
Journal of Energy Storage 56 (2022) 105867

Available online 25 October 2022
2352-152X/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Research papers 

Accelerated testing methods to analyse long term stability of a Phase 
Change Material under the combined effect of shear stress and 
thermal cycling 

A. Egea *, A. García , R. Herrero-Martín , J. Pérez-García 
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A B S T R A C T   

The long-term stability of a Phase Change Material (PCM) is a key point for its selection in energy storage de
vices. This work studies the suitability of a commercial paraffin wax in an active scraped surface heat exchanger 
for solar energy storage purposes. In these devices, the continuous scraping of inner walls during solidification 
removes PCM and increases the released heat. Hence, the PCM is affected by a high level of shear stress. In order 
to study a potential degradation of the paraffin, a novel accelerated procedure has been designed for obtaining 
samples with a different number of thermal and scraping cycles. The procedure allows to evaluate the effect of 
shear stresses, thermal cycles and their combined effects separately. Up to 3000 cycles have been generated, 
which accounts for around 8 years of continuous daily work in the heat exchanger. The measurements through 
Differential Scanning Calorimetry, rheometry and thermal conductivity analysis have shown that neither the 
thermal nor the scraping cycling have a significant impact on the paraffin thermo-physical properties. According 
to the findings reported in this work, paraffin wax RT44HC can be successfully used in scraped surface heat 
exchangers. It is expected that other commercial paraffins would be also suitable since most of them share the 
fact of being blends of alkanes and other hydrocarbons.   

1. Introduction 

In recent years, there is a strong uptrend in the use of renewable 
energies. The recent framework programme Horizon Europe [1], the 
EU's key funding programme for research and innovation, promotes for 
the period 2021–2027 an important reduction in the use of fossil fuels. 
Furthermore, it supports an increased weight of renewable energies in 
the total energy generation. According to the International Energy 
Agency's (IEA) World Energy Outlook 2020 [2], the average growth of 
renewable electricity is expected to be about 5 % per year from 2019 to 
2030. With respect to the use of renewables for heat, they are expected 
to account for 14 % of total energy consumed by 2030. 

Solar energy plays a central role among the renewable energy 
sources. The use of Phase Change Materials (PCMs) is an emerging 
technology to increase the energy storage capacity of conventional solar 
thermal systems. It allows to solve the decoupling between energy 
production and consumption, a typical problem that arises in the do
mestic hot water generation by solar energy [3–5]. 

Organic PCMs are materials that consist of a hydrocarbon chain. 
They can be classified into Non-Paraffins and Paraffins [6]. On one side, 
fatty acids, a non-paraffin type of PCM, are commonly used in building 
applications [7,8] due to their excellent thermal reliability [9,10]. On 
the other side, paraffins are thermically stable up to 500 ◦C, they are 
non-toxic and non-corrosive, relatively economical and present small 
changes in volume during phase transition. Those characteristics make 
paraffins especially suitable for residential use, as many related studies 
confirm [11–13]. Both, pure straight chain alkanes and commercial 
blends of alkanes and other hydrocarbons can be used. The latter are 
more widely used for enhancing solar thermal systems capability 
[14–16], due to their lower cost and because their temperatures of 
transition can be adapted to the system needs. 

However, the integration of PCM energy storage modules in 
commercially available solar thermal systems is far from being a com
mon practice. As Kahwaji et al. [17] pointed out, a possible reason is the 
lack of knowledge about the thermal properties of paraffins, especially 
in the melting/solidification temperatures (MT/ST) and the latent heat 
fluxes of melting and solidification (LHFM/LHFS). In particular, there is a 
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need for further studies on how the successive cycles of phase change 
affect their physical properties. Although those materials are considered 
to have long term thermal stability, most research studies overlook the 
issue of paraffins' cyclability. As Dutil et al. [18,19] pointed out, the high 
level of uncertainty about the thermal properties of paraffins undermine 
the credibility of numerical simulations with those PCMs. 

Regarding the experimental results reported for phase change en
thalpies and temperatures in paraffins, they are usually obtained 
through Differential Scanning Calorimetry (DSC). There are important 
discrepancies among authors for a given compound. As an example, in 
the thorough review from Acree and Chickos [20], for a pure alkane 
such as eicosane the reported melting point and enthalpy of transition 
range from (308.8 to 311.6) K and (211.99 to 247.38) J/g, respectively. 
If octadecane is considered, the reported ranges are (300.2 to 303.6) K 
and (223.18 to 256.58) J/g. Moreover, the discrepancies are higher for 
commercial blends of paraffin waxes, where their properties are often 
quoted within a range of values [21,22]. 

On the other hand, if the studies on the thermal cyclability of PCMs 
are considered, there are authors that report great variations in MT and 
LHFM with respect to the original values, whereas others do not find any 
significant changes. Anand et al. [23] recently published an extended 
review on the issue. Hadjieva et al. [24] studied the effect of thermal 
cycling in several commercial technical grade paraffin waxes. They did 
not inform about great differences in MT and LHFM (around 1 % and 1.8 
%, respectively). Sharma et al. [25] generated 20 to 300 thermal cycles 
in a paraffin wax and reported a small change of ±1.8 for MT, but 
considerable higher changes (− 12 to +2 %) for LHT. There was not a 
clear link between the degradation of properties and the number of 
cycles. In another study [26], the authors also reported an important 
variation in the thermal properties for a paraffin wax after thermal 
cycling. Up to 1500 cycles were applied, with a deviation range 
(− 7.54–0 %) for MT and (− 27.71–0 %) for LHF. Again, they observed an 
irregular degradation with the number of cycles. 

Shukla et al. [21] tested the thermal stability of three different 
paraffin waxes and noted important variations in MT and LHF in a range 
of 600 thermal cycles, up to − 10.34 % for MT and − 38.46 % for LHF. 
They did not find a direct relationship between number of cycles and 
thermal degradation. Kahwaji et al. [22] studied the long term thermal 
stability of three pure alkanes (Nonadecane, Eicosane and Docosane) 
and three commercial mixtures from supplier Sigma-Aldrich (PW48, 
PW52, and PW58). They measured MT, LHF, solid density and the 
temperature dependences of the heat capacity and thermal conductivity 
in both liquid and solid phases. The authors concluded that both the 
pure paraffins and the blends were thermally stable, with no noticeable 

changes to MT and LHF after 3000 melt-freeze cycles, which remained 
into the limits of the uncertainty analysis. They also showed that MT of 
commercial blends differed significantly from the supplier-specified 
values. Finally, they warned about a possible overestimation of LHF 
value due to the contribution of the solid-solid transition to the DSC 
endothermic peak. 

In a recent work, Kahwaji et al. [17] stated that in the accelerated 
thermal cycle testing, many authors report percentages of degradation 
in MT or LHF that are in fact a result of a misinterpretation of mea
surements taken by Differential Scanning Calorimetry (DSC). Further
more, in many cases the deviations reported are within the limits of 
experimental uncertainty, whose analysis is often missed in the litera
ture. For DSC measurements in PCM materials, the authors recommend 
performing calibration tests prior to measurements, and to estimate de 
reproducibility and uncertainty of phase change temperatures and en
thalpies of transition. 

One of the main concerns about the use of paraffins in latent thermal 
energy storage systems (LTES) is that they have typically low values of 
thermal conductivity. This fact slows down the releasing and storing of 
energy. To overcome this issue, many authors have studied the effect of 
conventional passive heat transfer enhancement techniques, such as the 
use of extended heat transfer surfaces or the addition of high conductive 
materials/particles to increase the thermal conductivity of the PCM 
[27,28]. Zondag et al. [29] designed a shell and tube heat exchanger at 
laboratory scale and evaluated its performance both experimentally and 
numerically. They found that natural convection plays a central role in 
the melting process. Khan and Khan [30] incorporated longitudinal fins 
to a LTES system coupled to a conventional solar thermal collector. They 
found that the use of extended surfaces enhanced the melting process. 
They used commercial paraffin wax RT44HC by Rubitherm as PCM. 

Most of the research studies about the implementation of paraffins as 
phase change materials in LTES focus on the melting stage and do not 
study solidification in detail. Therefore, the authors that aim to enhance 
those heat transfer processes tend to use enhancement techniques that 
are optimized for melting and not for solidification. Castell et al. [31] 
observed that the use of extended surfaces increased heat transfer in 
melting but to a much lesser extent in solidification. The problem that 
arises in the solidification was pointed out by Stritih [32], who stated 
that at that stage, conduction is the dominant form of heat transfer and 
thus passive techniques are not an optimal solution to enhance the 
process [33]. As Fadl, et al. [34] pointed out, discharging times are 
much longer than charging times due to the low thermal conductivity of 
the solid PCM layer which forms on the surface of the heat exchanger. 

Some researchers have introduced active heat transfer enhancement 
techniques to overcome the above-mentioned issue. Scraping the heat 
transfer surface in PCM side to remove the solid layer created in the 
solidification process is a promising technology. Maruoka et al. [35] 
tested a rotative heat exchanger and demonstrated the relation between 
rotation velocity and heat release. The experiments showed an increase 
of six times in the heat release rate compared to no rotation mode. 
Tombrink et al. studied numerical [36] and experimentally [37] a 
rotating drum heat exchanger for LTES where the heat transfer walls 
were continuously scraped in order to minimize the layer thickness of 
the solidified PCM and maximize heat transfer. In that way, the authors 
were also able to easily manage the thermal power output. 

The authors of present work are currently working on a prototype of 
scraped LTES system [38]. Both the processes of energy release and 
energy storage of a commercial paraffin wax (Rubitherm RT44HC) are 
studied. During the solidification tests, several rotating blades continu
ously scrape the paraffin in order to remove it from the heat transfer 
walls. Therefore, the PCM is subjected to a high level of shear stresses. 
This fact, in addition to the successive thermal cycling, could result in a 
degradation of the PCMs. In that way, there is the need to study the 
impact of a high level of shear stresses on the PCM specimen. 

The main aim of this research work is to study the long-term reli
ability of commercial paraffin waxes for its use in scraped LTES systems. 

Nomenclature 

DSC Differential Scanning Calorimetry 
k Thermal conductivity (W/m⋅K) 
LHFM Melting Latent Heat Flux 
LHFS Solidification Latent Heat Flux 
LTES Latent Thermal Energy Storage 
MT Melting Temperature 
MTPS Modified Transient Plane Source 
n number of iterations in accelerated procedure 
PCM Phase Change Material 
ST solidification temperature 
T temperature (K) 
TES Thermal Energy Storage 
μ dynamic viscosity (Pa⋅s) 
U level of confidence (%) 
x number of scraping cycles 
y number of thermal cycles  
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The proposed methodology allows to study separately the effect of 
thermal cycles, scraping cycles and combined thermal/scraping cycles 
on the thermo-physical properties of the paraffin wax. The proposed 
methodology allows to study separately the effect of thermal cycles, 
scraping cycles and combined thermal/scraping cycles. The potential 
changes in the latent heats of fusion and solidification, melting and so
lidification temperatures, thermal conductivity and dynamic viscosity 
have been evaluated through experimental measurements in selected 
samples. To the knowledge of authors, this is the first study concerning 
the degradation in thermal performance of a phase change material after 
mechanical work. 

2. Preparation of samples 

The PCM used in this study is the commercial paraffin wax RT44HC 
supplied by Rubitherm GmbH. Their physical properties prior to cycling 
are listed in Table 1 [39]. 

2.1. Accelerated thermal cycling procedure 

As is widely reported in the bibliography [17,21–25], in order to 
estimate the long-term durability of a given PCM for solar energy storage 
purposes, it is necessary to measure its physical properties at different 
numbers of melting and solidification cycles. 

In this work, the facility for accelerated thermal cycling (Fig. 1a, b) 
consists of an electric hot plate to melt the samples (1) and a fan to 
accelerate the solidification process (2). Both devices are alternatively 
switched on and off by means of a set of programmable electrical relays 
by Denkovi Assembly Electronics LTD. 

A volume of 25 ml of the sample to be cycled was placed at an 
aluminium cylindrical container (3), 70 mm diameter, 30 mm height. 

Aluminium does not present corrosion problems with Paraffin kind 
PCMs [22,23]. In order to ensure the complete melting and solidification 
of the sample, the dynamic procedure was developed according to the 
amount of sample used (Fig. 2). In the electric hot plate, the samples 
were heated from room temperature (25 ◦C) to 60 ◦C with a heating rate 
of 5 ◦C/min. Later, a 33 min isothermal step was applied in order to 
ensure the complete melting of the sample. After that, the plate was 
switched off and the fan was activated to cool down the sample to room 
temperature with a temperature step of 7 ◦C/min. Finally, an isothermal 
step of 15 min was applied to finish the cycle. The process was repeated 
until the desired number of thermal cycles was achieved. The PCM 
temperature was measured by means of a T-Type thermocouple. Its 
evolution over a complete thermal cycle is shown in Fig. 2. A maximum 
of 3000 melting/solidification cycles were performed, this value is 
equivalent to 3000 days of working in the scraper surface LTES system. 

2.2. Accelerated scraping cycling procedure 

The authors have recently developed a prototype of PCM heat 
exchanger to accelerate the energy release through the scraping of inner 
walls [38]. In order to study the effect of shear stresses in the PCM 
properties, the experimental set-up given in Fig. 3a, b has been built up. 
It consists of a scale model of the prototype (1) coupled to a variable- 
speed drill (2) and a voltage regulator (3) to control the drill speed. Its 
value is measured by means of a digital tachometer (4). The scaled 
model and the original prototype have the same ratio of scraped surface 
to volume of PCM, 15 m2/m3. Hence, it can be assumed that the po
tential degradation in physical properties of paraffin at the scaled model 
can be extrapolated to that in the original prototype. 

The prototype of PCM heat exchanger carries out a single cycle of 
storage/release of energy per day. The blades rotate only during the 
release of energy (solidification) at a nominal speed of 5 rpm. It has been 
experimentally measured that the solidification process takes place over 
36 min. In the reduced scale model (Fig. 3a, b), the scraping process is 
accelerated by increasing the rotation speed of blades to 90 rpm. 
Therefore, every 2 min of scraping at the model accounts for 1 cycle 
(day) at the real prototype. 

On the other hand, a specific procedure was developed in order to 
apply extreme shear stress conditions to the paraffin. In this way, the 
PCM was pulverized by means of a hand blender (Fig. 3c) at 10,000 rpm 
for 1 h. The obtained sample was a paraffin powder accounting for more 
than 3000 cycles or days of work at the prototype. 

2.3. Sample generation procedure 

The procedure for sample preparation is given in Fig. 4. It allows for 
obtaining either paraffin with scraping cycles, thermally cycled or with 
combined (scraping and thermal) cycles. If a sample with only a pro
cessing mode is to be generated, it is directly sent to the corresponding 
facility and cycled to the desired number. In order to obtain a combined 
sample, the uncycled sample is firstly processed to a number x of 

Table 1 
Physical properties of RT44HC as given by Rubitherm GmbH.  

Melting area 41–44 [◦C] 
Solidification area 44–40 [◦C] 
Heat storage capacity ± 7.5 %, (temperature range = 35 ◦C to 

50 ◦C) 
250 [kJ/kg] 

Specific heat capacity 2 [kJ/kg⋅K] 
Density solid (T = 25 ◦C) 0.8 [kg/l] 
Density liquid (T = 80 ◦C) 0.7 [kg/l] 
Heat conductivity 0.2 [W/ 

(m⋅K)] 
Volume expansion 12.5 [%] 
Max. operation temperature 70 [◦C]  

Fig. 1. Accelerated thermal cycling facility. (1) Electric hot plate (2) Fan (3) 
PCM samples. 

Fig. 2. Dynamic mode used for thermal cycling.  
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scraping cycles, and secondly to the corresponding number of thermal 
cycles, y = x. 

The samples obtained through the above-mentioned method are 
listed in Table 2. In this study the number of cycles has been set to 0, 
150, 300 and 3000. The nomenclature used for a given sample is x/y 
(number of scraping cycles/number of thermal cycles). 

3. Determination of thermophysical properties 

In order to determine the potential variation in the thermophysical 
properties of cycled paraffin, measurements of melting and solidifica
tion temperature and latent heat flux through DSC (MT, ST, LHFS LHFM), 
thermal conductivity and dynamic viscosity over temperature for liquid 
phase have been made. 

The cycled samples generated through the procedure described in 
Fig. 4 have been used for the viscosity and thermal conductivity mea
surements. However, for convenience, in the DSC measurements only 
the scraped samples (Column 1, Table 2) have been used, and the 

melting/solidification cycles have been done in situ. 

3.1. Differential Scanning Calorimetry 

The instrument DSC822 from Mettler Toledo was used to determine 
latent heat fluxes and phase change temperatures. A mass of 4.5 mg of 
PCM was sealed in a standard aluminium sample holder. During the DSC 
measurement a constant stream of nitrogen (50 ml/min) was applied as 
flushing gas during the measurement. The instrument was calibrated 
with indium standard prior to the test (LHFM = 28.45 J/g and MT =
156.6 ◦C). 

A test with eicosane (CH3(CH2)18CH3, (CAS Number 112–95-8, 
Sigma-Aldrich, stated purity 99 %)) was performed in order to analyse 
the uncertainty from DSC measurements. This PCM was chosen because 
their properties are well defined in bibliography [20,22]. The results 
from the test indicated an expanded uncertainty (U, 95 % level of 

Fig. 3. Accelerated scraping cycling facility (a, b). (1) scraper, (2) drill, (3) voltage regulator, (4) tachometer. (c) Hand blender (used when a high number of scraping 
cycles is needed). 

Fig. 4. Sample generation procedure.  

Table 2 
Measurement samples: scraped, thermally cycled and with combined effects.  

Scraped samples Thermally cycled samples Combined cycled samples 

150/0 0/150 150/150 
300/0 0/300 300/300 
3000/0 0/3000 3000/3000  

Fig. 5. Pyramidal programming for accelerated cycling at DSC measurements.  
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confidence) of 10 % for LHF and ±0.8 ◦C for MT and ST. 
A pyramidal programming (Fig. 5) was carried out to perform the 

thermal cycles of melting and solidification. This programming was 
chosen in order to optimize the nitrogen flow for the maximum number 
of cycles with the same load. The measurements were conducted at the 
initial cycle (0 thermal cycles), 150, 300 and 3000 thermal cycles. In 

these cycles the heating and cooling rates were 5 ◦C/min, a value in the 
range recommended by other authors [17,40–44]. Once the measure
ment at a target cycle was completed, a set of accelerated thermal cycles 
was programmed at heating and cooling rates of 20 ◦C/min. 

Fig. 6. Melting DSC curves. Left: Thermal cycled samples. Center: Scraping cycled samples. Right: Combined cycled samples.  

Fig. 7. Phase Change enthalpies and temperatures. Left column: melting. Right column: solidification. (a) Thermal cycles samples (b) Scraping cycles samples (c) 
Combined cycles samples. The solid lines correspond to the uncycled sample results (LHFM = 252.96 J/g, LHFS = 260.09 J/g, MT = 41.06 ◦C, ST = 42.97 ◦C). 
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3.2. Viscosity measurements 

It is unusual to find viscosity measurements in the studies on the 
long-term reliability of PCMs. This property plays a key role in the 
melting process, where the dominant mode of heat transfer is natural 
convection [34,45,46]. It has been considered of interest to study the 
impact of thermal and scraping cycles on the dynamic viscosity of the 
working paraffin. 

Rheometer AR-G2 from TA Instruments was used to measure the 
dynamic viscosity of the PCM samples. The concentric cylinder config
uration was used. The samples were melted through a pre-heating at 
45 ◦C in a hot plate and poured into the outer cylinder. They were 
measured in the temperature range of 45–65 ◦C, every 2 ◦C, at 5 ◦C/min. 
Due to the low thermal conductivity of the paraffin, every target tem
perature of the samples was maintained for 120 s prior to measuring its 
viscosity through a Peak Hold test at constant shear speed (10 s− 1) 
during 300 s. The rheometer was calibrated using a silicone viscosity 
standard (RT5, supplied by Cannon) at 25 ◦C. The expanded uncertainty 
in the viscosity measurements was found to be 2.5 %. 

3.3. Thermal conductivity measurements 

Thermal conductivity stability along cycling is a key parameter to 
evaluate the possible degradation of PCM. The measurements were 
carried out with a TCi thermal conductivity analyser from C-Therm with 
the MTPS (Modified Transient Plane Source) method. The measure
ments for each sample were carried out at a constant temperature (T =
50 ◦C). 

The samples and the sensor were introduced in a heater to reach the 
measurement temperature. Once the sample was ready, it was placed 
over the sensor and when the thermal equilibrium was achieved, the 
measurements started. For measuring, a heat pulse is given to the sample 
and the dissipation of that pulse is measured. Each measurement is the 
average of 10 consecutives pulses. The uncertainties in the measurement 
values were estimated in 12 % through testing of water. 

4. Results and discussion 

In the present work, the paraffin of study has been analysed based on 
its life cycle performance. The results of thermophysical properties ob
tained for each sample are compared to the corresponding value in the 
uncycled sample. 

4.1. Phase change temperatures and enthalpies 

Fig. 6 shows the melting DSC measurements for each sample group. 
There are apparently no differences between each sample and the 0/ 
0 one. A same behaviour was observed for the solidification DSC 

measurements. All the DSC results were analysed according to [47], 
where the latent heat was calculated as the area under the DSC curve, 
and the transition temperatures were obtained from the interception of 
tangent at the point corresponding to the largest slope on the face 
portion of the peak of the DSC curve with the pre-melting baseline. 

The results for LHFM, LHFS, MT y ST before and after cycling for each 
sample group are presented in Fig. 7. The results for 0/0 sample (solid 
line) are in accordance with those reported by the supplier (Table 1). It 
has not been observed a significant change in the variables for any group 
with respect to the uncycled sample, even for a large number of cycles. 

Regarding the evolution of thermal properties of paraffin with 
thermal cycling, the results are in accordance with those authors that 
have stated that paraffins do not suffer thermal degradation [22,24]. In 
addition, at present work the added shear stress effect does not seem to 
affect the phase change latent heat or temperatures of paraffin wax. The 
maximum observed deviations with respect to sample 0/0 have been 
+0.26 % and − 3 % for LHFS (samples 0/3000 & 3000/0), +0.07 % and 
− 1.7 % for LHFM (samples 300/300 & 150/0), +0.33 ◦C and − 0.02 ◦C 
for ST (samples 150/150 & 300/0) and +0.1 ◦C and − 0.16 ◦C for MT 
(samples 300/300 & 150/0). 

From the DSC results, a direct relation between increasing the 
number of thermal cycles and degradation of thermal properties was not 
found. Those values are in every case inside the uncertainty limits (±10 
% for LHF and ±0,8 ◦C for phase change temperatures). 

4.2. Viscosity results 

The evolution of the measured dynamic viscosity with temperature is 
shown for every group at Fig. 8. The results for the 0/0 sample are 
plotted as a continuous line; the dashed lines represent the limits of 
uncertainty (2.5 %, 95 % confidence level). 

There is not a clear trend in the variation of viscosity with the 
number of thermal cycles (Fig. 8a). This fact is in disagreement with 
Vasu et al. [48] who, up to the author's knowledge, have been the only 
researchers who have studied the degradation of viscosity after thermal 
cycling of a paraffin. They found that the viscosity of a commercial wax 
with melting point 58–62 ◦C rose with the number of thermal cycles. 
However, there was not a clear trend, up to the point that the value for 
the sample with a higher number of cycles (200) was very close to that of 
the untreated sample. The viscosity for that sample was 5 % higher than 
the virgin sample, in contrast with a 25 % increase for the sample with 
30 cycles. The authors assigned the variations in viscosity to the grades 
of void formation during solidification of samples. They did not report 
neither about the rheometer configuration nor the measurement un
certainties. Their conclusions are far from those obtained at present 
work. 

The influence of the number of scraping cycles is not clear (Fig. 8b), 
and a direct correlation between the number of cycles and the change in 

Fig. 8. Viscosity results as a function of temperature: (a) Thermal cycled samples (b) Scraping cycled samples (c) Combined cycled samples. The solid lines 
correspond to the uncycled sample results. 
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viscosity is not observed. The variations of viscosity remain within the 
uncertainty levels in all cases. 

If the combined effect of shear stress and thermal cycling is consid
ered (Fig. 8c), it seems that globally the values of viscosity for that group 
decrease with respect to the samples only scraped. This trend strengths 
as the number of cycles increases: there are not changes between sam
ples 150/0 and 150/150, around 1.5 % between samples 300/0 and 
300/300 and roughly a 3.8 % between 3000/0 and 3000/3000. How
ever, it cannot be affirmed taxatively since all results for both groups fall 
between the limits of measurement uncertainty. 

4.3. Thermal conductivity results 

Fig. 9 shows the thermal conductivity results vs. number cycles for 
each group at T = 50 ◦C. The values for the uncycled sample (solid line) 
are not comparable to the one given by the supplier, a mean value be
tween solid and liquid phases. The observed variations with respect to 
the uncycled sample are minimal (below 3 % for all groups). The results 
for the thermal cycling effect are in accordance with the variations re
ported by Vasu et al. [48], who gave a 3.2 % variation for 200 thermal 
cycles. It is clear that neither the thermal cycling nor the scraping 
cycling affect the thermal conductivity of the paraffin wax of study. 

5. Conclusions 

This work has studied the long-term suitability of a commercial 
paraffin wax as phase change material in an active scraped surface heat 
exchanger for solar energy storage. The measurements through Differ
ential Scanning Calorimetry have shown that neither the thermal nor the 
scraping cycling have a significant impact on the phase change latent 
heat fluxes and temperatures. All the reported variations of the cycled 
paraffin samples have remained within the limits of experimental 
uncertainty. 

A similar behaviour has been observed for the thermal conductivity, 
with minimal variations from the uncycled sample (below 3 % for all 
groups). Regarding dynamic viscosity measurements, there is not a clear 
influence of the thermal cycles. If the combined effect of shear stress and 
thermal cycling is considered, a global decrease of viscosity with respect 
to the uncycled sample is observed. However, it cannot be affirmed 
taxatively, since all the results for both groups fall between the limits of 
measurement uncertainty. 

According to the findings reported in this work, paraffin wax 
RT44HC can be successfully used in scraped surface heat exchangers. It 
is expected that other commercial paraffins would be also suitable since 
most of them share the fact of being blends of alkanes and other 
hydrocarbons. 

CRediT authorship contribution statement 

A. Egea: Investigation, Software, Data curation. A. García: Meth
odology, Conceptualization, Formal analysis, Resources. R. Herrero- 
Martín: Supervision, Project administration, Funding acquisition. J. 
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