Journal of the Brazilian Society of Mechanical Sciences and Engineering (2018) 40:329
https://doi.org/10.1007/s40430-018-1253-y

TECHNICAL PAPER

@ CrossMark

Rapid thermal cycling of three phase change materials (PCMs)
for cooking applications

A. B. Shobo' ® - A. Mawire? -+ M. Aucamp’®

Received: 3 July 2017/ Accepted: 28 May 2018/ Published online: 5 June 2018
© The Brazilian Society of Mechanical Sciences and Engineering 2018

Abstract

The suitability of the use of acetanilide, meso-erythritol and In-48Sn as phase change materials (PCMs) in latent heat
thermal storage systems (LHTES) for cooking applications has been investigated under high charging and heat retrieval
conditions. In-48Sn showed the greatest thermal stability up to 289.68 °C with meso-erythritol showing stability up to
177.03 °C, while acetanilide is thermally stable up to 133.33 °C. Thermal properties of acetanilide remained within
stable limits with rapid thermal cycles, but rapid mass degradation was observed. Two forms of meso-erythritol were
manifested with different melting points with the solidification temperature that showed considerable variations while the
enthalpy of solidification remained reasonably stable. Acetanilide and meso-erythritol exhibited large degrees of super-
cooling below 100 °C making them undesirable to be used in a LHTES unit for cooking applications under rapid heating
and cooling cycles. With the solidification temperature of In-48Sn above 100 °C throughout the thermal cycles, it proved to
be a promising PCM for cooking applications under rapid heating and cooling cycles. The residues of the PCMs after
thermal cycling showed no structural changes as compared with the fresh samples while the health hazards related to the
PCMs were all within acceptable limits. Though the cost implication of utilizing In-48Sn is much higher as compared with
the other two PCMs, its good cycling stability and its average solidification temperature being within desired cooking
temperature makes it a preferred PCM candidate under fast heat retrieval condition than acetanilide and meso-erythritol.

Keywords Phase change materials (PCM) - Thermal stability - Cycling stability - Acetanilide - Meso-erythritol -
In-48Sn

1 Introduction

The application of phase change materials (PCMs) in latent
heat thermal storage systems for the storage of solar ther-
mal energy and waste heat for various temperature appli-
cations has been widely explored in the past few years.
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PCMs in latent heat thermal storage (LHTES) systems
have advantages of large energy storage densities due to
the large amounts of thermal energy that can be stored and
retrieved during their phase change transitions. The solid—
liquid phase change transitions of PCMs are particularly of
interest due to their great efficiencies and larger enthalpies
associated with these transitions [1]. The isothermal/near-
isothermal behavior of PCMs during heat storage or heat
retrieval processes is also attractive for some temperature-
controlled applications. Therefore, for a particular appli-
cation, the melting and the solidification temperatures of
the PCM to be utilized are of paramount importance. Due
to the possibility of the existence of many PCM candidates
with phase transition temperatures about the desired tem-
perature application, many other properties need to be
considered for choice of the suitable PCM. These proper-
ties include: density, specific heat capacity, latent heat of
fusion, thermal conductivity, degree of supercooling,
thermal stability, cycling stability, toxicity, degree of
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health hazard, compatibility with containment material,
abundance and cost [2, 3].

Thermal energy storage by indirectly heating a PCM in
a LHTES unit for solar cooking has been reported to pro-
vide the convenience of indoor cooking [4]. In this mode, a
suitable heat transfer fluid (HTF) transports thermal energy
from a solar collector to the LHTES unit where it
exchanges heat with the PCM. The PCM first absorbs
sensible heat and then on attaining its melting temperature,
it absorbs the enthalpy of fusion over a narrow range of
temperature. For the utilization of the stored thermal
energy, the HTF is also used to transport the thermal
energy from the LHTES unit to the cooking unit as the
PCM solidifies. The thermal energy from the LHTES unit
must be able to bring the food to boil and sustain the
boiling for a length of time depending on the food type.
Studies have recommended that PCMs with melting tem-
peratures higher than 100 °C should be used in heat stor-
ages for efficient cooking applications [5, 6]. It is important
for cooking applications that the PCM’s solidification
temperature should be slightly higher than 100 °C so that
the released solidification enthalpy will be used to just
maintain the cooking of food at about that same tempera-
ture. Since cooking of food is a daily routine, the PCM
utilized in a thermal storage for this purpose should also
exhibit good thermal cycling stability. Particular attention
also needs to be paid to the degree of the health hazard
posed by the PCM used in thermal storage systems for
cooking applications [3].

Only organic and inorganic PCMs have been utilized
LHTES systems designed for cooking as found in the
available literature [4, 7, 8]. Table 1 shows a list of some of
the PCMs that had been previously utilized as thermal
storage materials for cooking applications from the
literature.

Common problems that are associated with organic and
inorganic PCMs, however, include low thermal conduc-
tivity, supercooling and thermal instability [16]. In order to
avoid these outlined problems, the use of metals and metal
alloys as PCM has been suggested by a number of studies
[17, 18]. The outlined advantages of metallic PCMs

include high thermal conductivity, large volumetric
enthalpy of fusion, large heat capacity and good stability
after several melting/solidification cycles. It is therefore
important to investigate possible metallic PCMs that may
be used in thermal energy storage systems for cooking
applications. Considerable numbers of studies have inves-
tigated the use of metallic PCMs for high-temperature
applications, but limited studies are available on medium-
temperature applications like cooking [17].

Acetanilide has been identified by a number of studies as
a PCM for latent thermal energy storage systems for tem-
perature applications between 110 and 120 °C [2, 19, 20].
Acetanilide has been utilized as a PCM for thermal energy
storage for cooking applications in some published studies
[7,9, 21]. El-Sebaii et al. [22] presented a study involving
fast thermal cycling of acetanilide for 500 cycles. Results
showed that the melting temperature and latent heat of
fusion decreased after 500 cycles. They concluded that
acetanilide showed good thermal stability and is thus a
promising PCM for the storage of solar thermal energy for
indoor cooking. The study by El-Sabaii and Al-Agel [23]
reported 15 °C supercooling of acetanilide during 1000
melting/solidification cycles and also concluded that acet-
anilide is a promising PCM for thermal energy storage.

Erythritol has also been identified by several studies as a
PCM for latent heat thermal energy storage systems for
temperature applications between 110 and 120 °C [24-29].
Sharma et al. [10] utilized erythritol as a heat storage
material in a heat storage unit designed for cooking
application. The study by Kaizawa et al. [25] reported that
erythritol began to decompose at 160 °C and as such its
maximum charging temperature for heat storage should be
less than 160 °C. Shukla et al. [30] presented an acceler-
ated thermal cycling test of erythritol and results indicated
no degradation of erythritol during 75 thermal cycles while
the degree of supercooling of 15 °C was observed.

In-48Sn is an alloy of indium and tin with a composition
of 52% indium and 48% tin by weight. It is commonly used
as a low-melting-temperature solder in electronic circuit
construction. The only application of the alloy as a PCM,
found in the literature, is for heat dissipation as an

Table 1 List of PCMs

. PCM
previously used as thermal <

Melting temperature (°C) Melting enthalpy (kJ/kg)

storage materials for cooking

o Acetamide [5]
applications

Acetanilide [9]
Erythritol [10]
Mg(NOs),-6H,0 [11]
NaNO;-KNOs [12]
Paraffin [13]
Polyethylene [14]
Stearic acid [15]

82.0 263.0
118.9 222.0
118.0 339.8
89.0 134.0
210.0-220.0 N.A.
100.0 140.0
126.0 235.0
55.1 160.0
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encapsulation material for an electronic module in the
invention of Myers et al. [31]. There is no literature pre-
senting the thermal and cycling stability of this alloy for
use as a PCM for heating applications.

For large-scale acceptance of solar cookers integrated
with thermal energy storage systems, they must be able to
provide the convenience and the flexibility offered by
conventional cooking energy sources for adaptation in
different user-defined cooking operations. Thus, it is rea-
sonable to investigate PCMs under different working
conditions related to potential end uses. This is because the
potential end user of a LHTES system may desire to sub-
ject it to very high charging rates for cooking applications
which may require very high heat retrieval rates. The
reported thermal cycling studies of acetanilide and ery-
thritol [22, 23, 30] in the literature have been conducted at
lower heating/cooling rates than the scenario presented in
this study. The mass degradations of both PCMs during the
previously reported thermal cycling experiments were not
considered as well as effects on their solidification
enthalpies. For the reliability and predictability of the
performance of a LHTES unit, having the knowledge of
any potential mass degradation of the PCM and the vari-
ability of the solidification enthalpy is essential.

The objective of this paper is to investigate the suit-
ability of the use of acetanilide, meso-erythritol and In-
48Sn as PCMs in a LHTES system for cooking applications
under fast charging and heat retrieval conditions. Addi-
tionally, the potential of using In-48Sn as a metallic PCM
in LHTES systems for cooking applications will be
investigated in this study.

2 Materials and methods
2.1 Materials

The materials investigated in this research are commercial
grade acetanilide (purity 98%) purchased from Alfa Aeser
GmbH & Co.KG, Germany [32]. Commercial grade meso-
erythritol (purity 99.92%) was purchased from J&K sci-
entific, China [33] and a commercial grade In-48Sn ingot
(purity 99.9%) was purchased from the Indium Corporation
of America, USA [34].

2.2 Methods

Tests of thermal and cycling stabilities were conducted on
the SDT Q600 simultaneous thermal analyzer (TA instru-
ment, Delaware, USA), which is a dual-purpose thermo-
gravimetric analyzer (TGA) (error: = 0.1 pg) and a
differential scanning calorimeter (DSC) (calorimetric
accuracy = £ 2%, DTA sensitivity = 0.001 °C). It thus

measures simultaneously weight changes and heat flow in a
material with respect to temperature and time, under a
controlled atmosphere. Thermal stability tests of the PCMs
were done with a heating rate of 10 °C/min in open, 90 pl
alumina pans under a 50 ml/min flow of nitrogen. For the
test of cycling stability, each PCM sample was subjected to
20 rapid heating/cooling rates at 20 °C/min from a tem-
perature below their observed solidification temperature to
a temperature below their observed decomposition tem-
perature. The cycling tests were conducted with each PCM
sample in 90-pl alumina pans, under a 20 ml/min flow of
nitrogen.

The chemical stability of each of the PCM was inves-
tigated by comparing infrared spectra obtained before and
after the thermal cycling. The spectra were recorded on a
Cary 670 FTIR spectrometer (Agilent Technologies, Cali-
fornia, USA) from 600 to 4000 cm™"'. Spectral acquisitions
were done using Essential FTIR v.3.50.083 (Operant LLC,
USA). Due to the insufficient data about the thermophys-
ical properties of In-48Sn, the specific heat capacity of In-
48Sn was measured using a differential scanning
calorimeter (DSC 204 F1 Phoenix, NETZSCH with a
precision < 2-3%). The density of the In-Sn alloy at room
temperature was obtained by a buoyancy method while the
density at elevated temperatures was obtained from the
thermal expansion measurements which were obtained by
using a push-rod dilatometer (DIL 402C, NETZSCH with
measurement error < 3%).

The degree of health hazard of each material is obtained
from the material datasheet provided by the manufacturer
of each of the material tested.

3 Results and discussion
3.1 Thermal stability tests

Figure la—c shows the DSC-TGA thermograms obtained
for acetanilide, meso-erythritol and In-48Sn at a heating
rate of 10 °C/min. Decomposition of acetanilide was
observed to commence at about 133.33 °C which is taken
as the point where the curve for the first derivative of
weight with temperature begins to rise (Fig. 1a). However,
decomposition of In-48Sn is noticed at about 289.68 °C,
where the first derivative of the weight with respect to
temperature shows a peak. Decomposition of meso-ery-
thritol commenced at about 177.03 °C. In-48Sn may
therefore be safely utilized in a LHTES system charged up
to about 289.7 °C, higher than temperatures at which
acetanilide (133.3 °C) and meso-erythritol (177.0 °C) may
be charged. At about 230 °C, acetanilide had decomposed
to about 20% of the original mass present while just about
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Fig. 1 TGA-DSC thermograms of a acetanilide, b meso-erythritol and ¢ In-48Sn at a heating rate of 10 °C/min

6% of meso-erythritol had decomposed and a mere 0.5%
mass degradation was shown in the In-48Sn sample.

3.2 Thermal cycling tests—DSC

The DSC heat flow thermograms obtained for the cycling
stability tests for acetanilide, meso-erythritol and In-48Sn
at heating/cooling rates of 20 °C/min, respectively, are
shown in Fig. 2a—c. Acetanilide was thermally cycled
between 35 and 130 °C, meso-erythritol between 20 and
140 °C and In-48Sn between 35 and 140 °C. The melting
and solidification onset temperatures were determined by
the point of intersection of the tangent to the point of
maximum slope of the leading edge of the heatflow peaks
with the extrapolated baseline. The peak melting and
solidification temperatures were obtained by drawing a line
at the point of maximum slope of the leading edge of the
DSC peak and extrapolating the baseline on the same side
of the leading edge of the peak. The solidification enthal-
pies of the PCMs were obtained by numerically integrating
the area under the weight-corrected solidification peak and

@ Springer

the extrapolated baseline by using the TA instruments’
Universal analysis 2000 software. The melting onset tem-
peratures (Tp,, onser), the melting peak temperatures
(T, peax)» the solidification onset temperatures (T, onset)
the solidification peak temperatures (7, peak), solidification
enthalpies (AH,) and the relative percentage difference
(RPD) of each these properties obtained for each of the
PCM at each thermal cycle are recorded in Tables 2, 3 and
4. The RPD of a PCM’s property in this study is defined as
the percentage difference between the value of that prop-
erty at a thermal cycle and that at cycle 1.

From Table 2, it can be observed that the melting tem-
perature of acetanilide varied between — 0.02 and
— 0.73% of the initial value of 113.77 °C. The melting
peak temperature varied between — 1.05 and 0.39% of the
initial value of 118.52 °C. Not much significant variation
was observed in the melting onset and peak temperatures.
Larger variations of between — 3.83 and 2.79% of the
initial value of 72.73 °C were observed in the solidification
onset temperature. The solidification peak temperature also
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Fig. 2 DSC thermograms of a acetanilide, b meso-erythritol and ¢ In-48Sn alloy for 20 heating and solidification cycles at heating/cooling rates

of 20 °C/min

showed corresponding variations of between — 5.32 and
2.59% from the initial value of 79.39 °C.

The solidification enthalpy showed variations of
between — 1.56 and 0.57% of the initial value of 141.1 J/g
which is not significant and the variations followed no
particular trend. It can therefore be concluded that these
thermophysical properties of acetanilide remain within
stable limits over several thermal cycles which is in
agreement with the conclusion reached by El-Sabaii et al.
[23]. Acetanilide also exhibited degrees of supercooling
from between 38.55 and 43.36 °C through the 20 heat-
ing/solidification cycles.

The melting onset and peak temperatures for meso-
erythritol showed a very big leap from 119.18 to 125.73 °C
in the first cycle to 105.05 and 112.80 °C, respectively, in
the second cycle as can be observed from Table 3. The
melting onset temperature then showed a slightly increas-
ing trend from about + 0.09% to about 0.32% of

105.05 °C until the seventeenth cycle when it leaped up to
117.81 °C.

The melting peak temperature showed a slightly
decreasing trend from about — 0.12% to about — 0.99% of
112.80 °C until the seventeenth cycle when it also leaped
to 125.10 °C. The onset and peak temperature then reduced
drastically again to 105.38 and 111.68 °C. Rapid cooling of
erythritol has been reported by Jesus et al. [35], to result in
a polymorphic transformation into an amorphous form
which is metastable with a melting temperature of about
104 °C.

This was explained to be due to an amorphous solid
erythritol obtained from melt, bypassing a solid—solid
transition when heated again. The solidification onset
temperature showed large variations of between 5.67 and
55.79% from the value in cycle 1. The solidification peak
temperature likewise showed large variations of between
4.38 and 48.61% of the value in cycle 1. It can be observed
that the solidification onset and peak temperatures did not
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Table 2 Melting range, solidification range and enthalpy of solidification of acetanilide obtained for each thermal cycle on the DSC

Cycle 10. T, onset (°C) RPD (%) T peak (°C)  RPD (%) Ty onser °C)  RPD (%) Ty pea (°C) RPD (%) AH, (J/g) RPD (%)
1 113.77 - 118.52 - 72.37 - 7439 - 141.10 -

2 112.94 — 073  118.98 0.39 74.39 2.79 7631 2.59 14180 050

3 112.93 —006 11872 0.17 72.90 0.73 74.81 0.57 14150 028

4 112.92 —007 11862 0.08 71.20 — 162  73.05 — 181 14190 057

5 112.94 — 005 11887 0.30 70.66 —236 7236 —274 14030  — 0.57
6 112.93 — 006  118.60 0.07 70.77 —221 7248 —258  140.10 — 0.71
7 112.95 — 004 11850 —002 7183 —075 7335 — 141 14030  — 0.57
8 112.98 —002 11861 0.08 71.20 —162 7271 —227 13960  — 1.06
9 112.97 — 003 11850 —002 7024 —294 7169 —365 14030  — 0.57
10 112.97 —003 11821 —026 7045 —265 7186 — 342 14050  — 043
11 112.96 — 004 11831 - 018 7322 1.17 74.45 0.08 13800  — 220
12 112.96 —004 11821 — 026  69.60 — 383 7091 — 470  139.00  — 1.49
13 112.95 —0.04  118.19 —028 7120 — 162 7234 —277 14070  — 028
14 112.95 — 004 11811 —035 7120 —162 7215 —3.03 14000 —0.78
15 112.96 —004 11776 —064 7024 —2094 7126 — 423 14000 —0.78
16 112.93 — 006  117.98 — 046  69.92 —339 7087 — 476 14000  — 0.78
17 112.97 — 003 11766 — 073 7013 —310 7108 — 447 13910 — 142
18 112.93 — 006  117.66 —073 7024 —294 7108 — 447 13890  — 1.56
19 112.94 — 005 117.44 - 091  69.70 —3.69 7045 —532 13950 - 1.13
20 112.94 — 005 117.28 — 105 7034 —281 7108 — 447 14000 —0.78

Table 3 Melting range, solidification range and enthalpy of solidification of meso-erythritol obtained for each thermal cycle on the DSC

Cycle no. Ty onset (°C) RPD (%) Tiy, peak (°C)  RPD (%) T, onset (°C)  RPD (%) T peax (°C) RPD (%) AH, (J/g) RPD (%)
1 119.18 - 125.73 - 32.98 - 35.36 - 213.10 -

2 105.05 — 11.86  112.80 — 1028  34.85 5.67 36.91 4.38 216.50 1.60
3 105.14 - 11.78  112.67 — 1039  40.69 23.38 42.35 19.77 219.80 3.14
4 105.21 —11.72  112.55 — 1048 4256 29.05 44.16 24.89 221.80 4.08

5 105.28 —11.66 112.44 — 10.57 4455 35.08 46.18 30.60 223.60 4.93

6 105.31 — 11.64 112.18 — 10.78 4641 40.72 48.41 36.91 224.40 5.30
7 105.36 — 11.60  112.05 — 10.88 4293 30.17 44.45 25.71 220.40 3.43

8 105.32 — 11.63  112.05 — 10.88 4243 28.65 43.98 24.38 218.00 2.30
9 105.34 —11.61 112.18 — 10.78 4529 37.33 46.64 31.90 221.20 3.80
10 105.35 —11.60 112.18 — 10.78  43.05 30.53 45.02 27.32 219.00 2.77
11 105.37 —11.59  111.90 — 11.00 4343 31.69 44.87 26.89 218.90 2.72
12 105.34 —11.61 111.85 — 11.04 4218 27.90 43.64 23.42 217.20 1.92
13 105.37 —11.59  111.93 — 1098  39.70 20.38 41.42 17.14 212.00 —0.52
14 105.36 —11.60 111.93 — 1098 41.81 26.77 43.20 22.17 214.90 0.84
15 105.39 — 11.57 111.93 — 1098  51.38 55.79 52.55 48.61 228.10 7.04
16 105.39 — 11.57 111.68 — 11.17  43.68 32.44 45.03 27.35 216.80 1.74
17 117.81 — L.15 125.10 —0.50 48.03 45.63 49.55 40.13 223.00 4.65
18 105.38 — 11.58  111.68 — 11.17 4479 35.81 46.33 31.02 218.30 2.44
19 105.37 —11.59  111.93 — 1098  36.84 11.70 37.85 7.04 208.40 — 221
20 105.36 —11.60 111.80 — 11.08  46.16 39.96 47.29 33.74 221.30 3.85
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Table 4 Melting range, solidification range and enthalpy of solidification of In-48Sn obtained for each thermal cycle on the DSC

Cycle 10. T, onset (°C) RPD (%) T peak (°C)  RPD (%) Ty onser °C)  RPD (%) Ty pea (°C) RPD (%) AH, (J/g) RPD (%)
1 117.65 - 121.74 - 112.98 - 112.47 - 22.82 -

2 117.27 —032 12026 — 122 11280 —0.16 11246 — 001 2150 — 578
3 117.15 —042 12031 - 117 11292 — 005  112.58 0.10 21.56 - 552
4 117.27 —032 12028 —-120 11292 — 005  112.68 0.19 21.44 - 6.05
5 117.27 —032 12029 — 119 11292 —0.05  112.60 0.12 22.12 —3.07
6 117.40 —021 12048 —1.03 11342 0.39 112.87 0.36 21.06 - 771
7 117.40 —021 12046 —1.05 11329 0.27 112.89 0.37 21.29 - 6.70
8 117.40 —021  120.62 —092 11329 0.27 112.88 0.36 21.30 — 6.66
9 118.05 0.34 120.60 —094 11342 0.39 112.85 0.34 21.36 -6.40
10 117.40 — 021  120.63 - 091 11332 0.30 112.83 0.32 21.23 - 6.97
11 117.27 —032 12077 — 080 11328 0.27 112.77 0.27 21.25 — 6.88
12 117.40 —021 12075 - 081 113.12 0.12 112.63 0.14 21.32 - 6.57
13 117.02 — 054 12077 — 080  113.43 0.40 112.85 0.34 21.13 — 741
14 117.27 —032 12091 — 068  113.08 0.09 112.58 0.10 21.00 —7.98
15 117.27 —032 12092 —067 11324 0.23 112.67 0.18 20.87 — 8.55
16 117.15 — 042 12090 — 069  113.10 0.11 112.53 0.05 21.41 —6.18
17 117.27 —032 12093 - 067 113.16 0.16 112.61 0.12 21.34 — 6.49
18 117.40 —021 12096 - 064  113.07 0.08 112.56 0.08 21.32 - 6.57
19 117.40 —021 12077 - 080 113.17 0.17 112.65 0.16 21.18 —7.19
20 117.40 —021 12078 —0.79  113.07 0.08 112.54 0.06 2122 —7.01

show quick responses to the large drop in the melting
temperature noticed in cycle 2 and cycle 18. Significant
responses were only noticeable in the next solidification
cycle after the cycles where the transformations took place.
These variations in the solidification onset and peak tem-
peratures are responsible for the scattered solidification
peaks noticeable on the DSC thermogram (Fig. 2b).
However, there is no clear effect of the switches between
the stable state and the metastable state on the solidification
enthalpy. Meso-erythritol exhibits large degrees of super-
cooling between 54.01 and 86.20 °C as observed during the
20 heating and solidification cycles. The variations in the
solidification enthalpy of — 2.21 and + 5.3% of the initial
value of 213.10 J/g did not show any particular trend. The
solidification enthalpy can be taken to be reasonably
stable over the 20 heating/solidification cycles.

As observable from Table 4, In-48Sn showed slight
variations in its melting onset temperature of between
— 0.21 and— 0.54% of the value of 117.65 °C in cycle 1
with no particular trend. Variations of between — 0.64 and
— 1.22% of the initial value of 121.74 °C were obtained
for the solidification peak temperature. The solidification
onset temperature varied between — 0.16 and + 0.4% of
the initial value of 112.98 °C in cycle 1. Slight variations
of between — 0.01 and + 0.37% of an initial value of
112.47 °C were also obtained for the solidification

enthalpy temperature. The solidification enthalpy varied
between — 8.55 and — 3.07% from the initial value of
22.82 J/g. The melting onset and peak temperatures,
solidification onset and peak temperatures and the solidi-
fication enthalpy of In-48Sn are reasonably stable through
the 20 heating/solidification cycles. In-48Sn exhibited very
low degrees of supercooling of between 4.17 and 5.20 °C.

3.3 Thermal cycling tests—TGA

Table 5 shows the results obtained from simultaneous TGA
with the thermal cycling of acetanilide, meso-erythritol and
In-48Sn at heating/cooling rates of 20 °C/min. Acetanilide
was thermally cycled between 35 and 130 °C, meso-ery-
thritol between 20 and 140 °C and In-48Sn between 35 and
140 °C. Though the maximum heating temperature for
each PCM was kept below its earlier observed decompo-
sition temperature, acetanilide showed almost constant
rapid rate of degrading per cycle. After 20 cycles, only
41.17% of the original weight of the acetanilide sample
was left. The mass degradation of the PCMs is responsible
for the noticeable progressive decrease in the DSC heat-
flow peaks for the PCMs (Fig. 2a—). Meso-erythritol
showed slower rate of degrading per cycle, with 95.28% of
the original weight of the sample left after 20 thermal
cycles. The best performance was shown by In-48Sn with
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Table 5 Percentage of the

Acetanilide % weight

Meso-erythritol % weight In-48Sn % weight

initial weight of acetanilide, Cycle no.

meso-erythritol and In-48Sn left 1 96.57

after each thermal cycle
2 93.66
3 90.64
4 87.76
5 85.07
6 82.03
7 79.20
8 76.09
9 73.20
10 70.30
11 67.31
12 64.39
13 61.45
14 58.50
15 55.56
16 52.69
17 49.78
18 46.91
19 44.03
20 41.17

98.63 99.66
98.46 99.57
98.34 99.51
98.14 99.46
97.99 99.41
97.83 99.37
97.62 99.37
97.46 99.31
97.29 99.27
97.29 99.23
96.96 99.19
96.75 99.15
96.54 99.12
96.32 99.10
96.11 99.08
95.93 99.06
95.75 99.04
95.58 99.03
95.44 99.02
95.28 99.01

99.01% of its original weight remaining after the thermal
cycles.

3.4 Chemical stability

In order to investigate the chemical stabilities of the PCMs
in this study, the FTIR spectra of three PCMs were
obtained prior to and after the 20 thermal cycles. Fig-
ure 3a—c shows the infrared spectra obtained for fresh
sample and the residue of each PCM after the thermal
cycles. The infrared spectrum obtained before thermal
cycling shows similar peak profile with that obtained from
the fresh sample for each of the PCM.

This is an indication that the residue of each PCM, after
thermal cycling, possesses the same chemical structure as
the original material. It is noteworthy that the metastability
exhibited by meso-erythritol was not observable from the
spectra obtained from the meso-erythritol residue as it
might have gone into its stable crystalline form due to the
time lag in transferring the residue from the DSC equip-
ment to the FTIR equipment.

3.5 Health hazard

Table 6 shows the health hazard ratings for acetanilide,
meso-erythritol and In-48Sn according to the National Fire
Protection Association (NFPA) rating system. The NFPA
704 blue diamond is a standard system for identification of
health hazards of materials for emergency response. The

@ Springer

grading is from O to 4, where 0 indicates substances that
present very minimal hazards to health and 4 indicates
substances that could cause severe hazard or death with
short exposure.

Exposure of the eyes and skin to acetanilide may cause
irritation while ingestion/inhalation may cause irritation of
the digestive tract, damage to the liver, cyanosis, convul-
sions and death, when ingested [37]. Therefore, great care
must be taken while handling, encapsulating and using
acetanilide to avoid contact with skin, inhalation of its
dust/fumes and ingestion. Meso-erythritol may cause mild
skin and eye irritation and may also cause irritation to the
respiratory tracts [33]. Some care should be taken during
handling and encapsulation of this PCM. Inhalation of In-
48Sn fumes may cause irritation to the respiratory system
and may additionally cause headache, nausea, abdominal
pain and also pain in the legs, arms and joints. The fumes
or the powder of this alloy may cause eye irritation and its
indigestion may cause irritation/damage to the digestive
tracts [34]. Care must be taken while encapsulating In-
48Sn so as not to inhale its fumes and ingestion of the alloy
should be avoided. The potential health hazards for the
three materials are low as long as highlighted minimal
safety precautions are taken. They may therefore be uti-
lized as PCMs for cooking applications safely while con-
cealed (encapsulated).
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Fig. 3 Infrared spectra obtained for fresh and cycled samples of a acetanilide, b meso-erythritol and ¢ In-48Sn

Table 6 NFPA health hazard ratings for acetanilide, meso-erythritol
and In-48Sn

PCM Health hazard (NFPA)
Acetanilide 2 [22]
Meso-erythritol 1 [23]
In-48Sn 2 [24]

3.6 Thermal storage capacity

From Table 7, it can be observed that In-48Sn will present
a thermal mass per unit volume which is about five times
that presented by meso-erythritol and six times that pre-
sented by acetanilide due to its larger density.

Based on the data in Table 7, it can be estimated that the
volumetric heat capacity of acetanilide is about 2420 J/m?
K, for meso-erythritol it is about 2042.4 J/m? K (solid) and
4084.8 J/m*> K (liquid) while for In-48Sn it is about

1693.9 J/K (solid) and 3024.3 J/K (liquid). Based on the
average values of the enthalpies of solidification of acet-
anilide, meso-erythritol and In-48Sn, the volumetric
enthalpies of solidification are estimated to yield 170
041.3 J/m> for acetanilide, 323 875.8 Jim? for meso-ery-
thritol and 155 476.2 J/m> for In-48Sn. In-48Sn, however,
possesses the highest values of thermal conductivity and
thermal diffusivity in both solid and liquid phases. The
estimated thermal diffusivity value is 0.05 mm®/s for
acetanilide, 1.29 mm?/s and 0.33 mm?/s for solid and lig-
uid meso-erythritol, respectively, while it is 24.16 and
21.12 mm?/s for solid and liquid In-48Sn, respectively.
The rates of charging and discharging of LHTES units have
been reported to be influenced by the thermal diffusivity of
the PCM used.

3.7 Cost
The cost implications of the three PCMs are shown in

Table 8, where the volumes are determined based on the

@ Springer



329 Page 10 of 12

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2018) 40:329

Table 7 Some other

thermophysical properties of Property Acetanilide Meso-erythritol In-48Sn
?gj;r;irllide’ meso-erythritol and iy 1210 [7) 1480 (20 °C) [17] 7270 (20 °C)*
(kg/m?) 1300 (140 °C) [17] 7060 (140 °C)*
Specific heat capacity (kJ/kg K) 2.00 [6] 1.38 (20 °C) [17] 0.233 (30 °C)*
2.76 (140 °C) [17] 0.416 (120 °C)*
Thermal conductivity (W/m K) 0.13 [36] 2.64 (20 °C) [17] 40.92(30 °C)*

1.17 (140 °C) [17] 62.02 (120 °C)*

“Measured values

Table 8 The cost of the acetanilide, meso-erythritol and In-48Sn samples used in this study

PCM Unit cost (US  Estimated cost per unit volume Cost per unit thermal energy Cost per unit thermal energy
$/kg) (US $/m>) (sensible + latent) (US $/kJ) (latent) (US $/KkJ)
Acetanilide 113.00 136,730.00 0.32 0.81
Meso- 36.80 54,464.00 0.21 0.17
erythritol
In-48Sn 758.84 5,516,766.80 6.58 35.48

densities in Table 7. In-48Sn is shown to have the highest
cost per unit volume which is about forty times the cost of
acetanilide and about one hundred times the cost of meso-
erythritol per unit volume. Meso-erythritol clearly presents
the cheapest cost per unit volume.

The cost of unit thermal energy deliverable by each of
the PCM in a single heating/cooling cycle was calculated
assuming that each PCM was initially charged up to the
observed decomposition temperature (74) and allowed to
cool to 25 °C.

The cost of both sensible heat thermal energy and latent
heat deliverable was calculated by:

Cost/Energy(US$/kJ)
Cost of 1 kg of PCM (1)
(Td - TsAonset)Cl + AH, + (Ts,peak — 25)6‘5

And the cost of the latent heat thermal energy deliver-
able was calculated by:
Cost of 1 kg of PCM

Cost/Energy(US$/kJ) = Al
S

(2)

The values of the solidification onset and peak temper-
atures as well as the solidification enthalpy for each PCM
used for calculations were average values obtained from
the thermal cycling experiment.

From Table 8, it can be observed that the cheapest unit
cost of thermal energy deliverable is presented by meso-
erythritol followed by acetanilide while that of In-48Sn is
much higher. Based on cost consideration, meso-erythritol
and then acetanilide would have been the preferred PCM
but their solidification enthalpies are delivered at
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temperatures lower than desired cooking temperatures.
From the thermal cycling experiments, meso-erythritol
solidified averagely about 44.3—42.7 °C and acetanilide
solidified averagely about 72.4-71.1 °C. In-48Sn, on the
other hand, solidified averagely at about 112.6-113.2 °C
which will make its delivered solidification enthalpy most
suited for cooking applications.

4 Conclusions

The suitability of the use of acetanilide, meso-erythritol
and In-48Sn as PCMs for thermal storage for cooking
applications under fast charging and heat retrieval condi-
tions has been investigated. In-48Sn showed good thermal
stability up to about 289.68 °C which is much higher than
operational temperatures that both acetanilide (133.0 °C)
and meso-erythritol (177.0 °C) can be used. Acetanilide
exhibited quite stable melting temperatures, solidification
temperatures and solidification enthalpies with thermal
cycling at 20 °C/min, but its mass was rapidly degraded
with each cycle. While meso-erythritol showed large
deviations in melting and solidification temperatures, the
solidification enthalpy remained quite stable during ther-
mal cycling at 20 °C/min. Some mass loss (4.72%) was
also observed in the meso-erythritol sample after 20 cycles.
The large variation in the melting temperature of meso-
erythritol was due to a polymorphic transition into a
metastable amorphous form with a lower melting temper-
ature than its stable form, though this transition showed no
effect on the enthalpy of solidification. In-48Sn showed
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very good cycling stability with very little variation in its
melting temperature, solidification temperature and solidi-
fication enthalpy. The alloy also showed very low degrees
of supercooling of between 4.17 and 5.20 °C and the least
mass degradation (0.99%) after 20 rapid heating/cooling
cycles. Meso-erythritol possesses both the largest volu-
metric sensible heat capacity and volumetric solidification
enthalpy followed by acetanilide and then In-48Sn. How-
ever, both acetanilide and meso-erythritol exhibited large
degrees of supercooling to temperatures below 100 °C
which is not desirable for effective cooking applications.
Therefore, a mean of reducing supercooling is necessary in
order to employ acetanilide and meso-erythritol in a ther-
mal storage for cooking where rapid heat retrieval is
required. The degrees of supercooling of the PCMs were
probably very large due to the few milligrams of material
required for measurements in the DSC/TGA equipment.
Acetanilide, meso-erythritol and In-48Sn showed very
good chemical stability after the rapid thermal cycles. The
rapid mass degradation of acetanilide will discourage its
use as it will present a LHTES rapidly diminishing thermal
capacity and a short lifetime. The degrees of health hazard
of the three PCMs are within acceptable limits though the
PCMs should be pre-encapsulated in leakproof contain-
ments before use in order to avoid contact with food and
the environment. Though In-48Sn possesses a low value of
solidification enthalpy, it has a large density which gives it
a considerable thermal mass. In-48Sn has promise as a
PCM for cooking applications under high rates of heating
and cooling but its high cost may hinder its use. However,
the long-term cycling stability of In-48Sn may, however,
be an advantage as there will be no need to replace PCM
for a large number of heating/cooling cycles. Longer
thermal cycling of In-48Sn will be undertaken in the future
by the authors in order to establish the thermal reliability of
the alloy over longer heating/solidification cycles. Cost—
benefit analysis of using this metallic PCM compared to
other alternative PCMs needs also be investigated using
results from a long-term cycling experiment. Cheaper
solder alloys need to be investigated in the near future as
PCMs for cooking applications.
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