friried applied
b sciences

Article

Experimental Comparison of Three Characterization Methods
for Two Phase Change Materials Suitable for Domestic Hot

Water Storage

Maxime Thonon V*, Laurent Zalewski 2, Stéphane Gibout 30, Erwin Franquet 40, Gilles Fraisse

and Mickael Pailha !

check for

updates
Citation: Thonon, M.; Zalewski, L.;
Gibout, S.; Franquet, E.; Fraisse, G.;
Pailha, M. Experimental Comparison
of Three Characterization Methods
for Two Phase Change Materials
Suitable for Domestic Hot Water
Storage. Appl. Sci. 2021, 11, 10229.
https:/ /doi.org/10.3390/
app112110229

Academic Editor: Andrea Frazzica

Received: 4 October 2021
Accepted: 28 October 2021
Published: 1 November 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1

1 Laboratoire LOCIE, CNRS, Savoie Mont Blanc University, 73000 Chambéry, France;

fraisse@univ-smb.fr (G.E.); mickael. pailha@univ-smb.fr (M.P.)

Laboratoire de Génie Civil et Géo-Environnement, Institut Mines-Télécom, Junia, ULR 4515-LGCgE,

Lille University, Université d’Artois, 62400 Béthune, France; laurent.zalewski@univ-artois.fr

3 E2S UPPA, LaTEP, Pau et des Pays de I’Adour University, 64000 Pau, France; stephane.gibout@univ-pau.fr
Polytech’Lab, Cote d’Azur University, 06103 Nice, France; erwin.franquet@univ-cotedazur.fr

*  Correspondence: maxime.thonon@univ-smb.fr

Abstract: This study presents an experimental comparison of three characterization methods for
phase change materials (PCM). Two methods were carried out with a calorimeter, the first with
direct scanning (DSC) and the second with step scanning (STEP). The third method is a fluxmetric
(FM) characterization performed using a fluxmeter bench. For the three methods, paraffin RT58 and
polymer PEG6000, two PCM suitable for domestic hot water (DHW) storage, were characterized. For
each PCM, no significant difference was observed on the latent heat and the total energy exchanged
between the three characterization methods. However, DSC and STEP methods did not enable the
accurate characterization of the supercooling process observed with the FM method for polymer
PEG6000. For PEG6000, the shape of the enthalpy curve of melting also differed between the
experiments on the calorimeter—DSC and STEP—methods, and the FM method. Concerning the
PCM comparison, RT58 and PEG6000 appeared to have an equivalent energy density but, as the mass
density of PEG6000 is greater, more energy is stored inside the same volume for PEG6000. However,
as PEG6000 experienced supercooling, the discharging temperature was lower than for RT58 and the
material is therefore less adapted to DHW storage operating with partial phase change cycles where
the PCM temperature does not decrease below 52 °C.

Keywords: phase change material; latent heat storage; domestic hot water; experimental characterization;
thermal performances

1. Introduction

In residential buildings, the share of the final energy consumption dedicated to do-
mestic hot water (DHW) production is estimated to be between 15% and 30% [1-3]. This
share will likely rise in coming years as stricter regulations will lead, in many countries,
to a reduction of space heating consumption, especially with the development of net zero
energy building [3]. Thus, reducing the energy consumption of DHW production and
developing technologies using renewable energies for DHW production is a major chal-
lenge for reducing the greenhouse gases emissions of the building sector. Nowadays, solar
collectors are the most developed technology to produce DHW from a renewable energy
source. However, the mismatch between the solar resource and the DHW demand requires
the use of a thermal energy storage (TES) system.

Over the past decades, hot water tanks, using only sensible heat, were the most
common TES systems used to store heat production from solar collectors. However,
in recent years, a growing interest in scientific research concerning latent heat thermal
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energy storage (LHTES) systems [4] appears as a promising alternative to conventional hot
water tanks. LHTES systems use the latent heat transfers occurring during the melting and
solidification processes of phase change materials (PCM) to store and release heat. The main
advantage of PCM is that it is able to store a large amount of thermal energy on the phase
change temperature range between solid and liquid states. Compared with conventional
hot water tanks, LHTES enable a reduction in the volume of the TES system [5]. A smaller
volume of DHW storage enables the reduction of thermal losses, and also creates new
opportunities for the implementation of solar collectors on existing buildings. Indeed, the
size of the storage is a crucial factor as the building was not initially designed to leave
space for a DHW storage dedicated to solar production.

In order to select the most appropriate PCM for DHW storage, it is necessary to
identify the thermal properties of the PCM with a complete and accurate characterization.
For example, an improvement of the accuracy on the phase change temperature from
£1 °C to £0.25 °C leads to a reduction of 25% of the uncertainties on the heat transfers of
a PCM-air unit [6]. An inaccurate characterization of thermal properties might lead to a
wrong sizing of the system and to lower performances than expected. Currently, the most
widespread method is to characterize PCM by direct scanning calorimeter (DSC). This
method enables the identification of the enthalpy curve of the PCM with fast experiments
on a small sample of a few milligrams of PCM. However, most PCM have a low thermal
conductivity and there is a thermal gradient between the heat source and the internal
temperature of the PCM. As the enthalpy curve of DSC experiments is computed with the
heat source temperature, the thermal response of the PCM sample is influenced by the
heating/cooling rate [7,8]. Moreover, for PCM experiencing supercooling, the recalescence
process, defined by a short reheating of the PCM when the metastable state is broken,
cannot be observed with DSC experiments, and this is for two reasons. First, as mentioned
earlier, only the heat source temperature is monitored and a short increase in the PCM
temperature might remain unseen by the sensor. Secondly, the sample is very small and
the cooling rate of the experiments is usually too fast to enable a reheating of the PCM. In
these conditions, the latent heat release during the recalescence is evacuated directly to the
surroundings and is materialized by a heat flux peak.

For PCM characterization with a calorimeter, the step scanning (STEP) method over-
comes the dependency of the results with the heating/cooling rate [9,10]. Compared with
the DSC method, where a heating/cooling rate is applied to the sample, the STEP method
consists of applying temperature steps to the sample. The energy exchanged by the sample
between two steps is measured and, once the thermal equilibrium is reached, the next
temperature step is applied. The sum of energy exchanged between each step enables the
construction of the enthalpy curve of the PCM.

Some authors use a fluxmetric method (FM) to characterize pure PCM [11-14] or
mortars containing encapsulated PCM [15,16]. For this method, the characterization is not
performed with a calorimeter, as for DSC and STEP methods, but with a fluxmeter bench.
The PCM is inserted inside a rectangular brick and two heat exchangers apply thermal
loads to the sample. Fluxmeters measure the heat flux exchanged by the sample and a ther-
mocouple is inserted inside the PCM to monitor the temperature. Compared with DSC and
STEP methods, the FM method enables the characterization of larger samples, to directly
monitor the PCM temperature and apply various thermal loads to the sample. This method
also enables the numerical identification of the PCM properties by inverse methodology,
and to model the thermal behavior of the sample for various thermal loads [11,12,17].

Many different kinds of PCM present a phase change temperature range and a latent
heat suitable for DHW storage. However, other criteria including thermodynamic, kinetic,
chemical and economic properties must be considered to select the most appropriate PCM
for DHW storage [18-20]. Paraffins are the most commonly used PCM for DHW storage
from solar production [21,22]. Gulfam et al. [23] present a recent and detailed review on
paraffin-based PCM, and Lizana et al. [24] provide a complete list of commercial paraffins.
The specific heat of commercial paraffins is close to 2000 ]~kg_1 k=1 [22] and the latent heat
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is between 150 k]-kg~! and 230 k]-kg ! [24]. However, these good thermal performances
are mitigated by a low density of around 800 kg-m 2 [24], which reduces the volumetric
energy density. However, the main drawback of paraffins is their low thermal conductivity,
usually close to 0.2 W-m~1.K~1 [24]. Therefore, in order to reach the required power for
DHW production, it is necessary to enhance thermal transfers between the PCM and the
heat exchanger, by composite materials or fins [25-27].

In comparison with paraffin-based materials, fewer studies investigate the thermal
performance of polymers as PCM for DHW storage. Sharma et al. [28] report promising
potential for polyethylene-glycol 6000 (PEG6000), which appears to be economically com-
petitive compared with conventional paraffin-based materials. As for paraffins, the specific
heat of polymer PEG6000 is close to 2000 J-kg~!-k~! [29]. Most studies find a latent heat of
around 180 k]~l<g’1 [29-32], but higher values, close to 220 k]~kg’1 [28,33], or lower values,
close to 150 k]-kg’1 [34], might be observed in the literature for PEG6000. The thermal
conductivity of PEG6000 appears to be slightly higher than paraffin-based materials with
values of around 0.3-0.4 W-m 1. K~! depending on the studies [12,29,30,35]. Concerning
the phase change range of PEG6000, the melting temperature is suitable for DHW storage
with a value close to 60 °C [28,30-35]. For the cooling process, polymers, such as PEG6000,
are known to experience supercooling [36-39], and it is natural to observe a different phase
change temperature between heating/cooling processes. The degree of supercooling is
influenced by the cooling rate [12,39—-42], the size of the sample [43—-45], and the roughness
of the sample surface [46]. In the literature, various temperatures of crystallization may
be found as experiments are carried out in different set-ups with different procedures:
crystallization temperatures of 38 °C by Yan et al. [35], 41.3 °C by Shen et al. [32], 44.0 °C by
Wang et al. [34], and 37.8 °C and 39.6 °C by Tang et al. [30,33] have been found. However,
results from the literature come from DSC experiments performed on a very small sample
(a few milligrams of PCM) with a fast cooling rate (a few degrees per minute). It has been
shown that fast cooling rates increase the supercooling degree [12,39,41] and large samples
reduce the supercooling degree [43,44]. Therefore, the cooling behavior of a real-scale DHW
storage might be different than for DSC results, and it appears necessary to characterize
PEG6000 on a large sample with various thermal loads.

This study presents an experimental comparison of three characterization methods
for two PCM suitable for DHW storage. Two methods, DSC and STEP, are carried out
on a calorimeter. The third characterization is an FM method performed on a fluxmeter
bench. The two PCM selected for the experimental characterizations are paraffin RT58 and
polymer PEG6000. Paraffin RT58, from Rubitherm, is a well-known material for DHW
storage. PEG6000 is widely used in the medical and cosmetic sectors, however, despite
a lower cost than paraffin, this material is less common for DHW storage with PCM.
The objective of this study is to investigate and compare, with the three characterization
methods, the thermal performances of a well known paraffin-based material (RT58) with
a less common polymer (PEG6000), which has a great potential for DHW storage. To
the best knowledge of the authors, no scientific study as yet compares the experimental
results of DSC, STEP and FM methods for two PCM with different thermal behavior, one
with no supercooling (RT58) and the other with supercooling (PEG6000). Moreover, the
authors did not identify any study directly comparing the thermal performances of a
paraffin-based material and polymer PEG6000 with the same experimental set-up and the
same experimental protocol.

The first section of this study details the experimental set-up and the experimental
protocol for the three characterization methods. The second section presents the results
from the DSC and STEP methods for the two PCM. The third section focuses on the results
of the experimental characterization with the FM method. The last section compares the
results obtained with the three characterization methods and discusses the advantages and
drawbacks of each method.
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2. Characterization Methods for Phase Change Materials
2.1. Direct Scanning and Step Scanning Calorimeter Methods

Paraffin RT58 and PEG6000 were analyzed with a PerkinElmer Pyris Diamond calorime-
ter. For each material, the DSC and STEP methods were performed with a mass sample of
6.25 mg for PEG6000 and 4.72 mg for RT58.

As the PCM was introduced in a solid state inside the measuring cell, there was poor
contact between the PCM and the sensor, which did not enable it to correctly measure the
heat flux. To overcome this limitation, experiments with the DSC method were performed
with three successive cycles of heating/cooling separated by isothermal steps. For each
cycle, a heating/cooling rate of 0.5 K-min~! was set. Figure 1 shows the principle of the
DSC method.

XN[,] 180

v

Time

—— (Calorimeter temperature — = = Heat flux measurement

Figure 1. Principle of the DSC method.

The STEP method was performed with a temperature step of 1 K. The energy ex-
changed by the PCM was measured between each step. It was necessary to reach thermal
equilibrium, with a heat flux equal to zero, before applying the next temperature step.
Figure 2 illustrates the principle of the STEP method.

2.2. Fluxmetric Method

A fluxmeter bench, shown as a schematic diagram in Figure 3, was used to experi-
mentally characterize the two studied PCM, paraffin RT58 and polymer PEG6000. Similar
fluxmeter benches have been used in previous studies to characterize samples of pure
PCM [11-14], or mortars containing encapsulated PCM [15,16]. The fluxmeter bench con-
sisted of a poly (methyl methacrylate) (PMMA) brick filled with PCM, which was heated or
cooled by two heat exchangers. The PMMA brick measured 210 mm x 140 mm X 18 mm
and the thickness of the PMMA walls was 4 mm. Two heat exchangers applied thermal
loads on the large sides of the sample. The four lateral sides represented 17% of the total
surface of the sample and were enclosed with an insulation layer of extruded polystyrene
foam, in order to limit thermal losses through these sides.



Appl. Sci. 2021, 11, 10229 50f17

Temperature
xn[] 189H

Time
——  Calorimeter temperature = = = Heat flux measurement

Figure 2. Principle of the STEP method.

“— Insulation
Heat exchangers

Fluxmeters

PMMA brick

Thermocouple

PCM

Figure 3. Experimental apparatus of the fluxmeter bench (sectional view).

Measurements of PCM temperature and heat transfers between the large sides enabled
the accurate characterization of the PCM inside the brick. The heat flux was monitored by
two fluxmeters located between the outer brick wall and the heat exchanger. The fluxmeters
had a sensitivity of 177 uV/ (W'm’z) and, once calibrated, the accuracy of the measurement
was close to 3%. A T-type thermocouple, with an accuracy of 0.1 °C, was inserted inside the
brick to monitor the PCM temperature. Fluxmeters were also implemented on the lateral
sides, except on the top side to pass the thermocouple wire, to quantify the thermal losses
through the insulated sides.

Four experiments were carried out to experimentally characterize RT58 and PEG6000.
For each experiment, the same temperature was applied to the brick sample by the two heat
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exchangers. For the two first experiments, a heating/cooling ramp was applied between
20 °C and 70 °C. The first experiment had a fast heating/cooling ramp of 4 h, and the
second experiment had a slow heating/cooling ramp of 18 h. The two last experiments
consisted of two step loads with a sharp variation of the heat exchangers’ temperature. The
first step load enabled the simulation of a fast charging process, with a quasi-instantaneous
increase in the heat exchangers’ temperature from 20 °C to 70 °C. Conversely, the second
step load imitated a fast discharging, with a sharp decrease in the temperature from 70 °C
to 20 °C.

The solid and liquid densities of the PCM were determined by weighing. The PMMA
brick was weighed, the first time empty, and the second time once the PCM had been
poured inside the brick in a liquid state at 70 °C. To fill the brick sample, it was necessary
to incorporate 215 g of RT58 and 285 g of PEG6000. With the inner volume of the brick
and the mass difference between the empty brick and the brick containing the PCM, it was
possible to compute the liquid density of the PCM. During the solidification process, the
PCM height inside the brick decreased with the shrinkage of the PCM. The solid density
was deduced from the height difference inside the brick between the liquid and solid
states. Table 1 presents the results obtained for the solid and liquid densities of RT58 and
PEG6000. Concerning RT58, the results were in good agreement with the values given by
the manufacturer: ps = 770 kg.m 3 and p;, = 880 kg.m .

Table 1. Values of solid and liquid densities identified experimentally.

ps [kg.m—3] pr [kg.m=3]
RT58 880 808
PEG6000 1200 1070

3. Results of the Direct Scanning and Step Scanning Calorimeter Methods
3.1. Results for Paraffin RT58

The results of DSC characterization are presented in Figure 4. The thermograms show
a very good reproducibility, even if the first heating was always slightly different because
of the poor contact between the sample (introduced in solid form) and the measuring cell.
The melting was progressive with a starting temperature located at around 51.2 °C. The
temperature at the end of the melting process could not be determined with precision
because of the sample’s internal heat transfers. An empirical method enabled the estimation
of the temperature between the top of the thermogram and the inflection point during the
heat flux decrease. For RT58, the end of the melting process was evaluated at around 59.5 °C.
On cooling, an abrupt variation was observed at 58.7 °C. This is characteristic of the break
of supercooling. The supercooling is thus weak and of the order of the degree Celsius.

In Figure 5, the enthalpy was reconstructed in an approximate way by integrating
the thermogram of DSC and fixing an arbitrary reference at the temperature of 51.2 °C
identified on the thermogram. Curves with a similar appearance were obtained, with
stabilization occurring from 60 °C which corresponded to the temperature above, where
the material was completely in a liquid state. The latent heat of melting, which was
approximated by the variation of the enthalpy between the temperature at the beginning of
melting (impossible to determine with precision, but estimated at 51.2 °C) and the end of
melting (approximately 60 °C) gave a probable value ranging between 132 and 145 kJ /kg.
The STEP analysis gave similar results, with an estimation of the latent heat in the low
range. The cooling curves show a supercooling of about 1.5 °C.
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Figure 4. Thermograms for paraffin RT58.
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Figure 5. Specific enthalpy of paraffin RT58 deduced from DSC and STEP experiments.

3.2. Results for Polymer PEG6000

Concerning PEG6000, the thermograms of heating and cooling experiments are visible
in Figure 6. Except for the first cycle to “fit” the sample in the cell, the two following cycles
were quite similar. On heating, three partially overlapping peaks were observed. All the
peaks were located on the interval from 56 °C to 63.1 °C with the main peak in central
position spreading between 58.3 °C and 61.8 °C.
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Figure 6. Thermograms for polymer PEG6000.

During the cooling process, these three peaks were also discernible, although they
were mainly overlapping. A much higher supercooling degree was noted, of the order of
12 °C, which led to a discharging temperature of close to 50 °C.

In Figure 7, the mass enthalpy was reconstructed for the three cycles by DSC, and with
the STEP method. Concordant results were obtained between each cycle, except for the first
heating. The most energetic transformation, visible on the thermogram between 58.3 °C
and 61.8 °C, was well characterized with a starting temperature identified at 59.4 °C. A
secondary transformation starting around 61 °C was also observed and was responsible
for the secondary peak visible on the thermogram between 61.8 °C and 63.8 °C. The global
enthalpy variation was estimated to be between 178 and 190 kJ-kg 1.
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Figure 7. Specific enthalpy of polymer PEG6000 deduced from DSC and STEP experiments.



Appl. Sci. 2021, 11, 10229 90f17

4. Results of the Fluxmetric Method

For the FM method, the results of the four experiments carried out on RT58 and
PEG6000 are presented in Figure 8. The 4 h fast heating/cooling rate and the 18 h slow
heating/cooling ramp are plotted in Figure 8A,B, respectively. Figure 8C shows the experi-
ment with a charging step load, and Figure 8D shows the experiment with a discharging
step load. For all the experiments performed, the thermal losses through the insulation
layer in mineral wool, measured by the lateral fluxmeters, represented only between 2%
and 3% of the total monitored heat flux. As the heat flux occurred almost entirely between
the brick sample and the heat exchangers, only the temperature of the heat exchangers
influenced the thermal behavior of the sample.

A) 4h ramp B) 18h ramp
r70
7.5
r60
5.0
= 2.59 r50
2 v
5 =
= 0.07 &
& £ 1 ag
£ %
25 “Qf 9%
Iy <
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—7.5F 120
0 3 10 15 20 25 30 35 40
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Figure 8. Heat flux and temperature measurements of RT58 and PEG6000 for a 4 h ramp (A), 18 h ramp (B), charging step
load (C), and discharging step load (D).

A first overall comparison, between RT58 and PEG6000 on the four experiments,
showed a greater heat flux for PEG6000. This observation is validated with Figure 9 which
compares the total energy exchanged for each PCM between 20 °C and 70 °C, under the
various heat loads tested. In Figure 9, red bars represent the heating cycles and blue bars
represent the cooling cycles. The 4 h ramp, 18 h ramp and step loads are plotted with
a clear shade, a medium shade and a dark shade, respectively. The mean total energy
stored, PMMA brick included, equaled 83.9 kJ for RT58 and 103.4 k] for PEG6000. The
energy density was deduced by removing the sensible energy stored inside the PMMA
brick and dividing the remaining energy by the mass of PCM incorporated inside the brick.
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Results showed an energy density, between 20 °C and 70 °C, of 289.6 k]J-kg~! for RT58 and
282.8 kJ-kg ! for PEG6000. This meant that if only considering the energy density, RT58
and PEG6000 had similar thermal performances. However, as PEG6000 has a greater mass
density than RT58, the energy stored inside the same volume is greater for PEG6000. This
leads to a potential duration of DHW production (Figure 8D), where the PCM temperature
is above 40 °C, being 22.7% longer for PEG6000. Therefore, to store a given amount of
energy, PEG6000 can enable a more compact design, not because of a higher mass energy
density, but due to a greater volumetric energy density.

100

80 1

60 1

40

Energy stored inside the sample [k]]

201

R758 PEG6000

4h melting mm 18h melting Hm Step 20°C — > 70°C
4h Solidification WM 18h Solidification W= Step 70°C — > 20°C

Figure 9. Comparison of the total energy stored between 20 °C and 70 °C inside the sample (PMMA
brick + PCM) for the different thermal loads tested.

Figure 10 compares RT58 and PEG6000 to show the higher volumetric energy density
for PEG6000, and presents the evolution of the heat stored inside the sample, as a function
of the PCM temperature. The 18 h heating/cooling ramp was selected because slow rates
minimized the thermal gradient inside the sample. With a fast heating/cooling rate, as for
the charging and discharging step loads, the PCM temperature will not be representative
of the measured heat flux. Moreover, slow heating/cooling rates highlight the different
thermal behaviors, which are dependent on the temperature level and the phase change
process, melting or solidification, of the PCM. Figure 10 clearly illustrates the supercooling
phenomenon during the cooling process of PEG6000 with a short reheating of the PCM.

For RT58, Figure 8A,B show a main heat flux peak between 50 and 60 °C, but also a
minor heat flux peak between 40 °C and 50 °C. This minor heat flux peak is not mentioned
by the manufacturer but has previously been observed experimentally in the literature on
DSC experiments [47-49]. This minor heat flux peak may come from a solid—solid phase
change process of the paraffin, or from a solid-liquid phase change process of another
material, as the commercial paraffin might not be composed exclusively of one material.
This minor heat flux peak is also observed in Figure 10, where the slope of the energy stored
increases above 40 °C. For the discharging process of RT58, solidification appears to begin
a few degrees lower for the step loads than for the two cooling ramps. Even if paraffins are
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usually classified as PCM with little or no supercooling [50], this might suggest a slight
supercooling for discharging step loads.

100,000 A

80,000 A

60,000 -

40,000 A

Energy stored inside the sample [K]]

20,000 4

20

30 40 50 60 70
Tpem [°C]

- RT58 heating 18h ramp —— PEG6000 heating 18h ramp
— == RT58 cooling 18h ramp —==- PEG6000 cooling 18h ramp

Figure 10. Energy stored inside the sample (PMMA brick + PCM) as a function of the PCM temperature for the 18 h

heating/cooling ramp.

For PEG6000, a double heat flux peak appeared only on the heating cycle of the
experiment with a 18 h ramp. However, a double plateau of temperature was observed
for the heating cycles of the 4 h and 18 h ramps, and less clearly for the charging step
load. This phenomenon has been reported in the literature [12,31] and might be explained
by the different thermal behaviors of the crystals within the crystallin structure of the
solid state [51-53]. This particular behavior would have remained unseen if only one
experiment, with a heat flux measurement, had been carried out for the 4 h heating ramp
or the charging step load. Indeed, fluxmeters measure the global thermal behavior of the
sample, whereas a thermocouple reflects a local behavior. Therefore, in order to perform
a complete characterization of the PCM, it was necessary to monitor both the heat flux
and temperature for various thermal loads. Concerning the cooling cycles of PEG6000, a
supercooling phenomenon was observed for the two cooling ramps and the discharging
step load. The beginning of the crystallization seemed slightly dependent on the cooling
rate of the PCM. A crystallization temperature of 52.5 °C was observed for the 18 h slow
cooling rate, 51.5 °C for the 4 h fast cooling rate and 48.6 °C for the discharging step load.
Therefore, as for the heating process, both heat flux and temperature measurements were
necessary to characterize the cooling process of PEG6000.
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5. Comparison between Direct Scanning Calorimeter, Step Scanning Calorimeter and
Fluxmetric Methods

This section compares the results between the three characterization methods to obtain
the enthalpy curve h(T) for RT58 and PEG6000. The characterization methods rely on
two different pieces of equipment, a calorimeter for the DSC and STEP methods, and a
specific apparatus for the FM method, using two very different masses of sample, being ten
milligrams for the DSC and STEP methods, and between two hundred and three hundred
grams for the FM method.

Figure 11 shows the results for RT58. A very good consistency was observed between
the three curves, despite the differences in method and apparatus. In particular, the curves
on heating and cooling are nearly congruent, confirming that this PCM showed very
little supercooling.

100 +

h [kJkg™}|
(@)
)

0 £
o —— STEP —=-- DSC FM
Heating Cooling
45 50 95 60 65
T [

Figure 11. Comparison of the results obtained by the three methods for RT58.

For PEG6000, the results visible in Figure 12 show differences both in heating and
cooling. During the heating process, there was a noticeable difference in the onset of
melting, in the range of 55 °C to 60 °C. The repeatability of the determinations on small
samples (DSC, STEP) suggested an effect related to heat transfers within the macroscopic
sample. The total mass enthalpy changed during melting (which is, by abuse of language,
called latent heat of melting, which is defined only for a pure substance), however, this was
consistent for all methods.

During cooling, a difference of nearly 5 °C on the supercooling rupture temperature
between the FM method and the DSC and STEP methods, was observed. This can be
explained by the difference in volume of the two samples; it is indeed well known [54,55]
that the degree of supercooling increases with the reduction of the size of the sample
considered. As the PCM mass was roughly 50,000 times greater for the FM method than
for DSC and STEP methods, the observed behavior was therefore consistent. For a fictive
latent heat storage with 100 kg of PCM, the mass ratio between the system and the sample
characterized would be close to 400 for the FM method and around 20 million for the
DSC and STEPS methods. Therefore, the FM method enables to get closer to the thermal
behavior of real scale storage of DHW.
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Figure 12. Comparison of the results obtained by the three methods for PEG6000.

The FM method showed a rise in temperature at the moment of rupture: locally,
i.e., at the location of the metastability rupture, the material reached its equilibrium state
characterized by the “real” h(T) curve, i.e., at heating. This phenomenon was totally
masked by the calorimeter because of the small volume of the sample and the control
device which had the function of regulating the temperature. For the fluxmeter device,
as the parietal exchanges are limited, a slight rise in temperature was observed. It is
noteworthy that the qualifier “real” attributed to the results in heating allowed support
of the fact that there was no hysteresis phenomenon related to the function h(T), which is
a state quantity: the curves in cooling resulting both from the supercooling and from the
internal transfers in the sample.

6. Conclusions and Outlooks

This study presents an experimental comparison of three characterization methods
(DSC, STEP, FM) for two PCM (paraffin RT58 and polymer PEG6000) suitable for DHW stor-
age. The two PCM studied have very different thermal behaviors, as PEG6000 experiences
supercooling, whereas RT58 has a similar behavior between melting and solidification
processes. The following findings are recommended to perform an experimental character-
ization of a PCM:

- Results from the DSC method are sufficient where a high accuracy is not required and
when the PCM does not experience supercooling. The accuracy of the characterization
might be improved using a calorimeter with the STEP method, but the experiments
will be longer and it will be more complex to configure the settings of the calorimeter;

- A complete and accurate characterization of a PCM, with observations and quantifica-
tion of local and global thermal behaviors, require experiments under various heat
loads, with both heat flux and temperature measurements. Only the FM method can
conduct this complete characterization. However, compared with DSC and STEP
methods, no commercial device exists, the experimental set-up is complex and the
experiments are time-consuming;

- Large samples enable a closer resemblance to the thermal behavior of a real-scale
system, especially concerning supercooling, which is strongly influenced by the size
of the sample. The FM method enables a much closer resemblance to the PCM mass
of a storage, than DSC and STEP methods.
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Table 2 summarizes the advantages and disadvantages of the three characterization

methods used in this study.

Table 2. Synthesis of advantages and disadvantages of the three characterization methods studied.

Characterization Method

Advantages Disadvantages

Direct scanning calorimeter (DSC)

Step scanning calorimeter (STEP)

Fluxmetric (FM)

- Fast experiments
- Commercial devices available

- Large mass of PCM (around 250 g)
- Adapted to PCM with supercooling
- Measurements of the local and global

- Various heat loads configurable

- Rate dependent
- Low mass of PCM (under 10 mg)

- Easy configuration of the calorimeter Not adapt.ed for PCM with
supercooling
- Low mass of PCM (under 10 mg)
- Not adapted for PCM with
- Rate independent supercooling

Commercial devices available - Longer experiments than DSC
- More complex configuration of the
calorimeter than DSC

- No commercial device available
- Complex set-up compared with DSC
and STEP

thermal behavior of the PCM . . .
Time-consuming experiments

Concerning the comparison between RT58 and PEG6000 for DHW storage, the experi-

mental results show:

An experimental identification of specific heat, latent heat and phase change tempera-
ture consistent with the literature for the two PCM;

Similar values of specific heat and latent heat for RT58 and PEG6000. This means an
equivalent energy density for the two PCM. However, a greater amount of energy is
stored inside a same volume for PEG6000, as the mass density is more important;
The RT58 shows a melting and solidification behavior over a wider temperature
range than PEG6000. Therefore, for RT58, the full potential of latent heat might not
be fully exploited under the operating conditions of DHW applications. PEG6000
offers a narrower temperature range for the changes of state but, when tap water is
drawn off, the PCM temperature must decrease below the supercooling breakthrough
temperature to release the latent heat. However, once the solidification process has
started, the heat peak is significant;

Selection of the PCM must be made according to the selected application considering
the complete system including the heat exchangers. An accurate modelling of the
system is therefore required as PEG6000 and RT58 show different thermal behaviors,
especially during the cooling process;

Because of supercooling, PEG6000 seems more suited to a DHW storage operating
with full charging and discharging cycles;

For a DHW frequently operating with partial phase change cycles, if the PCM temper-
ature does not drop below 52 °C, latent heat will not be released for PEG6000 and the
selection of RT58 is recommended, where most of the latent heat is released between
59 °C and 53 °C.

For future research on PCM characterization, it is recommended to investigate the

thermal behavior of PCM for partial cycles, with an interruption of the heating and cooling
loads during the phase change process. Concerning the experimental comparison of PCM
suitable for DHW storage, the investigation might be extended to other PCM, and especially
bio-based materials to improve the environmental impact of the storage.
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