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Abstract: The article deals with the experimental and numerical thermal-flow behaviours of a low-
temperature Phase Change Material (PCM) used in Thermal Energy Storage (TES) industrial applica-
tions. The investigated PCM is a composition that consists of a mixture of paraffin wax capsuled
in a melamine-formaldehyde membrane and water, for which a phase change process occurs within
the temperature range of 4 ◦C to 6 ◦C and the maximum heat storage capacity is equal to 72 kJ/kg.
To test the TES capabilities of the PCM for operating conditions close to real ones, a series of exper-
imental tests were performed on cylindrical modules with fixed heights of 250 mm and different
outer diameters of 15, 22, and 28 mm, respectively. The module was tested in a specially designed
wind tunnel where the Reynolds numbers of between 15,250 to 52,750 were achieved. In addition,
a mathematical model of the analysed processes, based on the enthalpy porosity method, was pro-
posed and validated. The temperature changes during the phase transitions that were obtained
from the numerical analyses in comparison with the experimental results have not exceeded 20%
of the relative error for the phase change region and no more than 10% for the rest. Additionally,
the PCM was examined while using a Scanning Electron Microscope (SEM), which indicated no
changes in the internal structure during phase transitions and a homogeneous structure, regardless
of the tested temperature ranges.

Keywords: low-temperature phase change material; paraffin wax; thermal energy storage; numerical
modelling; scanning electron microscope

1. Introduction

Thermal Energy Storage (TES) technology has gained increasing worldwide attention,
because it, among others, has been regarded as an effective way to compensate for the inter-
mittence of renewable sources [1,2]. Among various TES technologies, Latent Heat Thermal
Energy Storage, (LHTES), utilising Phase Change Materials, (PCMs), is one of the most
attractive forms, with a relatively high storage density and small temperature changes
from storage to retrieval [3]. PCMs are substances with the property of heat absorption
when they undergo a phase change from solid to liquid, liquid to gas, or vice versa [4–6].
These PCMs are widely applicable in a broad range of industrial areas. For instance, they
can be encapsulated in building materials, e.g., gypsum plasterboard, cubicle, and wall
board in order to enhance the thermal storage capacity [7,8]. PCMs are also considered to
improve the frosting/defrosting operating performance of air source heat pumps [9]. Like-
wise, PCMs are frequently used in order to produce thermoregulated textiles, where they
are generally entrapped in micro/nano-capsules to prevent leakage [10]. PCMs-assisted
packaging is an innovative technology, which can plenarily control temperature-sensitive
food products under different conditions [11]. In addition, PCMs also play an important
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role in a large number of fields, like temperature-adjustable greenhouses [12,13], waste
heat recovery [14], and building air-conditioning [15]. High-temperature PCMs have at-
tracted considerable interests over the past decade, which is extraordinarily promising in
the concentrated solar thermal field and other high-temperature-required domains [16–18].
On the other hand, Amin et al. [19] considered a different temperature interval with a focus
on low-temperature PCMs that are encapsulated in spheres.

PCMs can be generally classified into two types: organic and inorganic. Most inorganic
PCMs are barely applicable to the TES system due to their toxicity, corrosivity, and super-
cooling properties. In contrast, organic PCMs are relatively safe, chemically inert and
ecologically friendly [20]. Among diverse organic PCMs, paraffin wax is one of the most
common materials, with several remarkable properties, e.g., high energy storage density,
relatively low cost in commerce, and a small super-cooling trend. Paraffin wax (usually
extracted from ozokerite, petroleum, natural gas, etc.) has a wide range of phase change
temperatures and it has a general chemical formula Cn H2n+2 (n ≥ 4, the higher the value
of n the higher the melting temperature) [21]. Consequently, an ideal scheme seems to be
to use capsuled paraffin wax as a storage material and proposals for such a method have
already been tackled by groups of researchers [22,23].

Plenty of investigations on the mathematical models and numerical analyses with
PCMs that are capsuled in different configurations have been performed and reported
in the literature. Shamsundar and Sparrow [24] resolved the enthalpy equation using
the finite difference approach and performed an analysis of the multidimensional transient
solidification process with the change of density and an increasing shrinkage cavity. The au-
thors noted that the highest impact of the density ratio and the Stefan number on the heat
transfer occurred at almost the end of solidification. In a horizontal tube with unfixed
solid PCMs inside, the thermal behaviours of the PCMs (heat flux densities, geometric
shape, melting rates, etc.) were obtained by Bareiss and Beer [25] through neglecting
the inertial force. The authors pointed out that the gravity of the solid PCMs and pressure
forces in a thin liquid layer jointly formed a force balance. Bilir and Ilken [26] investigated
PCMs capsuled in a spherical/cylindrical container employing the third kind of bound-
ary condition. The authors derived correlations that utilise the Biot number, the Stefan
number and the dimensionless surface temperature to present the dimensionless total
solidification time of PCMs. Verma et al. [27] studied the mathematical models that are
based on the first and second law of thermodynamics regarding the LHTES system with
PCMs inside. The authors indicated that the model based on the first law of thermo-
dynamics had been experimentally validated, and could be employed to model PCMs.
However, the model based on the second law of thermodynamics required additional
work related to its experimental verification. A numerical model regarding the solidifi-
cation process of PCMs in a triplex tube with external and internal fins was proposed by
Al-Abidi et al. [28]. The authors noted that factors, including the fin length, the fin thickness,
and the numbers of fins, had a considerable impact on the heat transfer. However, the effect
of the fin thickness was assessed to be less than that of the fin length. Similarly, Li et al. [29]
explored the enhancement effect of aluminium oxide on phase change heat transfer in
the triplex tube with fins. The conducted research revealed that an extra alumina con-
tributed to a stronger conduction and the best discharging rate was determined in the case
of dp = 40 nm. The entropy optimization method was applied in order to study the so-
lidification behaviour of nanoparticle-enhanced PCMs in the LHTES system affected by
a magnetic field by Shah et al. [30]. The authors indicated that the Lorentz force, caused
by the Hartmann number, and buoyancy forces had positive and negative impacts on
the solidification rate of nanoparticle-enhanced PCMs, respectively. Jourabian et al. [31]
utilised the enthalpy-based Lattice Boltzmann method and double distribution function to
explore the melting process of the ice within a semicircle enclosure. The authors noticed
that the concentration of nanoparticles had a positive and an adverse effect on the thermal
conductivity and the latent heat of PCMs, respectively, but a negligible impact on the av-
erage Nusselt number. A novel PCM-air tubular heat exchanger and the corresponding
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analytical solution were proposed by Dubovsky et al. [32]. The authors successfully pre-
dicted the results of separate tubes and verified the applicability of the analytical solution
to the practical heat exchangers. Darzi et al. [33] presented several simulations of the sym-
metric melting process between two cylinders in an eccentric and concentric position
using N-eicosane as the PCM. The authors pointed out that the downward movement
of the inner cylinder caused a significant increase in the melting rate due to the domi-
nance of convective heat transfer in most areas of the PCM. Mahdaoui et al. [34] proposed
a numerical model involving the natural convection phenomenon in the PCM-melted
region around a horizontal cylinder. As a result of the conducted research, the authors
assessed that regardless of the assumed boundary conditions, (constant temperature of
the cylinder walls, constant heat flux), the melting of the PCM in the lower part was
ineffective since the energy was transferred mainly by convection to the top of the cylinder.
Regin et al. [35] focused on the cylindrical PCM-melting model integrated into the LHTES
system, which was combined with a solar water heating collector. The conducted analyses
indicated that the melting of PCMs was primarily dependent on the magnitude of the tem-
perature range of the phase transformation, the Stefan number, and the capsule radius.
Although these papers have successfully studied diverse mathematical and numerical
PCM melting/solidification models employing different constraints. Additionally, it was
considered various influencing factors and configurations, none of them pays attention
to the changes in the internal structure of the PCMs during the phase change process.
Furthermore, most of them only deal with the PCMs capsuled in horizontal cylinders and
heat transfer is uniformly along the circumference of the circular cylinder. Accordingly,
we have made an attempt to investigate the case of PCMs capsuled in the vertical position
of a cylinder, which will undergo several heat-flow processes of the cross-flow of air with
different velocities. We are highly expecting to test and compare the capabilities of the mix-
ture of paraffin wax and water in different heat flux environments and to more explicitly
describe the characteristic parameters of five-phase change regions of the mixed PCMs.
In addition, a Scanning Electron Microscope (SEM) will be expedient in confirming the
specific changes in the internal structure of the mixed PCMs during the phase transition.

The motivation to undertake the analyses carried out in the article is to design a con-
tainer for storing/accumulating cold “energy” cooperating with the heat pump. The pre-
sented literature analysis shows that one of the most promising candidates that can be
directly applied in the analysed device and its ranges of the temperature is the PCM-
capsuled paraffin wax. This container unit filled with PCM has to operate with a system
named a Flower Shape Oscillating Heat Pipe (FSOHP), which was described in detail by
Czajkowski et al. in [36] and it has also been patented in [37] by Pietrowicz et al. Thus,
an integral element in the innovative system for cooling mixed substances is a special
exchanger that contains the PCM described and studied in this paper. The operational
parameters of the exchanger have been defined and described by Ochman and Pietrowicz
in [38], and have also been patented by Pietrowicz et al. [39]. What is important, due
to the required technological process, PCMs are expected to store the “cold” energy in
the range of 4 ◦C to 6 ◦C. The paraffin wax, due to its thermodynamic and functional
properties, is a pertinent candidate for this novel system, as it was mentioned.

Thus, when preparing the design procedures that are dedicated for a storage tank,
the authors of the article needed to have a complete, validated mathematical model of
the thermal-flow processes occurring in the tested phase change material and to have
knowledge of the impact of the operating conditions of the designed storage tank on
the temperature change in the PCMs, depending on the total applied mass of the PCM.
It was also important to determine the time that is needed for the phase changes and to
compare them with different values of the supplied heat flux. The authors of the article also
believe that the developed numerical procedures together with the conducted research will
help in the future during the optimization process of the construction of a cold accumulator
cooperating with a heat pump and a mixing/dissolver device.
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In the presented article, the thermal-flow processes occurring in the low-temperature
PCM were experimentally tested and then numerically investigated. The experiments were
carried out for fully turbulent flow (15,250 < Re < 52,750) and for three cylindrical modules
filled with a PCM with fixed heights of 250 mm and with outer diameters of 15, 22, and
28 mm, respectively. For this purpose, a special set-up was designed and constructed,
in which a wind tunnel is the main element. Additionally, special test procedures were
developed and adapted. Subsequently, a mathematical model of thermal-flow processes
existing in the phase change material, based on the enthalpy porosity method, was pro-
posed and validated. Finally, the numerical calculations, during the transient processes,
were carried out for various boundary conditions that are close to those expected during
the real operation of the device.

The structure of the article consisted of the following elements: Section 2 describes
the tested phase change material, with a description of the thermophysical properties and
the analysis of the internal structure while using a SEM. The test stand, tested modules
filled with PCM and measurement procedures are described in Section 3. Section 4 presents
the mathematical model and numerical procedures, numerical domains with the applied
boundary conditions and applied thermal properties. The experimental studies are detailed
and discussed in Section 5. Additionally, this Section compares the results of the numerical
studies with the experimental data and summarizes them by the relative error analysis.
Section 6 concludes the work, where the most important results and observations from
the conducted research are presented.

2. Phase Change Material (PCM)
2.1. General Description of the PCM

To meet the thermal requirements, i.e., the phase change temperature range and
usability, the research was conducted on a commercial phase-change material, which
was paraffin wax capsules in a melamine-formaldehyde membrane and water mixture,
produced by the MikroCaps company [40]. Table 1 shows the selected thermophysical
properties describing the tested PCM.

Table 1. The thermophysical properties of the Phase Change Material (PCM) used during the
experiments [40].

Property Unit Minimum Maximum

PCM content in the dispersion % 25 30
PCM content in dry capsule % 75 80
Dry content in the dispersion % 35 38
PCM melting range ◦C 4 6
Heat storage capacity (of slurry) kJ/kg 60 72
Heat storage capacity (of dried microcapsules) kJ/kg 180 192
pH − 7.0 9.0
Density kg/m3 900 970
Dynamic viscosity (at 25 ◦C) kg/(m s) 0.1 0.5
Average particles size µm 10 30

2.2. Analysis of the PCM’s Internal Structure
2.2.1. Test Conditions and Testing Procedures

The purpose of the analysis described in this section was to observe whether and
how the internal structure of the PCM changes at the characteristic temperature points.
The structure of the material was studied while using a Scanning Electron Microscope
(SEM). A Prisma E scanning electron microscope from Thermo Fisher Scientific was used
for this purpose. A special table with a Peltier system was installed in the test chamber
in order to regulate the sample temperature in the phase transition range, i.e., from 0 ◦C to
16 ◦C. Figure 1 shows the system with the studied sample along with the details of the test
chamber.
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(a) Test chamber with mounted the Peltier system and sample. (b) Prepared sample.

Figure 1. Description of the Scanning Electron Microscope (SEM) chamber and the prepared sample.

During the measurements, the focusing beam power was set from 20 to 25 kV. Those
values were experimentally selected to ensure the right quality of contrast and sharpness
of an image. It should be mentioned that the power of the selected high-energy electron
beam allowed for the analysis of the sample without its visible degradation of the sample.

Efforts were made to keep the relative humidity value in the measuring chamber at
17÷ 42% in order to maintain the emulsion structure of the sample during the analyses
of the PCM structure. Maintaining these parameters ensured that the evaporation of water
from the material was minimized by achieving thermal conditions far from saturation
conditions. Figure 2 presents the change in sample temperature and humidity during
the experiment.

Figure 2. Temperature and relative humidity profiles maintained during measurement.

2.2.2. SEM Analysing

Figure 3 presents the results of the SEM’s investigation of the PCM structure for
selected temperature points that were defined at 0 ◦C, 5.5 ◦C, and 15 ◦C.



Energies 2021, 14, 538 6 of 27

(a) 15 ◦C, 500× (b) 15 ◦C, 2000×

(c) 5.5 ◦C, 2000× (d) 5.5 ◦C, 3000×

(e) 0 ◦C, 3000× (f) 0 ◦C, 6000×

Figure 3. Analysis of the PCM internal structure, made for different temperatures and magnifications obtained while using
the SEM.

Those temperatures have been selected, because the potential changes in the structure
were expected. Thus, the temperature of 15 ◦C (Figure 3a,b) is significantly separated
from the phase transition temperature, which was estimated at between 4 ◦C and 6 ◦C
(Figure 3c,d). Because the analysed substance is an emulsion of two components-paraffin
wax and water, analysis at 0 ◦C (Figure 3e,f) was also potentially considered, due to
the phase change of the water.

The investigation showed that the diameter of the analysed paraffin capsules is be-
tween 3 and 8 µm. This differs from the values declared by the manufacturer and described
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in Table 1. Additionally, it was observed from Figure 3e,f, that, for 0 ◦C, the distances
between microcapsules increase in comparison with other tested temperatures, which are
a consequence of the presence of water in the form of ice and a higher value of the spe-
cific volume compared to other temperature tests. Generally, it can be concluded that,
in the studied temperature ranges, no significant changes in the internal structure were
noticed. This is an important fact that was used later during numerical simulations.
The substance that is taken into account is homogeneous and the separation of components,
i.e., sedimentation, is not later considered.

3. Experimental Set-Up and Measuring Procedure
3.1. General Description

In Section 1, it was mentioned that the tested PCM is dedicated to working in a special
storage heat exchanger/tank [38,39]. It was decided that the PCM, due to the design of
the heat exchanger, should be studied in a cylindrical system for the conditions most similar
to those in which it will be operated later. For this purpose, a wind tunnel, as presented in
Figure 4, was used that met the operational and functional parameters. The obtained range
of the Reynolds numbers (15,260–52,767) is fully turbulent and the heat transfer conditions
(temperature and the Nusselt numbers) are similar to the considered storage tank.

Figure 4. General view of the wind tunnel with installed PCM module.

The experimental set-up consists of four basic sections, operated in an open circuit suc-
tion mode. The first section is related to the air inlet. It is composed of a lamellar exchanger
with a cross-section of 0.75 m× 0.74 mm in which it was possible to control the temperature
in the range of −15 ◦C to 35 ◦C while using a chiller with a maximum cooling capacity of
4 kW. Subsequently, a stabilisation flow section was installed behind the lamellar exchanger.
The stabilisation section is made of three net layers with a mesh size of approximately
1.5 mm × 1.5 mm. Such a system ensured a stable flow, without recirculation zones while
also eliminating potential turbulence behind the lamellar exchanger. The next section
is the so-called the Witoszyński nozzle, whose task is to shape a flat velocity profile in
the measuring section. This special velocity profile allowed for homogeneous thermal-flow
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parameters along the entire length of the tested module to be obtained. The measuring
section had a square cross section with dimensions of 0.25 m × 0.25 m and a length of
0.52 m. In order to eliminate the impact of the installed fan, between the measuring section
and the fan a 0.9 m long channel with an identical cross-section as the measuring section
was installed. The purpose of this channel was to stabilise the fan working conditions
and eliminate any possible flow disorders that are caused by its operation. The fan that is
installed in the experimental set-up provides the opportunity to achieve three mean values
of velocity in the measuring section equal to 0.92, 2.27, and 3.18 m/s, respectively, which
correspond to the Reynolds numbers 15,260, 37,688, and 52,767, based on the channel
height of the test section. In order to achieve different mean value of air velocities, the fan
power was regulated by a capacitor system. Generally, the maximum volume air flow rate
was 1000 m3/h, which was generated for the maximum electrical power of the fan engine,
equal to 150 W.

The parameters of inlet air, such as ambient temperature, pressure, and humidity,
were measured just before the lamellar exchanger by a high-precision digital temperature,
humidity, and airflow meter Testo 480 with Testo Robust Humidity Probe.

3.2. Tested Module

The PCM was experimentally tested in a special cylindrical module made of copper,
as presented in Figure 5. This module was characterised by a fixed height and a wall
thickness of 250 mm and 1 mm, respectively. Three different outer diameters of 15, 22, and
28 mm were studied. At the ends of the module, two pipe caps that were made of the same
material with a height of 15 mm were mounted. Additionally, three T-type thermocouples
have been installed in situ in the axis of the module, at half height, and one-third above and
below, as is shown in Figure 5. The module was then placed and tested in the measuring
section, as depicted in Figures 4 and 6.

Figure 5. Tested module of a PCM.
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The PCM mass contribution in the module varied from 25.23% to 37.82%, (see Table 2).
The theoretical heat transfer from the air to the modules were estimated and presented in
Table 2, according to the producer information, as described in Table 1 and assumptions
concerning paraffin and copper properties used during the numerical calculations, as
summarised in Table 4. For paraffin, it varies from 2.87 kJ to 10.19 kJ for sensible heat and
from 2.46 kJ to 8.74 kJ for latent heat. For copper the heat transfer varies from 1.62 kJ to
3.71 kJ. The heat storage in copper is 23.31% for d = 15 mm, 20.78% for d = 22 mm and
16.37% for d = 28 mm of the total system, respectively. Those estimations show that PCM
phase change plays an important role during the heating of the module that is filled with
the PCM.

Table 2. Contributions of the module components in heat transfer.

Outer Diameter of Module mm 15 22 28

PCM/module mass fraction % 25.23 31.53 37.82
Copper/module mass fraction % 74.77 68.47 62.18
Sensible heat of copper kJ 1.62 2.66 3.71
Sensible heat of PCM kJ 2.87 5.46 10.19
Latent heat of PCM kJ 2.46 4.68 8.74
PCM/module heat fraction % 76.69 79.22 83.63
Copper/module heat fraction % 23.31 20.78 16.37

3.3. Preparation of the Module to the Test

The module has been specially prepared in order to test the thermal behaviour of
the module filled with the PCM for various thermal-flow conditions. First, before filling
with the PCM, the module was degreased with propyl alcohol and thoroughly dried. Next,
three T-type thermocouples with an accuracy of ±0.5 ◦C were placed in the prepared
arrangement in the configuration that is shown in Figure 5. Subsequently, the module was
filled with the phase change material. Before testing, the module was placed in a freezer
for about 4 h to cool to a temperature of about −18 ◦C. The freezing process was com-
pleted when the material obtained the same temperature in the entire volume, which was
monitored by thermocouples that were placed inside the module. The module prepared
in this way was then mounted in the wind tunnel measuring section. Figure 6 presents
the measuring section with the installed PCM module.

Figure 6. PCM module placed in the wind tunnel.

3.4. Measurement and Control Systems

The experimental set-up was equipped with two types of measurement system: one
was based on Testo devices and the second one on the National Instruments module
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4-Slot USB CompactDAQ Chassis (cDAQ 9174) working under the LabView environment.
The high-precision digital temperature, humidity, and airflow meter Testo 480 had a build-
in absolute pressure meter with an accuracy of±3 hPa and allowed for up to three probes to
be connected. The first Testo device was a Robust Humidity Probe, which was used to mea-
sure humidity and temperature of the suction air with an accuracy of temperature ±0.5 ◦C
(from−20 ◦C to 0 ◦C) and±0.4 ◦C (from 0.1 ◦C to 50 ◦C), relative humidity: ±2% RH (from
2.1 to 98% RH). The second installed device was a Thermal Flow Velocity Probe, Testo 480,
which was used to measure the velocity profile. The device is characterised by the accuracy
of measured velocity profile amounting to ±0.03 m/s + 5% of the measured velocity.

A special thermocouples net system was installed in order to measure inlet and outlet
air temperatures at the measured section. At the inlet to the section, eight T-type thermo-
couples were installed and used to determine the average inlet temperature. At the outlet,
one T-type thermocouples type of temperature sensor was mounted. The accuracy of
installed T-type thermocouples was ±0.5 ◦C.

The combination of the National Instruments equipment and LabView software al-
lowed for the measurement of temperature with a high resolution and frequency. Dur-
ing the experiments, it was sufficient that the measurements were carried out with a fre-
quency of 0.2 Hz (every 5 s).

3.5. Velocity Profiles at the Inlet and Outlet of the Measurement Section

A special construction of the inlet section with the installed Witoszyński nozzle
contributes to the formation of quasi-uniform thermal and velocity profiles in the measure-
ment section, as mentioned in Section 3.

Before the measurement campaign, the velocity profiles at the inlet and outlet were
determined. The measurements of the velocity profile were carried out at a distance of
20 mm from the inlet and outlet edges of the measuring section. The velocity profiles were
determined at measuring points 33, 73, and 105 mm from the channel’s symmetry axis.

In total, seven holes have been made in the top of the measuring section cover for
measurement purposes. The thermal flow velocity probe that was connected to the Testo
480 module has been inserted into these holes, mounted on a special measuring instrument.
A measuring device, similar to a caliper allowed for precise measurement of the velocity
profile along with the channel height with an accuracy of±0.1 mm. In total, one profile was
determined while using 19 measurements, concentrated in the central part of the channel.
The results of the obtained profiles at the inlet and outlet of the measuring section for
different powers of the fan are presented in Figure 7, where a larger number represents
higher air velocity.

The measurements that are presented in Figure 7 showed that, for all the tested ranges
of fan power, the velocity profiles are characterised by a flat profile. The obtained flat
velocity profile is a consequence of the use of a specially shaped inlet contraction section
designed according to the Witoszynski curve equation [41]. The analysis points out that
the differences between the average values determined do not exceed 7.4% of the local
value of velocity. Table 3 summarises the test results. In addition, for further analysis, each
analysed value of average speed: 0.0, 0.92, 2.18, and 3.18 m/s was defined as Case 0, Case I,
Case II, and Case III, respectively.

Table 3. The summarised results that were obtained from profile measurements.

Parameter Unit Case 0 Case I Case II Case III

Power of the fan W 0 60 80 150
Mean velocity m/s 0.00 0.92 2.27 3.18
Maximum deviation from the
average value % – 7.36 7.15 5.19
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(a) Inlet velocity profile-Case I. (b) Outlet velocity profile-Case I.

(c) Inlet velocity profile-Case II. (d) Outlet velocity profile-Case II.

(e) Inlet velocity profile-Case III. (f) Outlet velocity profile-Case III.

Figure 7. Velocity profiles of cross section at different power.

4. Numerical Modeling of the Analyzed System with PCM
4.1. Process Governing Equations

The thermal-flow behaviour in the PCM and flowing air can be described by a standard
set of equations [42,43] and for the three-dimensional case, comes down to solutions of
Partial Differential Equations, (PDEs), which include a mass, a momentum, and an energy
equation [44]. In this context, for solving the set of equations, one of the most frequently
used numerical methods, called the Finite Volume Method (FVM), [45,46] was applied.
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In order to solve transport equations of mass, momentum and energy, the commercial
CFD tool-Ansys Fluent has been utilised [47]. To take the phase change of the PCM into
account, an enthalpy-porosity technique [48] has been used, which is already implemented
in Ansys Fluent software module. Using this technique, the interface is not explicitly
tracked, but the liquid fraction for each domain cell is solved in each iteration. The cells
that contain a liquid fraction β between 0 and 1 create an interface region, called the mushy
zone. This region is treated as a porous medium with porosity ranging from 1 for a liquid
to 0 for the solid. The porosity is equal to the liquid fraction.

The liquid fraction is calculated knowing the balance of the enthalpy H. The enthalpy
of a material is computed as a sum of sensible enthalpy h and the latent heat content ∆H

H = h + ∆H (1)

where sensible enthalpy h is defined as follows

h = hre f +
∫ T

Tre f

cpdT (2)

hre f and Tre f are reference to enthalpy and temperature, respectively, and cp is specific heat
at constant pressure. Regarding the liquid fraction, it is defined in the following manner:

β(T) =


0 if T < Tsolidus

T − Tsolidus
Tliquidus − Tsolidus

if Tsolidus < T < Tliquidus

1 if T > Tliquidus

(3)

Knowing the latent heat L of the material used, the latent heat content in Equation (1)
is calculated as

∆H = β L (4)

where ∆H varies between 0 for a solid and L for a liquid. Based on the liquid fraction
distribution, the enthalpy is calculated and then inserted into the energy equation, where
the temperature distribution is solved via an iterative manner.

4.2. Geometry, Boundary and Initial Conditions and Numerical Schemes

The geometry used during numerical calculation is based on the experiments that are
described in Section 3. For the purpose of simplifying the calculations, only the measuring
section is modelled. Figure 8 presents a scheme of the studied case. During the simulation,
to the rectangular duct, made of plexiglass, hot air of a temperature 24 ◦C inflows according
to the experimentally obtained uniform velocity changing in a range of 0.92÷ 3.18 m/s.
The duct is 0.7 m long and the inlet surface is a square, with a side length of 0.25 m.
The wall thickness of the duct is 3 mm. In the middle of the duct, the copper cylinder
with an outer diameter of 15÷ 28 mm and 250 mm long is set. To close the module, pipe
caps that were made of copper, 15 mm long and 15÷ 28 mm in diameter, were mounted at
the ends of the test element. The cylinder and bases are hollowed and the wall thickness
is 1 mm. The inside of the cylinder is filled with the tested PCM. The air outflow has
an atmospherical pressure of 1 bar.

For the air, plexiglass and copper materials constant thermophysical properties are
assumed. For the real PCM, physical properties, such as heat capacity or thermal conduc-
tivity, vary with temperature [49]. Thermal conductivity k is higher in the solid than in
the liquid phase. In the case of the PCM, the density, thermal conductivity, and dynamic
viscosity are regarded as temperature-dependent and calculated via Equations (5)–(7),
respectively. Table 4 describes the thermophysical properties of all materials that are used
during the numerical simulations.
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Figure 8. Three-dimensional geometrical model used during numerical calculation.

Density of the PCM:

f or T < Tsolidus ⇒ ρ = 910
kg
m3

f or T ≥ Tsolidus ⇒ ρ = 790
kg
m3

(5)

Thermal conductivity of the PCM:

f or T < Tliquidus ⇒ k = 0.5
W

m K

f or T ≥ Tliquidus ⇒ k = 0.4
W

m K

(6)

Dynamic viscosity of the PCM [50]:

η = 0.001 exp
(
−4.25 +

1700
T

)
Pa s (7)

For all analysed cases, the axis of the cylinder is parallel to the gravity vector. The ratio
of the module height to the inside diameter is large and it varies from 8.93 to 16.67,
in the PCM volume, natural convection current occurs, which has an important impact
on heat transfer and fluid flow behaviour in PCM. To take this phenomenon into account,
the Boussinesq approximations that are shown in Equation (8) have been made in the PCM
domain using UDF procedure. The following term has been added to the y-momentum
equation for cells with liquid fraction higher than 0 within PCM domain:

Sv = −ρliquidus g β(T − Tsolidus) (8)

where: the thermal expansion coefficient of the paraffin equalled β = 0.000778 1/K has
been included in the numerical calculation procedures [51].

Table 4. Thermophysical properties of materials used during calculations.

Material Density Specific Thermal Dynamic Melting Solidus Liquidus
Heat Conductivity Viscosity Heat Temperature Temperature

kg/m3 J/(kg K) W/(m K) kg/(m s) J/kg ◦C ◦C

Paraffin wax Equation (5) 2500 Equation (6) Equation (7) 72,000 4 6
Air 1.125 1006.43 0.0242 1.7894× 10−5 - - -
Plexi-glass 1000 1000 0.2 - - - -
Copper 8978 381 387.6 - - - -
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The geometrical model that is presented in Figure 8 was discretized in space with
the use of Ansys Meshing software. A tetragonal mesh was used within the air and PCM
space. Solid elements were discretized while using hexahedral elements. Additionally,
on the outer and inner surfaces of the cylinder 12 inflation layers have been applied.
The thickness of the first element adjacent to the wall was set to 0.1 mm. In order to ensure
energy transfer between solid and fluid regions, the applied meshes were non-conformal
and were connected with the use of coupled wall boundary condition [47]. Figure 9 presents
the employed mesh with details.

Figure 9. Mesh with details used during numerical calculations.

Table 5 summarises the complex boundary conditions applied during the simulations.
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Table 5. Boundary conditions employed during calculations.

Domain/Material Location Boundary Unit Value

Duct/plexi-glass External walls Wall-temperature ◦C 24
Internal walls Interface – Coupled wall [47]

Air/air Duct wet walls Interface – Coupled wall [47]
Upper base wet walls Interface – Coupled wall [47]
Lower base wet walls Interface – Coupled wall [47]

Cylinder base wet walls Interface – Coupled wall [47]
Inlet Inlet-velocity m/s 0.92, 2.27, 3.18

Inlet-temperature ◦C 24
Outlet Outlet-pressure bar 1

Upper base/copper External and internal walls Interface – Coupled wall [47]

Lower base/copper External and internal walls Interface – Coupled wall [47]

Cylinder/copper External and internal walls Interface – Coupled wall [47]

PCM module/paraffin wax External walls Interface – Coupled wall [47]

Air and PCM were both modelled as incompressible fluids. In order to account
for turbulence, in the air region a standard k− ε turbulence model with enhanced wall
treatment was employed. In the PCM region, laminar flow is assumed. The boundary
conditions used in the model are depicted in Figure 8. A no-slip boundary condition was
utilised on all walls. The initial temperature of the tunnel walls and the air was set to 24 ◦C,
while the PCM, cylinder, and lower and upper bases to 2 ◦C.

Calculations have been performed in a transient mode with a time-step of 0.01 s with
the first-order implicit treatment. The total time of the simulation was 1440 s. The SIMPLE
algorithm with the second-order scheme was used for pressure-velocity coupling. Transport
equations of momentum, turbulent kinetic energy, turbulent dissipation, and energy were
discretized while using the second order upwind scheme. Gradients were calculated
with the use of a least-square cell-based scheme [47]. The solution in each time-step was
considered as converged if the residuals were less than 10−6; however, a maximum of
30 iterations per time-step was done. For energy, liquid fraction, and turbulence equations
the under-relaxation of 0.5 was applied. For other equations, the default values were set.
The calculations were conducted in a parallel mode on a cluster with the use of 16 Intel Xeon
E5-2670 v3 2.3 GHz (Haswell) processors. The time of the calculations was approximately
two weeks.

5. Results
5.1. Experimental Results

The experimental tests were carried out for the outer diameters of 15, 22, and 28 mm,
and the thermal-flow conditions obtained in the wind tunnel, as defined in Table 3. This
combination of the outer diameters and air tunnel conditions necessitated 12 measurements.
Figure 10 shows a representative example of the heating process for a module with an outer
diameter of 28 mm and an air flow rate of 0.92 m/s (Case I).

Generally, from the performed experiments, it can be concluded that the heating
process of a module filled with the PCM can be divided into five phases. This solution
is unique in comparison to homogeneous PCM systems, where only three phases can be
observed [49,52,53]. In the first phase, starting with a uniform initial temperature of−18 ◦C
throughout, the mixture of paraffin wax and water coexisted in solid form is heated. This
phase that is presented in Figure 10 as Phase I is characterised by a linear temperature
change with a high value of the inclination angle of the characteristic. There are two
reasons why temperature increases rapidly. The first reason is related to the fact that in this
temperature range there is the highest temperature gradient between the tested module
and the air flowing outside; therefore, the highest temperature driving force occurred.
The second reason may also be that ice has half of the specific heat lower than water.
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Figure 10. Measured temperatures evolution for d = 28 mm PCM module and 0.92 m/s value of the velocity.

Additionally in this temperature range, mention should be made of the condensation
of water vapour that is contained in the humid air. This phenomenon also affects the ther-
mal processes that take place during the heating of the module. Subsequently, starting from
approximately −3 ◦C to 0 ◦C, flattened temperature curves can be observed (the first area
marked in yellow called Phase II), and the temperature stratification process in the module
begins. This phase is directly related to the process of changing the water phase from
ice to water. The stratification of temperature curves also indicates the convective flow
term in the module itself. Figure 10 shows the third phase as Phase III between the phase
transitions of water and paraffin wax. It is characterised by an increase to a temperature of
about 4 ◦C. From this temperature the fourth phase starts (Phase IV indicated in Figure 10
as the second area marked as the yellow). The curves reach a plateau and can be treated
as a process associated with the phase transformation of the paraffin wax contained in
the emulsion. This phase ends when the temperature reaches 6 ◦C. Subsequently, during
the rest of the process, described as the fifth phase (Phase V), the temperature of the mixture
steadily increases to an ambient condition.

The phase analysis performed above is mainly conducted for the temperature evo-
lution recorded by the T3 thermocouple. However, during the measurements, some dif-
ferences between the individual thermocouples were observed. Despite the fact that
the design of the wind tunnel ensures the achievement of homogeneous thermal and flow
conditions on the outer surface of the cylinder, in the upper part of the measuring section,
as shown in Figure 7, the velocity values are decreased and, thus, the heat flux to PCM is
also decreasing. A second major reason for the temperature evolution discrepancy may
be that the thermocouples are not positioned in the module axis. This applies to the two
bottom thermocouples, which were the most difficult to install in the module and during
the cooling process of the module, could have moved closer to the inside of the module wall.
However, regardless of the differences, all of the curves have similar trends and phases.
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The identification of the aforementioned phase transitions for ice-water and paraffin
wax can also be observed in Figure 11. If a derivative of the temperature function dT/dτ
versus time is determined, then the first two "valleys" of the function with values smaller
than 0.005 ◦C/s can be interpreted as the phase transitions (areas marked in yellow in
Figure 11). The rest of the derivative close to zero starting around 6000 s describes the
so-called steady-state process, i.e., the temperature in the module reached about 90% of
the ambient value.

Figure 11. Derivation evolution of T3 thermocouple for d = 28 mm PCM module and 0.92 m/s value of the velocity.

Figure 12 shows the comparison of the changes in the recorded values of T3 ther-
mocouple for different velocity and external diameters of the module. As the airflow
rate flowing around the module increases, the heat transfer to the PCM also increases.
This is evident in the dynamics of temperature increase and the time of phase transitions,
and it can be seen that, for higher velocity values, the temperature increase is faster. How-
ever, as the outside diameter of the module increases, the amount of PCM used increases
and, hence, the amount of cold accumulated. For this reason, the increase in temperature is
less dynamic.

From a practical point of view, it is important to assess how fast the process is going
through the characteristic phase. In the case of the tested module, two characteristic
temperature ranges were selected: the first temperature range is the range from −4 ◦C to
0 ◦C (phase marked in Figures 10 and 11 as Phase II-ice–water phase transition region),
the second is the phase change range of the tested PCM contained in temperatures from
4 ◦C to 6 ◦C, showed in Figures 10 and 11 as Phase IV-paraffin wax phase transition region.
Table 6 presents the measured time interval for the various velocity and module diameter
values that are defined in Table 3 as Case 0, Case I, Case II, and Case III for the water in
the mixture, while Table 7 specifies this for paraffin wax.
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Table 6. Water melting time.

Case PCM 15 mm PCM 22 mm PCM 28 mm

Case 0 05 min 45 s 18 min 55 s 35 min 30 s
Case I 03 min 00 s 11 min 00 s 17 min 30 s
Case II 02 min 20 s 07 min 15 s 12 min 30 s
Case III 01 min 55 s 05 min 15 s 11 min 05 s

Table 7. Paraffin melting time.

Case PCM 15 mm PCM 22 mm PCM 28 mm

Case 0 05 min 25 s 24 min 05 s 36 min 5 s
Case I 02 min 25 s 10 min 50 s 13 min 50 s
Case II 02 min 00 s 04 min 55 s 07 min 00 s
Case III 00 min 50 s 03 min 00 s 04 min 40 s

(a) Case 0 – 0.0 m/s (b) Case I – 0.92 m/s

(c) Case II – 2.27 m/s (d) Case III – 3.18 m/s

Figure 12. T3 thermocouple evolution for different diameter of PCM module and velocity: (a) Case 0–0.0 m/s, (b) Case I–
0.92 m/s, (c) Case II–2.27 m/s, and (d) Case III–3.18 m/s.

It is obvious that the longest time of phase transitions will occur for processes in
which the velocity value is zero (Case 0) and it will increase with increasing diameter,
i.e., mass of PCM. In order to show this process in a graphical form, it would be advisable
to refer to the longest process (Case 0) and when a system with forced convection is used
(Case I-yellow, Case II-cyan, and Case III-grey). In the article, a dimensionless parameter
called Relative Time Increase (RTI) was introduced and defined by the following formula:

RTI =
τ0 − τ

τ0
100%, (9)
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where τ0-time of phase change for Case 0 and τ-time of phase change.
In the case of the phase transitions of water that are shown in Figure 13a, the smallest

time increments occur for the lowest velocities and amount from 42% to 50%. With an in-
crease in the value of the velocity of the flowing air, the time needed to achieve the phase
changes is reduced from 66% to 71%, respectively.

(a) Water’s RTI. (b) Paraffin wax’s RTI.

Figure 13. Relative time increase (RTI) for analysed Cases: (a) water and (b) paraffin wax.

For paraffin wax, as presented in Figure 13b, the situation is very similar, only the
values of the RTI are different. For the smallest air velocities, the RTI varies from 55% to
61%, and for the highest velocities from 85% to 87%.

Figure 13 also shows how effectively the time of the melting process changes. The anal-
ysis presents that for paraffin it is more "sensitive" than for water to alterations in external
conditions, i.e., heat transfer coefficients. Interestingly, the effect of changing the diameter
is less effective and it only causes a change in the accumulated heat value, not in the phase
transition time.

5.2. Numerical Results

In Figures 14–16, the comparison of the experimental and numerical results for the anal-
ysed values of air velocity 0.92 (Figure 14), 2.27 (Figure 15), and 3.18 m/s (Figure 16) and
module diameters (a) 15, (b) 22, and (c) 28 mm are presented. All of the comparisons
were carried out up to 1440 s, which allowed for the analysis of mainly phase changes
taking place in the paraffin wax, due to the long computing time. Additionally, the initial
temperature for all cases was 2 ◦C, because of the fact that the considered model did not
take the ice-water phase change into account.

It is visible that, especially for low diameter (d = 15 mm) of the cylinder (see
Figures 14a, 15a, and 16a), the numerical model agrees quite well with the experimen-
tal data. At the beginning of the simulation, an inaccurate prediction can be caused by
the initial conditions for the temperature and velocity contours. In the experiment, the flow
is fully developed while in the model, uniform distributions of velocity and temperature
are assumed. For larger diameters, the time of heating is higher and the initial influence of
the conditions is slightly larger. For d = 28 mm (Figures 14c, 15c, and 16c) numerical errors
are marginally higher than in the case of d = 22 mm (Figures 14b, 15b, and 16b).

For the higher velocity of v = 2.27 m/s and diameter of d = 15 mm (Figure 15a),
the accuracy of the model is similar to the case of v = 0.92 m/s (Figure 14a). The numerical
errors slightly increase with the increase of the cylinder diameter.
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(a) d = 15 mm. (b) d = 22 mm.

(c) d = 28 mm.

Figure 14. Comparison of the experimental and numerical results for the inlet velocity of 0.92 m/s and different cylinder di-
ameters.

(a) d = 15 mm. (b) d = 22 mm.

(c) d = 28 mm.

Figure 15. Comparison of the experimental and numerical results for the inlet velocity of 2.27 m/s and different cylinder di-
ameters.

With the increase of the inlet velocity to 3.18 m/s (see Figure 16), higher discrepancies
between the experimental and model results were recorded. In the case of a small diameter
(d = 15 mm, Figure 16a), the model agrees fairly well with the experiment. For larger
diameters, i.e., d = 22 (Figure 16b) and d = 28 mm (Figure 16c), the accuracy is still
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satisfactory and the model predicts the temperature evolution well; however, the errors are
more visible. For higher velocities, the turbulence model may also have a greater impact
on the results. On the other hand, probably, the influence of the turbulence model was not
the goal of this work and further studies should be conducted.

(a) d = 15 mm. (b) d = 22 mm.

(c) d = 28 mm.

Figure 16. Comparison of the experimental and numerical results for the inlet velocity of 3.18 m/s and different cylinder di-
ameters.

Figures 17 and 18 show the exemplary numerical results of temperature distributions
in the vertical and horizontal middle plane, respectively, for different times. It is visible
from Figure 17a–d that the heating of the PCM firstly takes place in the top and bottom
space of the cylinder. This is caused by the conduction heat flux at the contact surfaces
of the cylinder and direct contact with the tunnel walls. Moreover, more mass is melted
in the upper part of the cylinder when compared to the bottom one. The reason of this is
natural convection that intensifies thermal-flow processes in the upper part of the solid [54].
Similar results and observations are also presented in the literature [55–58].
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(a) τ = 60 s (b) τ = 120 s

(c) τ = 180 s (d) τ = 240 s

Figure 17. Numerical results of temperature distribution in the middle vertical plane for the inlet velocity of 0.92 m/s and
cylinder diameter of 15 mm and different times of the simulation.

Over time, the isotherms of high temperature propagate into the interior of the PCM.
Behind the cylinder, a wake is developing, which gives rise to change temperature distribu-
tion in the front of, as well as in the back, of the cylinder (see Figure 18). The differences
in temperature distribution around cylinder are caused by increasing local heat transfer
coefficient, which was described by Cengel [59] and Incropera et al. [60]. At the beginning
(Figure 18a,b), behind the cylinder, one large area of lower temperature exists. For greater
times (Figure 18c,d), this area slightly shrinks and its length behind the cylinder is short-
ened. This process is caused by changes in temperature difference between the cylinder
and air. With an increase of the PCM temperature, the temperature difference decrease;
therefore, the air faster reach surrounding temperature.

As it results from the comparison of the results that were experimentally obtained
with the results obtained from the proposed numerical model, presented in Figure 19,
the relative error in a wide temperature range does not exceed 10%. However, it has been
observed that at the beginning of the heating process and in the temperature region where
the phase change occurs, this error can reach even 20% (see enlarged analysis region in
Figure 19 in the upper left corner). A few factors could cause the observed differences
between the numerical and experimental results, in particular, in the initial heating phase
and in the phase change region. During the numerical calculations, only pure paraffin
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wax was analysed. In the experiment, paraffin wax that was capsuled in the melamine-
formaldehyde membrane micro-capsules was used. Such an interior structure is difficult to
model and it was not considered in the simulations. Moreover, during the preparing of
the experimental set-up, unintentional human errors could occur, e.g., imperfect placement
of the thermocouples in the module axis or its movement due to a melted PCM, which can
result, in particular, in the region of phase change. In the numerical investigations, bound-
ary conditions were averaged and stable during the heat transfer processes. On the other
hand, in the experiment, chiller hysteresis caused unstable inlet air temperature and, there-
fore, unstable boundary conditions. Another thing could be the air humidity impact on
the heat transfer when the air dew point temperature was higher than the module temper-
ature. During this situation, vapour from the air condensed on the module walls, which
probably caused an intensification of heat transfer.

(a) τ = 60 s. (b) τ = 120 s.

(c) τ = 180 s. (d) τ = 240 s.

Figure 18. Numerical results of temperature distribution in the middle horizontal plane for the inlet velocity of 0.92 m/s
and cylinder diameter of 15 mm and different times of the simulation.
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Figure 19. The comparison of numerical and experimental temperatures and obtained relative error.

6. Conclusions

The thermal-flow processes taking place in the low-temperature phase-change mate-
rial, which was a mixture of paraffin wax that was capsuled in a melamine-formaldehyde
membrane and water, were presented and analysed in the article. The experimental and
numerical investigations during transient processes were carried out for the copper mod-
ules filled with a PCM for three different outer diameters (15, 22, and 28 mm) and a fixed
height of 250 mm. A total of four cases i.e., for stagnant condition (0.0 m/s) and for three
different mean velocity values of 0.92, 2.27, and 3.18 m/s for each module were tested.
The experiment was performed in a wind tunnel, especially designed for this purpose.
In addition, the internal structure of the tested PCMs was also analysed while using a SEM.
The following conclusions can be drawn from the research carried out:

• For analysed PCM, five distinct phases during the heating process can be observed
(Figure 10). Two of these phases are a phenomenon, in which phase change processes
can be singled out. The first transformation is characteristic for water in the tempera-
ture range from −4 ◦C to 0 ◦C and the second is identified for paraffin from 4 ◦C to
6 ◦C.

• Because of the use of forced convection, the time of the melting process can be reduced
by even up to 87% (RTI) as compared to stagnation conditions, as shown in Tables
6 and 7 and Figure 13. It is also worth emphasising that, when changing the outer
diameter from the module from 22 to 28 mm, these changes are less noticeable than
for the diameters of 18 to 22 mm.

• The mathematical model that is based on the enthalpy porosity method (Equations (1)–
(4)) reproduces the conditions in the phase change material during the heating process
with a maximum error of up to 20%. (Figures 14–16 and 19). It is very important that
the proposed model should be implemented in the numerical code, together with
variable thermophysical properties (Equations (5)–(7)).

• The SEM tests confirmed the homogeneous structure of the mixture and the lack
of changes in the internal structure during phase transformations at characteristic
temperatures (Figure 3).
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