝑡

𝑡−𝑡ℎ
) for 𝑡 > 𝑡ℎ ,       (9) 

𝑘 =
𝑞

4𝜋 𝑚3
              (10) 

where: T(t) represents the temperature of a linear heat source, 
𝑚0, 𝑚1, 𝑚2 𝑎𝑛𝑑 𝑚3 indicate constants, 𝑚0 should be interpreted 
as the environment temperature during the heating phase consid-

ering contact resistance, 𝑚2 the velocity of environment tempera-
ture drift, 𝑚3 the slope of temperature function vs. 𝑙𝑛(𝑡), 𝑘 the 
thermal conductivity coefficient, q the power of this linear heat 

source and 𝑡ℎ the operating time of the linear heat source. 
By registering temperature change over time and approximat-

ing the collected data with Eqs (8) and (9), it is possible to deter-
mine the thermal conductivity coefficient value. To measure the 
thermal conductivity of PCM in the liquid and solid states, a KS-1 
measurement probe (length 60 mm and diameter 1.3 mm) was 
used. The probe enables measurement of the thermal conductivity 
coefficient of solids and liquids in the range of 0.02–2.00 W/(mK) 

within a temperature range of 50 °C to 150 °C, with a ±5% 
accuracy in the range 0.2–2.0 W/(mK), and ±0.01% in the range 
0.02–0.2 W/(mK) [36]. 

The analysed wax samples in glass vials were placed in a wa-
ter bath, controlling the water temperature, as indicated in Fig. 6. 
After reaching thermal equilibrium of the system, four measure-
ments were performed for each analysed temperature value. The 
results of the experiment are indicated in Fig. 7. The solid phase 
measurements exhibited a strong temperature dependency, 
where thermal conductivity peaked at 35 °C, possibly due to the 
solid–solid structural transition [37]. 

One can observe that the thermal conductivity almost doubled 
during the melting process, in comparison with the commence-
ment of the experiment, at which time this value was recorded at 

25 C. It was seen during melting that the sample was highly 
viscous with a mush-like characteristic. It was observed that for 
paraffins with a higher melting temperature, there occur both 
structural and state changes [37, 38], similar to this case. In gen-
eral, for paraffins with a higher melting point, there may be anoth-
er “phase”, consisting of solid flakes (particles) and liquid cells, 
which is called the mush phase. During structural change, a single 
phase undergoes thermal excitation, which results in the conver-
sion (rebuilding) of the internal structures of the paraffin, and this 
is known as the solid–solid phase change. 

The structure of the carbon–hydrogen chains changes and 
might have affected how energy is transferred between solid 
particles of the paraffin wax (molecular mechanism of heat con-
duction in a solid) [39]. 

Therefore, a strong increase in the heat conductivity coeffi-
cient during melting is the result of the reconstruction of the paraf-
fin structure. This phenomenon is correlated with the structural 
change. After finalising the structural transition, thermal conductiv-
ity decreases to its minimal value for liquid wax, and then slowly 
increases with temperature. With the appearance of cells contain-
ing a liquid phase, convective heat exchange processes begin to 
dominate. This causes a strong decrease in the thermal conduc-
tivity of the paraffin wax. The particular values of this phenomenon 
are presented in Tab. 4. 
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Tab. 4. Thermal conductivity of the paraffin wax 

Melting 
temperature 

(C) 

Thermal conductivity 
(kJ/kgK) Reference 

Solid Liquid 

32–32.1 0.514 0.224 Francis Agyenim 

51.8 0.233 n/a Mohamed Lachheb 

53–57 0.26 0.16 Vahit Saydam 

The measured values of the thermal conductivity coefficient 
for the solid phase that find mention in the literature [40, 41] are 
observed to be much higher than the values reported in the pre-
sent study. The probable cause of these higher values might be 
the fact of the measurement having been made already, at the 
beginning of the phase transition. As can be seen from Fig. 7, 
there is a rapid increase in the thermal conductivity coefficient 

between the temperatures of 25.2 C and 25.6 C. 

 
Fig. 6. Schematic diagram of thermal conductivity test equipment 

 
Fig. 7. Thermal conductivity of the wax vs. temperature 

Standard uncertainty was calculated in accordance with rec-
ommendations in the literature, and its values are presented in 
Tab. 5. 

Tab. 5. The melting point and the LH of the wax 

Temperature 

(C) 

Standard 
uncertainty 
in the tem-
perature 

(C) 

Thermal con-
ductivity 
(W/[mK]) 

Standard uncer-
tainty in the 

thermal conduc-
tivity (W/[mK]) 

16.0 0.30 0.134 0.010 

21.5 0.26 0.146 0.010 

25.2 0.27 0.156 0.008 

26.5 0.30 0.230 0.012 

35.4 0.37 0.265 0.013 

45.7 0.30 0.260 0.013 

52.6 0.28 0.202 0.010 

57.8 0.36 0.165 0.010 

67.7 0.33 0.153 0.010 

78.0 0.28 0.173 0.013 

84.8 0.28 0.176 0.010 

LH, latent heat 

The last determined material parameter was the density of the 

wax in its solid state and at a temperature of 22 C. The value 
was determined using an analytical scale and with manual meas-
urement of a cylindrical specimen. The obtained density value 
was 909 kg/m3 with an uncertainty of ±1%. 

3. THERMAL PERFORMANCE OF THE STORAGE CON-
TAINER WITH PCM AND CERAMIC FOAM 

In the following step, the authors researched the thermal 
properties of PCM dispersed in Al2O3/SiC composite foams, 
utilising an experimental TES system with a measurement setup 
designed for the purpose. Porosity of the foam was determined 
using optical analysis [42] with a help of open source software 
[43]. One of the most frequently used methods of porosity meas-
urement is the Archimedes method, applied according to the EN 
623-2 standard [44]. However, if the pore size is >200 µm, this 
method is not recommended for porosity measurements. In this 
case, the pore sizes were in the range of 1.5–3.0 mm. Therefore, 
the optical technique was used to measure the porosity of the 
Al2O3/SiC composite. This measuring technique is successfully 
used to determine the porosity of building materials, rocks, etc. 
The samples were photographed in a high resolution. Then, to 
further clean the image, a threshold value was set using an open-
source photo editing software (ImageJ, an image processing 
program), so that any given pixel was either white or black  
(Fig. 8). 

 
Fig. 8. Photographed image of ceramic foam (pores are white) 

Then, the area of the pores and the skeleton was measured, 
and on this basis, the porosity was determined. Three samples of 
the foam were appraised to obtain a mean porosity of 48%. Then, 
the foam was placed in a cuboidal container (with a volume of 
2.3 l), and filled with cheese wax afterwards (Fig. 9). The contain-
er was placed inside a case, which made it easier to mount 
probes and measurement devices to the rig and enable water-flow 
inside. During tests, the “hot” side of the rig was heated with flow-
ing liquid (water), and the “cold” side was thermally insulated. A 
thin HF meter (OMEGA®, with 5% declared measurement uncer-
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tainty) was fixed to the “hot” side of the PCM container, in addition 
to the installation of two K-type thermocouples with which to 
measure the container’s surface temperature. Additionally, three 
K-type thermocouples were installed in the space between the 
device’s case and the container, to measure the flowing fluid’s 
temperature. Five K-type thermocouples were also placed on the 
“cold” container’s side. 

 
Fig. 9. View of the measuring section and the PCM container. PCM, 

phase change material 

 

 
Fig. 10. Simplified scheme of the experimental stand 

The test section was integrated into the experimental stand 
(Fig. 10). The stand consists of main parts such as: buffer tank, 
measurement/test section, pump and thermostat (heater). The 
buffer tank is included in the setup to maintain the stability and 
uniformity of the temperature at which hot water is supplied to the 
test section. The liquid’s flow rate through the measurement sec-
tion was regulated using a valve, and measured with a TecFluid 
TM44 turbine flowmeter. The temperatures on the inlet and outlet 
of the test section were measured using Pt100 thermistors, while 
the water-pressures at these same locations were read using 
WIKA piezoelectric transducers. For data acquisition, a DATAQ® 

Instruments GL820 midi Logger was used. 
For the duration of the trials, the following parameters were 

logged: 

 the test section’s inlet and outlet temperatures; 

 the water-pressures of the inlet and outlet; 

 the volumetric flow rate; 

 the temperature of the PCM container’s external surfaces; 

 the temperature of the surrounding environment; and 

 the HF. 
The data obtained were recorded in a text file. The main ob-

jective of this study was to determine the heat exchange condi-
tions prevailing during the TES charging process and the amount 
of accumulated heat energy. To obtain the heat transfer coeffi-
cient, HF density on the container’s surface was measured along 
with the temperatures of the fluid and of the aforementioned sur-
face, with the liquid’s volumetric flow rate being ascertained at 
0.57 m3/h. 

 
Fig. 11. HF density, fluid and surface temperature vs. time. HF, heat flux 

At the beginning of the charging process, the HF from water to 
the PCM container grows rapidly, as shown in Fig. 11. This phe-
nomenon is followed by a similar-in-size fast decrease and stabili-
sation of the parameter, with a slight increase over time. The initial 
growth of HF can be explained by the large difference between 
the temperatures of the container and the liquid at the beginning 
of a charging process. During forced convection, the temperature 
difference between the fluid and the wall is the main driving force 
in the process of thermal energy transport. Moreover, in the initial 
heat transfer process, the thickness of the thermal boundary layer 
is small. The thermal resistance of the boundary layer is very low 
and therefore the transfer coefficient attains high values. After the 
system’s temperature becomes regulated, the “driving force” 
behind this HF’s spike decreases. This is due to the stabilisation 
and growth in the thickness of the thermal boundary layer. The 
function of heat transfer coefficient in time was determined using 
the following formula:  

ℎ(𝑡) =
𝑞(𝑡)

𝑇𝑓(𝑡)−𝑇𝑤(𝑡)
,            (11) 

where: ℎ(𝑡) represents the transient heat transfer coefficient, 𝑞(𝑡) 
the HF, 𝑇𝑓(𝑡) the temperature of the liquid and 𝑇𝑤(𝑡) the contain-

er’s wall temperature. 
Change of the heat transfer coefficient across time is present-

ed in Fig. 11. Similarly as with the HF density graph, a spike of the 
coefficient’s value is observed at the beginning of the process. It 
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can be explained by the relatively small thickness of the contain-
er’s wall, enabling rapid heat exchange with large temperature 
differences of the container and a medium. The slight increase of 
the coefficient’s value afterwards can be caused by a decrease in 
the fluid’s viscosity at the container’s surface as it accumulates 
more energy, intensifying fluid transport momentum. 

The mean value of heat transfer coefficient ℎ̅ was calculated 
as a mean of the function: 

ℎ̅ =
1

𝑡
∫

𝑞(𝑡) 𝑑𝑡

𝑇𝑓(𝑡)−𝑇𝑤(𝑡)

𝑡

0
            (12) 

where: t indicates time.  
The mean heat transfer coefficient calculated for a timeframe 

between 0 s and 2,500 s is 780 W/m2 K, proving that the heat 
exchange process is laminar. 

 
Fig. 12. Instantaneous value of the heat transfer coefficient 

 
Fig. 13. The amount of accumulated heat 

The amount of heat accumulated during charging process (Q) 
was calculated based on the relation: 

𝑄 = ∫ 𝜌 𝑐 �̇� [𝑇𝑖𝑛(𝑡) − 𝑇𝑜𝑢𝑡(𝑡)] 𝑑𝑡
𝑡

0
         (13) 

where: 𝜌 𝑐 represents the volumetric heat capacity of water, �̇� wa-
ter’s volumetric flowrate, 𝑇𝑜𝑢𝑡 temperature of water in the test 
section’s outlet and 𝑇𝑖𝑛 temperature of water in the test section’s 
inlet. Water’s volumetric heat capacity, which is a product of spe-
cific heat and density, was calculated, based on literature data 
[44, 45], to be the following: 

𝜌 𝑐 = 4211.7 − 1.6796 𝑇𝑎𝑣          (14) 

where: 𝑇𝑎𝑣 temperature is an arithmetic mean of inlet’s and out-
let’s liquid temperatures.  

The determined amount of accumulated heat is presented on 
graph (Fig. 13). As visible, the amount of heat accumulated is an 
ascending linear function of time, except the beginning of the 
charging process. The slope of the curve presented in Fig. 13 

depends on the heat capacity of the paraffin as well as on the 
heat transfer coefficient. The higher intensity of heat accumulation 
observed in the initial phase (Fig. 13) is related to higher values of 
the heat transfer coefficient, as shown in Fig. 12. The use of 
ceramic foam eliminates the effect (local change of the curve 
slope) related to the phase change [46, 47, 48]. 

4. SUMMARY 

In this study, the authors carried out research on the thermal 
properties of a PCM – specifically wax. In the dominant majority of 
publications focussed on PCM materials, the description of the 
thermophysical properties is limited to information concerning only 
the LH, melting point temperature and (less often) the thermal 
conductivity coefficient (for the solid and liquid phases). There is a 
noticeable absence of complete information on changes in ther-
mophysical properties during the phase change. Therefore, in this 
study, detailed thermophysical studies were carried out during the 
wax melting process. In particular, the temperature range in which 
the phase change occurs was precisely determined. This is im-
portant for the correct design of thermal energy accumulation 
systems. 

Specific heat was determined for the material’s solid and liquid 
states. In the material’s solid state, a strong increase of specific 
heat capacity in relation to temperature increase is observed, 

reaching 2.9 kJ/(kgK) at a temperature of 25 C. In the material’s 
liquid state, a slight and approximately linear increase of specific 
heat with temperature growth was observed. DSC analysis re-
vealed a one-stage melting process of the discussed substance, 
with very small differences in material behaviour during multiple 
subsequent heating cycles. The melting process of the analysed 

PCM occurs gradually in a range of temperatures starting at 25 C 

and concluding at 60 C. At the beginning of a melting process, 
the intensity of phase change LH’s emission is relatively small. 

Vigorous increase of this value can be observed at 53 C, which 
corresponds to the melting temperature determined in this re-
search. The melting temperature and LH of melting were also 

determined as 52.3 C and 104.0 kJ/(kgK), respectively. Omitta-
ble value differences for the LH of melting between different spec-
imens shows that the analysed material possesses stable thermal 
properties. This is important for design purposes connected with 
TES devices and systems. 

The heat transfer coefficient of wax was measured. Its value 
perceptibly varies with temperature changes. Above the tempera-

ture of 25 C, it starts growing rapidly, to reach a value that is 
almost double its initial value, due to the material’s phase transi-
tion. After a liquid phase appears, the heat transfer coefficient 
rapidly decreases and afterwards slightly grows with further tem-
perature increase. The thermal analysis of a transient process of 
charging a PCM container filled with ceramic foam and wax was 
carried out. The analysis revealed that the value of the heat trans-
fer coefficient grows rapidly at the beginning of the charging pro-
cess, a phenomenon possibly caused by the small thickness of 
the near-wall thermal layer. This layer increases its thickness with 
time, thereby causing an associated decrease in the coefficient’s 
value. Slight and steady growth of the coefficient afterwards can 
be caused by a decrease in the liquid’s viscosity in the near-wall 
area. 
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