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Abstract

Supercooling is an undesired property of phase change materials due to the poorly predictable
occurrence of crystallization during cooling. For such situations, the stored latent heat cannot
be recovered which can be an issue for temperature-controlled applications. This review
illustrates the techniques used for triggering crystallization in phase change materials having a
supercooling property. The development of triggering devices should constitute a
breakthrough for heat on demand applications, as heat can be released even when the
temperature drops far below the liquidus temperature. Several techniques appear to be
promising for nucleation triggering. They have been classified into two categories: passive
(reduction of supercooling) or active (triggering of crystallization on demand) devices. They
were accurately investigated for water freezing for: meteorological comprehension, food
preservation or the pharmaceutical industry. In this paper, several nucleating agents (passive)
have been explored, and most of them, added by 1 wt%, can decrease the supercooling degree
by more than 90%. In addition, the heat would be immediately released on demand from a
supercooled material by the use of seeding or electrofreezing (active methods). Solidification
can also be externally triggered by the application of high pressure or ultrasonic waves
(active). In addition to the analysis of the efficiency of the different techniques in terms of
supercooling reduction, this review also discusses the solidification process at a microscopic
scale.
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Nomenclature

DSP DiSodium Phosphate dodecahydrate
AG Free energy variation (J)
Ag Free energy variation per unit volume (J.m®)
L Latent heat of fusion (J.g™)
N/A Not Available
P Relative pressure (Pa)
PCM Phase Change Material
r Radius of the nuclei (m)
TBAB Tetra-n-butylammonium bromide
T Temperature (K)
AT Supercooling degree (K)
uUsS Ultrasound
Av Specific volume change (m*.kg?)

Greek letters

Surface tension (J.m)

Y
0 Contact (wetting) angle between the solid and liquid surface (rad)
Subscript
Xp Freezing
Xm Melting
Xs1, SO“d'LlQUld
Xg Related to surface
Xy Related to volume

Superscript

*

| x

| Critical value




1. Introduction

Global warming is one of the major issue of the century, expected to be partly solved by the massive
use of renewable energies. However, most of these energies are available randomly, which makes their
integration in the electrical grid complicated. In addition to this, the energy consumption is far to be
steady state as peak loads may occur daily, weekly or during the alternating seasons. Therefore,
managing the temporal mismatch between our energy consumption and renewable energy availability
is one of the major issues faced by our civilizations.

Thermal energy storage (TES) may help to solve this mismatch to a certain extent. Indeed, thermal
energy could be stored when the source is available, resulting in an increase in energy capacity when it
is needed. In addition, the integration of a thermal storage material that presents a phase change from
solid to liquid (and vice versa) within the temperature range of the application will permit additional
energy to be stored and released due to the melting/freezing processes. These materials, known as
Phase Change Materials, are devoted to different applications depending on their melting temperatures
(or on their classes). Some classes have been presented in Figure 1-Figure 2.

The biggest field of application is building, where Phase Change Materials with a melting temperature
ranging between 270 K and 300 K (cooling) and from 320 K to 330 K (hot water production) are often
used [1-6]. Another field of application is the automotive industry, where PCMs are used within a
270-1070 K temperature range [7] for emission reduction or electrical battery thermal management.

They are also promising for thermal protection of electronics [8-10].
Applications are paying particular attention to some properties of these materials:

- Storage capacity: adapted melting temperature, high density, high latent and specific heats;

- Delivery capability: high thermal conductivity, no supercooling;

- Cycling resistance: no decomposition, no segregation;

- Safety: chemical compatibility with the surrounding materials, non-flammable, non-explosive,
non-toxic, low volume variation;

- Economic: available, low-cost, recyclable.

Phase Change Materials usually have a passive behavior as they melt above the liquidus temperature
and solidify when the temperature drops below this temperature. However, as the crystallization and
the melting point are usually similar, the heat cannot be released at any desired temperature. This
could be an issue as the energy is not necessarily useful as soon as the temperature decreases but may
be needed later, for heating up a device or for seasonal thermal storage, for example.

A solution to release energy at other temperatures compared to the liquidus temperature may rely on
the understanding of the supercooling behavior. Supercooling is a metastable property, where the
material remains liquid several degrees below its liquidus temperature. The latent energy, which could
be particularly high for some of the materials exhibiting supercooling, will be kept as long as the
material is liquid, and could be released on demand by solidifying the material. Although supercooling
can be particularly significant for some materials, up to a hundred of degrees [11] for salt hydrates or
sugar alcohols, it is generally avoided by the addition of nucleating agents for a better nucleation
ability [12].

Some devices have been developed to store thermal energy under a supercooled state in buildings [13]
or in thermodynamic solar panels [14] where a solid crystal of sodium acetate trihydrate was released
in a supercooled liquid using a nucleation technique known as seeding.

This review will detail the different techniques that have been used to trigger nucleation of
supercooled materials, first by introducing an analysis made with water and then by focusing on Phase
Change Materials.



2. Supercooled Phase Change Materials

2.1. PCM classification
The first classification of Phase Change Materials, given in Figure 1, has been developed by Abhat
[15] and later completed by Zalba et al. [16]. Each kind of materials has different properties and this
review focuses on materials having a solid-liquid transition that can present a supercooled state such
as sugar alcohols, hydrated salts, and fatty acids.
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Figure 1 Classification of heat storage materials, a particular focus will be made in this review on the
framed bold materials. Reprinted from [16], Copyright 2003, with permission from Elsevier (Single
column image)

In Figure 2, the different classes of Phase Change Materials within a wide range of temperatures, from
170 K to 1070 K, with an almost linear variation of the volumetric latent heat of fusion reported.
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Figure 2 Classes of materials that can be used as PCM. Reprinted from [17], Copyright 2011, with
permission from Elsevier. (Single column image)



A typical comparison of the properties of these materials is presented in Figure 3. Values were taken
from the literature for salt hydrates (65 different materials), paraffins (40 materials, CoHan+2 With n =
10-100), sugar alcohols (29 different materials), fatty acids (11 different materials). The values plotted
are averaged values for these materials, the highest value is set at 1 and lowest at 0, the values were
then plotted as Eq 1.

value (%) = 100 X (value — lowest value)/(highest value — lowest value)  Eq1l

The range of values from 0 to 100% is given as follow (as the mean value for the different classes):

- melting point from 310 to 387 K;

- supercooling degree from 0 to 72 K;

- density (solid) from 0.8 to 1.7,

- thermal conductivity (solid) from 0.13 to 1.07 W.m1.K*%;

- latent heat of fusion (volume) from 180 to 370 J.m™3;

- specific heat of the PCM (in the solid phase) from 1.32 to 2.09 J.g1. K.

Melting point (%)
100
Specific heat Supercooling
capacity (solid, %) degree (%)
~ 50 100 -~
100
v— fatty acid
paraffin
sugar alcohols
salt hydrates
100
Latent heat of fusion Density
by volume (%) (solid, %)

100

Thermal conductivity (solid, %)

Figure 3 Properties of the relevant Phase Change Materials. (Two columns image)

From Figure 3, two groups of materials appear. First (salt hydrates + sugar alcohols), with good
storage ability. They have a high latent heat by volume or by mass (because of a high density) and a
high thermal conductivity, resulting in a fast release of heat. They are also subjected to a deep
supercooling, as heat would be released through a large range of temperatures. Finally, a minimal heat
loss through the supercooling stage will be allowed by a low specific heat. Thanks to different melting
temperatures, these materials can be selected for thermal energy storage in a supercooled state and
would be adapted to different kind of applications. The second group is composed of (fatty
acids+paraffins) whose properties are, on the contrary, not adapted for long-term energy storage.

For this study, only materials experiencing supercooling around room temperature will be studied.



2.2. Typical properties of supercooled PCMs
The supercooling degree represents the range of temperature where the material remains liquid below
its melting point. It is defined by the difference between the onset temperature of the melting and the
freezing process, as given in Eq 2.

AT =T, — Tr Eq2
This supercooling degree appears to be influenced by different factors. For instance, it can be
increased by dividing the bulk volume to microscopic size using encapsulation or an emulsion
technique [18], because each capsule will contain a non-sufficient number of impurities. Adachi et al.
[11] present an increase of 30 K in supercooling, ranging from 48 K to 78 K when the sample volume
was decreased from 16 cm?® to 0.025 cmd. It would also be influenced by the crystal structure of any
surface, such as the container’s ones [19] and their roughness [20].

Another factor is the cooling rate. If the temperature is decreased fast enough, the viscosity will
increase, resulting in the impossibility for the particle to aggregate to form a crystal. The material will
become amorphous without releasing its energy before being reheated, a process known as cold
crystallization. A study performed on D-Mannitol (CsH140s) showed that a cooling rate above 10
K.mint would result in a cold crystallization [21]. Mollova et al. [22] presented the effect of the
cooling rate on Polyamide 11, where the supercooling degree moved from 15 K to 90 K when the
cooling rate increased from 0.01 K.s* to 300 K.s** (Figure 4).
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Figure 4 Temperature (top) and enthalpy of crystallization/ordering (bottom) of PA 11 as a function of
the cooling rate (melting point: 459 K) Reprinted with permission from [22]. Copyright 2013,
American Chemical Society. (Single column image)

Tables 1 to Tables 4 are given for the different classes of PCM to provide an overview of the thermal
properties and supercooling degree. Only fatty acids, sugar alcohols, and salt hydrates are selected



because many of these materials have a melting point close to a common building or automotive
applications, with latent heat higher than 150 J/g and many of them are subject to supercooling.

Fatty acids (CH3(CH2),COOQOH) often have a lower latent heat of fusion than paraffins [7] and low
supercooling (usually less than 5 K [23]). They also have a low heat conductivity, reducing their
ability to release the heat when it is needed. Some of their properties are presented in Table 1. Their
supercooling degree is usually not high enough to require a triggering technique for heat release in
applications.

Table 1 List of fatty acids with supercooling values

Melting . . Sample
Name (Formula) point ]Ic‘ua;i%nr;[ ?Jeg’_tl;)f Sggf erg <2<|)<I)|ng 82 %L'irr]]gl)r ate mass Ref
(K) ' ' (mg)
Caprylic acid 288
(CoH1:0 158 6.2 10 5 [24]
Capric acid (CioHn0z) | 50 | 153 26 5 5-10 Eg}
Lauric acid (C12H240,) | 317 155 2.7 1 N/A [25]
Myristic acid 328
(CoaH02) 194 3.4 1 N/A [25]
Palmitic acid 336
(CieH»0) 206 3.9 1 N/A [25]
Stearic acid (CigH3602) | 342 215 0 1 N/A [25]

Sugar alcohols (CnH2n+20n), can present higher melting points, larger latent heats of fusion,
particularly by volume due to a high density, and important supercooling, up to 150 K, where the
material can become glassy because of its high viscosity. Then, the atoms would not be allowed to
move in order to form nuclei big enough to induce solidification. Therefore, the need for solidification
triggering appears to be necessary. Table 2 gives the supercooling values of some of them.

Table 2 List of sugar alcohols with supercooling values

Me_:lting Laten'g heat Supercooling Cooling Sample
Name (Formula) point of fusion degree (K) rate mass Ref
(K) (J.97) (Kmin?) | (mg)
d-Threitol (C4sH1004) | 359 219 64 2-20 8 [26]
Xylitol (CsH1205) 365 249 70 0.5 2000 [27]
Sorbitol (CsH140s) 366 174 63 2 15 [28]
Adonitol (CsH120s) | 375 220 26 5 5-10 [29]
d-Arabitol (CsH120s) | 376 255 28 5 5-10 [29]
Resorcinol (CeHsO,) | 384 180 140 2 [30], [31]
Erythritol (C4H104) | 391 336 100 0.5 0.03-20 | [11]
Mannitol (CeH1406) | 439 316 62 10 N/A [32,33]
Galactitol (CsH1406) | 460 357 57 10 N/A [33]

Salt hydrates are materials that can exhibit high supercooling degrees, up to 100 K, with a melting
point close to room temperature, between 270 K and 400 K. These materials are usually cheap and
easily available. However, they have some drawbacks such as a segregation effect also, resulting in an
important decrease of latent heat after days [34]. Some of them are presented in Table 3.

Table 3 List of salt hydrates with supercooling value



Melting . Cooling | Sample
Name (Formula) point hjastﬁ)nrf (rj]eg'_[l;)f iggf gg?&l)l "9 | rate mass Ref
(K) ' (K.min) | (mg)
Lithium chlorate trihydrate 281 [16],
(LiCI02.3H.0) 253 6 N/A NIA | [35]
Potassium fluoride tetrahydrate | 291.5 [36],
(KF.4H,0) 231 33 0.2 12 [37]
Manganese(Il) nitrate 298
hexahydrate (Mn(NOs),.6H,0) 128 20 S 10 [38]
Calcium chloride hexahydrate | 302
(CaCl,.6H;0) 191 30 0.2 12 [37]
Lithium nitrate trihydrate 302 . [36],
(LiNO:.3H.0) 231 40 10 10-15 | 139
Sodium sulfate decahydrate 305 [36],
(N2;S04.10H,0) 186 20 NIA 80000 | 111
Calcium bromide hexahydrate | 307
(CaBr2.6H0) 115 60 N/A N/A [36]
Sodium hydrogen phosphate 308 [36]
dodecahydrate 280 20 N/A 80000 [12]'
(Na;HPO4.12H,0)
Calcium nitrate tetrahydrate 320 [40],
(Ca(NOs)2.4H,0) 153 65 NIA NA | [a1]
Sodium thiosulfate 321
pentahydrate (Na,S>03.5H,0) 201 65 N/A N/A [36]
Sodium acetate trihydrate 331 [36],
(CH:COONa.3H;0) 226 %0 0.2 12 [37]
Trisodium phosphate 338 [40]
dodecahydrate 190 30 N/A 50000 [ 42]’
(N8.3PO4.12H20)
Tetrasodium diphosphate 343 [16],
decahydrate (NasP,0;.10H,0) 184 70 N/A NIA | 136]
Aluminum sulfate 361 [43]
octadecahydrate 219 27 N/A 85 [4 4]’
(Alx(SO4)3:18H,0)
Magnesium nitrate 363
hexahydrate (Mg(NOs)2.6H20) 163 70 NIA NIA [36]
Lithium perchlorate trihydrate | 369
(LiCIO4.3H,0) 311 14 2 33.8 [28]
Lithium hydroxide 381
monohydrate (LiOH.H,0) 350 8.4 2 30 [28]
Magnesium chloride 390
hexahydrate (MgCl,.6H,0) 169 80 N/A N/A [36]
Zinc ammonium sulfate 396
hexahydrate 222 85 2 41.6 [28]
((NH4)22I’1(SO4)2.6H20)

According to Table 1 to Table 3, a large number of materials with high latent heat and a melting point
close to ambient temperature also present a large supercooling.

For thermal energy storage, the material needs to be supercooled at room temperature, assumed to be
between 288 K and 298 K, as the latent heat would be stored for a long time with no need for

insulation. Some of the materials having this property are given in Table 4.Triggering methods for




these materials will be presented, and studies on water, where the mechanism tends to be understood,

will be added.
Table 4 Materials in a metastable (liquid) state around 293 K
Melting Latent heat of | Supercooling
Type Name (Formula) point (K) | fusion 0.g) | degree (K) | ~&F
Fatty acid | Caprylic acid (CgH160-) 288 158 6.2 [24]
Potassium fluoride tetrahydrate 291,5 231 33 [36],
(KF.4H,0) [37]
Manganese(Il) nitrate 298
hexahydrate (Mn(NOs),.6H0) 128 20 [38]
Calcium chloride hexahydrate 302
(CaCl,.6H:0) 191 30 [37]
Lithium nitrate trihydrate 302 [36],
(LiNO3.3H.0) 231 40 [39]
Sodium sulfate decahydrate 305 186 20 [36],
(Na2S04.10H20) [12]
Calcium bromide hexahydrate 307
Salt (CaBr,.6H,0) 115 60 [36]
hydrates | Sodium hydrogen phosphate 308 280 20 [36],
dodecahydrate (Na;HPO..12H,0) [12]
Calcium nitrate tetrahydrate 320 153 65 [16],
(Ca(NOs3),.4H,0) [41]
Sodium thiosulfate pentahydrate | 321
(Na;5:03.5H.0) 201 65 [36]
Sodium acetate trihydrate 331 296 90 [36],
(CH3COONa.3H0) [37]
Tetrasodium diphosphate 343 184 70 [16],
decahydrate (NasP.07.10H,0) [36]
Magnesium nitrate hexahydrate 363
(Mg(NOs),.6H;0) 163 70 [36]
d-Threitol (C4H1004) 359 219 64 [26]
Sugar Xylitol (CsH1205s) ggi 249 70 {gg}
alcohols | Resorcinol (CsHsO2) 180 140 [31]’
Erythritol (C4H1004) 391 336 100 [11]
3. Theory of heterogeneous nucleation
The free energy change of a growing crystal can be expressed with Eq 3 [45].
AG = AGg + AG,, = 4nr?yg, + 4nr3Ag/3 Eq3
where Ag is the free energy change per volume unit (J.m), calculated using Eq 4.
Ag = LAT/T,, Eq 4

This equation expresses two competitive effects: a surface effect, which tends to reduce the particle
size to decrease the energy and increase stability, and a volume effect which tends to increase its size
to increase stability. In Figure 5, total (AG), surface (AG,) and volume (AG,) free energy variations

are plotted.
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Figure 5 Energy competition in a nucleation event. Adapted from Ref. [46] with permission from the
Royal Society of Chemistry. (Single column image)

The nuclei critical radius which is the minimum value needed to create a stable crystal, corresponds to
the maximal value of Eq 3, setting dAG /dr = 0 whenr = r*.

dAG/dr = 8mys, + 4n(r*)?Ag = 0 Eq5
The critical radius can then be calculated as (Eq 6).

r* = —2ys1/Ag = 2ys,Tin/LAT Eq 6
The variation of free energy needed for the formation of a crystal is calculated (Eq 7) by replacing r*
(Eq 6) in Eq 3 [47].

AG;;omogeneous = 16”VSL3/3(A9)2 = 47[)’(7'*)2/3 = 16”VSL3T131/3(LAT)2 Eq7
Therefore, the nucleation ability of a material is governed by both material parameters ( T,,,, L) and
experimental parameters (AT, y). Supercooling reduction, to trigger nucleation, can be accomplished
by modifying the experimental parameter, for example by putting the liquid material in contact with an
existing surface, acting as a support for nucleation. This triggering is known as heterogeneous

10



nucleation. The surface can be made of the same material (known as seeding) or be made of a different
material (acting as a nucleating agent). The critical free energy difference is then equal to (Eq 8).

AGﬁeterogeneous = AG;;ornogeneous X (24 cos0)(1 —cos 9)2/4 Eq8
The energy change required is decreased by the presence of this surface, as the wettability of the liquid
is increased (decrease of the contact angle), as plotted in Figure 6.
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Figure 6 Variation of the critical energy required for nucleation, depending on the contact angle.
(Single column image)

Another way to trigger nucleation is to increase the supercooling degree, by decreasing the
temperature or increasing the melting point (by pressure variation).

4. Triggering methods

Several methods have been studied to initiate the solidification process from a supercooled liquid as
the solidification process and heat release are controlled by the nucleation triggering. These methods
were shown to be effective for water crystallization [48] and were also tested using some of the
materials among the one presented above with different devices. The goal was to find the best
combination of material and triggering techniques for each application.

4.1. By contacting a surface with the supercooling liquid
Placing a supercooled material in contact with a surface will facilitate the heterogeneous nucleation
process where the nucleation starts from a substrate. This substrate can be:

- Asolid particle from the same material type as the surrounding liquid;
- Assolid particle of a different material;
- Any external wall or edges in contact with the liquid.

4.1.1.Seeding
Seeding is the easiest way to trigger nucleation of supercooled materials, by providing a stable solid
crystal from the same material. The surrounding liquid will rapidly grow around this seed, because this
structure modification will increase the stability, and heat will be released. Experimental work with
seeding has been performed by several authors, because of its reproducibility and its effective heat
release ability [49-51].

11



The major issue for nucleation triggering by seeding is to keep solid seed crystals while melting the
phase change material. This can be achieved by applying very high pressure locally to increase the
melting point of only a few particles. The relation between pressure and nucleation temperature is
expressed by the Clausius-Clapeyron’s equation, as in Eq 9.

AT lp/AP = Tyl p=o AV/L Eq9
According to Eq 9, a sharp increase in pressure will result in the increase of the melting point of the
material. However, this equation is not representative of salt hydrate behavior and can be replaced by
the Simon-Glatzel’s equation as in Eq 10 [52].

ATlp/AP = (Toulp=o ) /acT? Eq 10
where a (Pa) and c are fitting coefficients, determined by Barett et al. for several salt hydrates[53,54].
The relation was first experimentally investigated by Barrett et al. [55] as a way to trigger nucleation.
The experimental procedure was to save a crystal from melting by clamping it between two pieces of
different materials with known hardness. It was shown that an increase in pressure could increase the
melting temperature. Another work, performed by Gunther et al. [56], presents melting curves of salt
hydrates well fitted by this polynomial equation. Besides, it is shown that the freezing curve is
following the same slope, both with calculation and experimental investigation. These studies are
summarized in Figure 7. It can be seen that most of the materials are subjected to an increase in
melting point when a high pressure is applied.

304~ —=—(C H},CO o a0 25 1 0 I S
1 ® (CH.)NH A CH,COONa.3H,0
4804 —=—C H O, A CaCl,.6H,0 o
] —8— CH,COONa.3H,0 —&—KF.4H,0 B -
-—-\450 7] ® Nazsgog-ﬁHgo _- """"""
é /l/'
B A0 s e 71_;1...,././, ........... L
Q 7 » e
Q m = 7/ -
O 300 - FEa” oA
< P R ekl
[} L 7 e '_ el
= 360 Y Toh Ak
_.&-~“—"‘ Gk " -
-.s*-. ....... -—':_._,_._—.-.,..—_ ............. ———
¥ R~ S Rap e =
.__* ______ =
B ==l ok gy e B -
2?0 x 1 T T r i —?

5 I
0 200 400 600 800
Pressure (MPa)

Figure 7 Melting temperatures of solid crystals at different pressures. Triangle-shaped curves, adapted
from Giinther et al. [56] (use of an autoclave for pressure application), square, round and star-shaped
curves, adapted from Barrett et al. [53-55] (use of a material clamping for pressure application).
(Single column image)

12



This method is used in a great number of applications, such as the commercial reusable heat pack.
This device presents a small piece of metal, which is designed with some contact junctions, where
solid crystals can easily be trapped under high pressure related to the hardness of the material, as
presented in Figure 8a. Then, the seed crystal can be released in the supercooled liquid by flexing a
piece of metal. A work by Sandnes [57] also proved that seeding was due to the release of pressure of
a trapped solid crystal (analysis based on the study of different triggering devices, Figure 8b).

C1 “F‘n

“Contact junctions / / :,,,

Figure 8 The triggering devices tested by Sandnes a) Piece of metal in the reusable heat pack. b)
Alternative triggering devices. Reproduced from [57] with the permission of the American
Association of Physics Teachers. (Single column image)

Whereas some materials can reach a large degree of supercooling, they will completely solidify as
soon as a seed crystal is introduced inside the supercooled material, resulting in a large amount of heat
released and a sharp increase in temperature, as presented in Figure 9.
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Figure 9. Measured enthalpies (a) and temperatures (b) as the PCM supercool. Seeding, indicated by
arrows, after 3 h results in a sharp temperature increase. Adapted from [49], Copyright 2005, with
permission from Elsevier. (Two columns image).

4.1.2.Nucleating agents
Another method for seeding is to use particles from another material. This material must have a higher
melting point to remain solid when the PCM is melted. During cooling, the material will serve as a
substrate for heterogeneous nucleation. Nucleating agents have regained interest for years with studies
performed on many supercooled PCMs, as shown in Figure 10.
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Figure 10. Publications per year for the use of nucleating agent as a nucleation triggering techniques of
supercooled PCMs (from the Scopus search with the following keywords: "nucleating agent™ AND
(pcm OR "phase change material™) AND (nucleat* OR solidif* OR crystal*) AND (supercooling OR
undercooling OR subcooling OR sub-cooling). (Single column image)

The first publication from Figure 10, by Telkes [58], gave the rule that nucleating agents must have
less than 15% variation in the unit cell dimension, in comparison to the PCM they nucleate, so that it
can grow from the existing structure. This was supported by the work of Turnbull [59]. In Table 5, the
materials to nucleate (on the left) and the nucleating agents covering a large number of materials
(+15% of the dimension of a cubic unit cell) have been reported.

This rule of 15% was followed by many researchers, like Lane [12] who published a very detailed
study of nucleating agents for different materials, testing both isostructural (within the 15% rule) and
non-isostructural nucleating agents.

Table 5 Dimensions of the unit cell of cubic crystal structures with nucleated materials (left) and
nucleating agents (right) [58]

Dimensions of .
. . Nucleating agents

Material | the unit cell . . . .

A) (Dimensions of the unit cell, in A)
LiCl 5.14 -15%
KF 5.33 (4.43)
LiBr 5.49 -15%
NaCl 5.63 MnS (5.07) | 150
RbF 5.63 (5.21) (5.21)
NaBr 5.94 PbS 15%
Lil 6.00 +15% | (5.97) (5.39)
CsF 6.00 (5.99) '
KCI 6.28 +15% | PbSe
Nal 6.46 (6.87) |(6.14)
KCN  |6.55 PbTe
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RbCl  |6.57 (6.34)
KBr  |6.57

+15%
KI 7.05

(7.06) +15%
NHJ  |7.24 (7.29)
RDI 7.33

A list of the different Phase Change Materials with high supercooling (at least 10 K supercooling),
such as sugar alcohols and salt hydrates, and their nucleating agents found in the literature are
summarized in Table 6.

Only an overview is given, with nucleating agents which reduce supercooling by more than 50% of
the initial value. Because supercooling is influenced by many factors, as detailed in part 2.2, the
supercooling reduction will be considered, according to Eq 11.

Supercooling reduction (%)

Eq 11
. =100 X (A’]Twithout addtives — ATwiqh_additives)/ATwithout addtives q
Some studies show low supercooling degrees after an additive has been used [60-63]. However,

because of a lack of data on the supercooling degree of the pure materials, they could not be presented
here as no supercooling reduction can be calculated. Table 6 also gives values which have an influence
on supercooling with additives, such as nucleating agent size [44], when available, and proportion.
The values taken for supercooling calculation were preferentially the onset of melting and freezing
because peak values are heating and cooling rate dependent [64]. Studies have also been performed by
adding nucleating agents to eutectic PCM [12,23,65-74], where at least two components have a
concentration higher than 10% by weight.

Table 6 List of the nucleating agents and their effect on supercooling and latent heat, for different

PCMs

. wit% Supercooling
PCM Additives additive | reduction (%) | "&"
Balz.6H.0 0.5 100.0 [12]
K2COs 0.5 50.0 [75]
CaCl,.6H-0 0.1 58.2 [12]
Isomorphous SrCl2.6H,0 0.5 72.4 [12]
' 1 100.0 [12]
1 83.3 [75]
SrBr2.6H:0 1 90.7 [75]
0.01 88.2 [12]
BaCl 0.1 91.6 [12]
0.5 100.0 [12]
BaCO: 0.5 100.0 [12]
CaCl,.6H0 05 50.0 [75]
Non isostructural BaO 0.1 7.5 [12]
0.01 84.0 [12]
Ba(OH): 0.05 94.1 [12]
0.1 98.3 [12]
BaSO, 0.1 98.3 [12]
Sr(OH). 0.5 100.0 [12]
KF.4H,0 SiO; 51.3 [76]
LiNO3-3H,0 Cus(OH)s(NOs).2H,0 0.1 87 [77]
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Isomorphous 1 89 [77]
2 90 [77]

5 90 [77]

0.5 67 [77]

Zn(NOs)22[Zn(0H)] (2)3 ?3 g;}

4.2 84 [77]

CaC;04.H:0 0.5 100.0 [12]

:\s/lg%zrs;';l?s CaK(S02)2.H0 0.5 515 [12]
NasAlFs 0.5 91.9 [12]

Ba(OH). 0.5 100.0 [12]

BaO 0.5 99.0 [12]

Ca(OH) 0.5 97.0 [12]

0.5 100.0 [12]

0.5 54.7 [78]

1 44.7 [78]

Cao 15 40.6 [78]

2 43 [78]

3 69.4 [78]

LiOH.H,0 1 50.0 [78]

0.5 99.0 [12]

Mg(OH). 2 59.8 [79]

3 56.5 [79]

0.5 100.0 [12]

MgCl2.6H.0 0.5 88.3 [79]
Non isostructural 1 85.9 [79]
2 99.7 [79]

Sr(OH). 0.5 49.4 [78]

1 91.9 [78]

1.5 43.3 [78]

2 18.7 [78]

3 100.0 [78]

0.5 100.0 [12]

0.5 61.4 [79]

1 82.6 [79]

2 95.1 [79]

SrCOs 3 96.7 [79]

1.5 56.4 [78]

2 84.7 [78]

3 95.3 [78]

CaS04.2H.0 0.5 91.0 [12]

C0S04.4H,0 0.5 90.1 [12]

CuNaz(S04)..2H20 0.5 82.9 [12]

Mg(NO3),.6H.0 | CuS0O4.3H20 0.5 95.5 [12]
Isomorphous MgSQO4.4H,0 0.5 100.0 [12]
NaBO,.2H.0 0.5 95.5 [12]

NiSO4.4H.0 0.5 91.9 [12]

ZnS04.4H,0 0.5 74.8 [12]

AIO(OH) 1 61.1 [80]

Mg(NOs)2.6H.0 BaCOs; 0.1 99.0 [12]
Non isostructural BaO 0.1 100.0 [12]
0.5 83.7 [80]
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1 88.4 [80]

2 735 [80]

BaO; 1 92.3 [80]

BaF, 0.1 59.1 [12]

BaHPO, 0.1 50.9 [12]

0.5 75.6 [80]

Ba(OH),.8H,0 1 89.1 [80]

2 64.0 [80]

BaSO, 0.1 54.5 [12]

CaCO; 0.1 100.0 [12]

0.1 100.0 [12]

Ca0 1 74.7 [80]

0.1 100.0 [12]

Ca(OH). 1 78.9 [80]

0.1 100.0 [12]

MgCOs 1 83.5 [80]

0.1 98.9 [12]

0.5 89.4 [80]

MgO 1 88.1 [80]

2 78.4 [80]

0.1 98.5 [12]

0.5 87.6 [80]

Mg(OH). 1 88.1 [80]

2 89.8 [80]

Mgs(PO.)> 0.1 76.4 [12]

0.1 100.0 [12]

0.5 88.7 [80]

Sr(OH): 1 82.8 [80]

2 74.2 [80]

SrCOs 0.1 100.0 [12]

8% KCI + 0..Al,O3 (100 nm) 2 68.2 [81]

3 85.9 [82]

AIN (50 nm) 4 941 [82]

2 67.5 [81]

NaCHsCOO0.3H;0 | KClI 4 87.6 [81]
6 89.0 [81]

K2SO, 1 95.0 [83]

0.5 90.3 [61]

NasP.07.10H0 1 96.7 [83]

Al (8.5-20 pm) 3.7 67.5 [83]

C (1.5-6.7 um) 3.7 97.5 [83]

Na;HPO..12H,0 | Cu (1.5-2.5 pm) 3.7 96.3 [83]
Na;B407.10H,0 2.9 62.5 [83]

TiO, (2-200 pm) 3.7 97.5 [83]

C 0.05 81.6 [84]

1.9 78.8 [83]

Na;504.10H0 NazB407.10H,0 0.02 97.8 [84]
78.6 [76]

C (1.5-6.7 pm) 3 72.5 [83]

Na»S203.5H,0 Na2S04 2 75.0 [83]
SrSO. 5 95.0 [83]

C.HiO bicyclic [2,2,1] heptane di-carboxylate 1 57.3 [85]
4o C/H1,Ca0s4 1 64.5 [85]
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Cfalcmm sa_lt of _benzene- 1, 3, 5- 1 597 [85]
tricarboxylic acid
C(CH20H)4 Nano AIN (50 nm) 3 76 [86]

Figure 11 presents the studies varying the percentage by weight of additives in the sample, and the

effect of this variation on the supercooling reduction, for different salt hydrates.

Figure 11 Evolution of the supercooling reduction for different PCMs, proportion, and types of
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From Figure 11, no trend is clearly identified for the reduction of supercooling. Indeed, an increase in
the proportion of the additive should decrease the supercooling, but new effects are appearing after a
certain quantity of nucleating agents was introduced in the PCM, as suggested by [60]. In addition to
these results, Figure 12 presents the average quantity (in percentage by weight) of different additives,

which reduces supercooling by more than 90%. It is seen that the average quantity is around 1 wt%

except for Borax (Na2B4O7.10H,0), where the quantity is more than 2 wt%.
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Figure 12 Number of studies where the additives have been used (considered only where more than
five occurrences were noticed) and average proportion to decrease supercooling by more than 90%.
NB: Borax: Na:B4O7.10H,0 (Single column image)

About the rule given by Telkes [58], previously described in Table 5, accurate studies were made to
compare the nucleating agents with a crystalline structure close to the material they nucleate (within a
15% range) with the others, known as “non-isostructural”. Results are illustrated in Figure 13, with the
isomorphous material given in dark colors, and the non-isostructural material in a lighter color.

B CaC1,6H.0 [ ImMg(N©, ). .6H,0 Non isostructural
[ cacl,8H.0 Non isostructural [l MoCl,.6H 0

= Mg(NG.),.6H.C = MaCl,.6H,C Non isoslruclural

100

I

B o

494

Supercooling reduction (%)

Figure 13 Effect of isomorphous and non-isostructural nucleating agents on the supercooling
reduction. (Single column image)
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As a conclusion, numerous nucleating agents are effective in the supercooling reduction from Table 6.
Despite the fact that some of them can be used for different supercooled PCMs, they are more or less
reliable depending on the material they try to solidify. This implies to test a large number of nucleating
agent for each PCM needed to be solidified. This is clearly time-consuming and Table 6 is here to give
some help in this task. Besides, when selecting a specific PCM, its effect is dependent on the
percentage of additive added. The supercooling reduction versus additive quantity results in a
nonlinear trend as some particular and unwanted effects take place at high percentages. An
intermediate concentration such as 1wt% seems to be the most effective. Finally, the efficiency of a
couple PCM-nucleating agent restricted to the “15% rule” as proposed by Telkes [58] is not so
applicable in this context. Indeed, the error bars presented in Figure 13 does not allow for a clear
discrimination between the two types of nucleating agent effects.

The interest in using nucleating agents for microencapsulated PCMs is also appearing to be a critical
issue. Contrary to the bulk volume case where the liquid can be solidified from one nucleation site,
emulsion and encapsulation divide the PCM sample into microscopic parts, isolated from each other,
as explained by Gunther [18]. Indeed, when the volume is lowered as in encapsulation techniques,
fewer impurities are present to act as nucleating agents to reduce supercooling degree. Therefore,
adding nucleating agents in the microcapsules composition allows the material to nucleate at a
temperature comparable to that of the bulk volume.

4.2. Electrical means
Since the first experiment on electrofreezing was performed centuries ago [87], the phenomenon
responsible for the nucleation of supercooled water under electric fields is not fully understood, due to
a contribution of numerous effects. After that, in the period from 1950 to 1975, the studies were
focused on water supercooling in clouds, and more recently in heat storage with PCM materials.
Accurate experiments were first performed by Rau [88], which showed the appearance of ice
nucleation under electric fields. To do so, millimeter-size water droplets were put between a polished
chromium electrode and a glassy sphere, with about 0.5-3 kV (20-60 kV/cm) voltage to produce an
electric field. It was able to trigger electrofreezing in water drop with only 4 K supercooling. It was
assumed that electrofreezing gave specific orientations to water molecules, because of their polarity,
and this process could induce freezing [89]. This hypothesis was discussed by Blanchard [90], who
suggested that ice crystals were presents in the lab atmosphere and acted as seeding for the water drop.
Some authors [91,92] also suggested that nucleation was due to electrical discharges. However, this
cannot be a reproducible effect, according to Pruppacher [93,94], who analyzed the influence of
electric field intensity and wall material on electrofreezing. He showed that supercooled water drops
between two chromium electrodes, immersed in oil, can freeze water at 4 K supercooling with an
electric field up to 30 kV/cm, without electrical discharge (the water could supercool below 260 K
without electric fields). Later, he also performed some experiments where he reduced supercooling
from 20 K to 8 K using a cloud made of sulfur particles [93]. Roulleau et al. [95] showed that a clean
wire, electrically charged to a potential of 8 kV, in contact with the supercooled cloud, would not
produce ice until a temperature of 253 K is reached. However, ice would be avoided when a
hydrophobic material is used to cover the wire. Abbas et al. [96] studied the influence of different
configurations, using mechanical or electrical devices, on the probability of freezing events. The
authors were able to show this influence on both the probability of freezing and its temperature. Then
Smith et al. [91] developed an experiment to reproduce the events occurring in supercooled clouds
with water falling through it. It was shown that a sufficiently high value of the electric field would
divide the bubble, followed by its freezing for a temperature below 267 K, confirming the conclusion
from their previous publication [96]. In this paper, it was suggested that a bubble was appearing and
collapsing during the bubble division, causing a cavitation effect in the material, which can be
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responsible for a nucleation effect according to Hickling [97]. A relevant method for supercooled
water electrofreezing was also purposed by Braslavsky et al. [98].

Mandal et al. [92] studied the effect of electrical discharge on the electrofreezing effect. It was
observed that freezing can be triggered by electrical discharge when wires were used as electrodes, for
a voltage of 6 kV. With this configuration, only 32% of the runs resulted in freezing. Besides, when
the voltage was lowered to about 2.5 kV, or when the wire electrodes were replaced by spheres, no
nucleation occurred.

Later, Shichiri et al. [99] studied the effect of different electrodes immersed in supercooled water. It
was shown that supercooling was always reduced when a direct current was applied, compared to the
no-current experiment. The impact of the electrode material on the freezing frequency on the anode or
cathode was also investigated. It was observed that ionization tendency was related to nucleation
probability on cathode or anode In a second paper [100], the investigation was made on the impact of
both direct current, alternating current and electrostatic field on the freezing ability. Indeed, when a
current was applied, H2 and O2 gas bubbles were formed by an electrolysis on the surface of the
electrodes and that bigger bubbles were produced by an application of a DC current than for an AC
current. A longer application would also increase bubble size. These bubbles, by leaving the surface,
crystallized the surrounding liquid. It was guessed by the authors that a small region of the bubbles
would gather water molecules because of a higher electrical charge density. This concentration would
induce a higher supersaturation, nucleation would start inside the bubble from the electrode surface
and continue its growth after the bubble left. This effect was magnified under direct current because
these bubbles could grow continuously whereas AC and electrostatic field had low or no effect on it. A
further investigation of the electrode material effect was made by Hozumi et al. [101], who measured
the probability of a nucleation event for different electrode materials and different supercooling. He
went further on nucleation’s origin by assuming nucleation probability depends on the O-O link size in
the ion formed in the supercooled liquid, saying that nucleation will increase if the O-O distance in the
ion is similar to the O-O distance in ice. The different electrode material efficiencies are presented in
Table 7, where the most effective electrodes seem to be Copper, Silver, Gold, and Aluminum.

Table 7 Electrode material efficiencies

Material Electrode preference (nucleation probability, %) Ref
Water Pt (50%) > Ti (37%) [99]
Water Cu = Al (100%) > Ag (60%) > Au (31%) > Pt (10%) > C (0%) | [101]
CigH3sBrN Cu (100%) > Au (30%) > Fe (45%) > Ni = Al (0%) [102]
CH3COONa.3H,0 | Cu (10%) > Al = Au (0%) [102]
Na.S04.10H,0 Au (40%) > Al (30%) > Cu (10%) [102]

The volume studied must also be considered. Whereas the first studies use small volumes such as
water droplets, subsequent studies have bigger volumes where the heterogeneous nucleation instead of
the homogeneous could take place.

Studies on PCMs appeared later with Ohachi et al. [103], who observed nucleation of SAT with Cu
electrode for different voltages and current values and the influence of water addition on solidification
behavior was also analyzed. This work was pursued in a second paper [104] several years later, where
the effect of the addition of NaOH on the induction time for electrical nucleation of SAT was studied.
Another work was produced by Munakata et al. [105] on SAT where the nuclei position is shown, and
the growth rate of this nuclei is measured. A study on erythritol has also been performed [106], where
aluminum electrodes were immersed in supercooled liquid, linked to a 1 kVpc power supply. The
authors showed that, depending on the supercooling degree, nucleation could occur on electrode
surfaces or on the vial edges. Kumano et al. [102] carried out a study on CisH3sBrN (TBAB) hydrates,
Na2S0..10H,0 and CH3COONa.3H-0 testing different concentrations, electrode materials, voltage,
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and supercooling degrees. It was observed that Cu electrodes were the most effective, particularly with
TBAB hydrate samples.

All the experimental conditions from the previous paper can be summarized in Table 8. After years,
the energy required to trigger nucleation decreases as the sample volume increases.

Table 8 Experiments performed with an electric device as the triggering technique

current | Voltage Sample Supercooling
tvpe V) g Electrode material volume | Sample material | reduction Ref
& (mm?) (%)
Cr/(C2Ha)n, (C2Fa)n,
DC 0 - 30000 4-8 H-O 60 94
(CsO2Hg)n, (C2HCl)a ? [94]
Pt (covered with vaseling,
silicone oil, paraffin oil,
DC 0-8000 |paraffin wax, naphthalene, N/A H.0 75 [95]
dodecane, phloroglucinol
dihydrate
DC 0-30000 |Cu 5-10 H.0 83 [96]
DC 0-30000 |Cu-Zn 35-50 |H20 50 [91]
DC 0-8000 |W N/A H-O 100 [92]
Mg, Al, Ti, Zr, Co, Ni, Cu,
DC 0 - 1000 Ag, Pt, Au 105 H.0 100 [99]
AC/DC |0-1000 [Pt Ti 105 H-O 83 [100]
DC 0-50 Ag, Al, Au, C, Cu, Pt 4000 |H0 60 [101]
DC 0-20 Cu, Al, Ni, Fe, Au 3000 |CieH36BrN 100 [102]
AC/DC |(-2) -1 Cu-amalgam N/A CH3;COONa.3H,0 | 89 [103]
N/A 0-05 Ag, Pt N/A CH3COONa.3H0 |42 [104]
DC 0-15 Cu 3500 |CH3COONa.3H.0 |N/A [105]
DC 0-1000 |Ag 7250 | C4H1004 54 [106]

4.3. Mechanical means
4.3.1.Dynamic high pressure

The first study of nucleation triggered by mechanical shock was performed by Young et al. [107]
where the effect of both stirring and impact stress was studied. To do so, several substances were
studied: water, benzene or PCM such as calcium chloride hexahydrate. After the material was cooled
down to the desired temperature, a hammer was dropped with a certain energy, and the minimum
supercooling degree for crystallization appearance was recorded. Figure 14 shows the effect of shock
strength increase on supercooling temperature decrease. This was completed by a second study [108],
to optimize the impact device and produce a relation between the impact energy and the supercooling
reduction for water.
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Figure 14 Supercooling evolution with the increase of impact energy, adapted from [107]. (Single
column image)

From this study, the supercooling degree could be continuously reduced with an increase of the energy
from the hammer. Indeed, it was reduced by more than 50% with a low (0,005J) impact energy, then
reduced by 85% with an energy of 0.01J and close to 100% when the energy is up to 0.05J. The effect
of mechanical shock was also independent of the material.

Another way of triggering nucleation by dynamic pressure is known as cavitation, where a high
pressure is applied locally by a bubble collapse. However, the effect of cavitation on nucleation is not
perfectly understood. As studied [109], the nucleation can be due to the pressure variation, as seen
previously. This pressure can be applied macroscopically or microscopically as the cavitation process.
As presented by Chalmers [45], there is, in cavitation, a competition between two phenomena:

- After a bubble collapse, a high pressure is induced. This pressure is sufficient to increase the
melting point and produce homogeneous nucleation

- The evaporation from cavitation effect decreases the pressure of the bubble’s surface to a
temperature so low that homogeneous nucleation takes place.

These two processes have been discussed in the following years for water freezing, particularly by
Hickling [97] and Hunt and Jackson [110] who supported the first hypothesis. These authors made
their analysis considering water and it was assumed that, during the collapse of a bubble, a pressure
wave is generated for a short time. According to the water phase diagram, the liquid will reach
temperature and pressure points that are sufficient to turn it into solid. However, these authors’
theories differ on the event where nucleation occurred: Hickling showed that solidification was
provoked by an increase of pressure following the collapse of the bubble, calculated by [111], whereas
Hunt and Jackson suggested that it was initiated by the following depression. If during this time of
pressure change, the crystal growth rate is sufficient to reach its critical size, the solid will subsist after

the pressure collapsed. It will then act as a seed crystal and will solidify the surrounding supercooled
water.
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Hickling [97] also assumed that some material could not be solidified by cavitation, because of a
different phase diagram. For example, with Bismuth, the pressure required to turn the material into
solid is higher than usual cavitation pressure. This assumption was used to explain the absence of
nucleation by cavitation in PCMs such as salt hydrates [112,113]. The conclusion was that high
pressure was not long enough for the crystal to reach its critical size. However, after some experiments
on gallium [114], the theory developed by Hickling is not completely relevant and another theory of
nucleation for supercooled melt should be used [110]. In this model, it was supposed that materials
that expand on freezing will nucleate during the positive pressure period, whereas materials, like
water, contract on freezing and will nucleate during the negative pressure period.

Cavitation, starting from a depression point, may have different origins: high-speed fluid flow
(hydraulic cavitation) [115], ultrasonic irradiation (acoustic cavitation) [111], intense focused laser
pulse (optic cavitation) [116]. The light emittance produced by acoustic pressure, called
sonoluminescence, was discovered by Frenzel et al. [117] and was used for experimental cavitation
detection [118,119].

In acoustic pressure, the sound wave created by a sonotrode produces positive and negative high
pressure, with bubbles appearing with the depression wave. When a bubble collapses, a very high-
pressure shockwave is applied for a short time. When a nucleus is able to reach its critical size within
this time, it becomes stable and this stability increases with increasing size (if not, the nuclei
disappear). Sononucleation is, therefore, dependent on the solid growth rate, time for high-pressure
application and nuclei critical size [97].

Ultrasonic irradiation is often used to trigger nucleation of Phase Change Materials and several studies
have been performed on different materials (water, salt hydrates, sugar alcohols), as reported in Table
9.

Table 9 Experiments performed with an ultrasonic device as triggering technique

us us US duration Sample Supercooling

power frequency (s) Sample material volume duction (%) Ref.
(W) (kH2) (x10° mm?) | "eUC 0

S\II%SW 0-1000 N/A H.0 1 30 [120]
N/A 27 0.022 H.0 10 56 [121]
40 36 1 H.0 3 62 [122]
100 39 5 H,O 3600 70 [123]
180 20 4000 H,O 100 71 [124]
100 20 N/A H.0O 8 85 [37]
N/A 20 4000 K2S04 200 30 [125]
50 20 60 CH3COONa.3H.0 | 17 89 [126]
50 20 90 Na;HPO4.12H,O | 50 100 [127]

Ultrasonic irradiation for water freezing has already been summarized by some authors [48,128]. From
Table 9, it seems that nucleation ability is not only dependent on US power, duration of insonication
or volume. A frequency of 20 kHz shows the best results, but it is also the most used value for these
studies.

It was observed that the nucleation process with ultrasound was due to cavitation more than generated
agitation [129]. The effect of agitation or ultrasonic irradiation on fracture of big crystals has also been
observed [130]. It was proven by a microscopic study, performed by Chow et al. [131-133] that ice
nucleation happens at the location where the bubble collapses.
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Studies have also been performed to understand the effect of ultrasound on induction time (i.e. time
from the start of ultrasonic irradiation to the appearance of the first crystal), on water [123,124,134],
salt hydrates [125,126,135-137] or sugar alcohols [138]. The time for heat release (recalescence) is
also improved by ultrasonic irradiation [51,139,140], where the influence of a large number of
ultrasonic parameters was studied. The choice of the solvent also appears to be critical for the
efficiency of crystallization triggered by ultrasound [141].

Some studies have also been performed on water and PCMs to determine how the final crystal size can
be influenced by ultrasonic irradiation. Studies performed with different materials (water or PCM)
showed that an increase of acoustic pressure (ultrasonic power) can decrease the particle size
[122,142,143] because crystals are eroded or broken by the agitation produced by the ultrasonic wave.
It was also found that ice crystal size decreases with an increase of supercooling [122,142] or oxygen
content dissolved in the material [144]. Sonication often provides all the benefit of seeding on crystal
size (short induction time, particle size distribution) without drawbacks such as handling or optimal
moment determination for seeding [145]. Besides, a bigger volume of sample is known to increase the
crystal size [145]. Crystal size does not seem to be influenced by the change of US frequency, from 15
kHz to 30 kHz [145].

Some experiments also show some difficulties in PCM nucleation triggering by ultrasound. No
supercooling degree variation between the spontaneous case and sonication case was detected by
Giinther et al. [37,50] which is possibly explained by Rogerson et al.’s theoretical model [112,113].

It was found that induction time could be decreased with sufficient ultrasonic power [125,135,137],
where the nucleation appears at lower supersaturation degree, the induction time is shortened by an
increase in ultrasonic power [139]. The crystal appearance probability was dependent on several
parameters such as the supercooling degree before sonication [122,126], ultrasonic power
[124,126,139,145], an excess of water in hydrated salts [126], the size of the probe [145], the
immersion depth of probe [145], the test tube material [146], or the number of bubble nuclei [134]. A
model was also developed by Zhang [134] to simulate the nucleation by ultrasound, and correlated
with an experimental study on ice. An XRD characterization after solidification by ultrasonic
irradiation showed a crystal structure with no difference to the initial one [135].

Studies were performed by Hozumi et al. [120,147], which showed that using an immersed steel bar to
produce ultrasonic irradiation was much more efficient than using an external transducer. Because the
first crystal appears on the steel surface, it is possibly working as a substrate for heterogeneous
nucleation. Therefore, Wei et al [136] used an external ultrasonic probe to trigger nucleation in a
PCM, resulting in a longer induction time. Indeed, the ultrasonic power arriving in the sample is much
lower compared to the intrusive one [148]. Some accurate experimental benches have also been
designed to study the solidification of ice clearly by using external ultrasonic irradiation, such as the
one developed by Montes Quiroz [146].

One of the major problems in a solidification study is to avoid external nucleation sites such as the
container wall, where nucleation might be stimulated. This could be solved by homogeneous
solidification where nucleation ability is dependent on the material only, and not on any external
factor.

One way to produce homogeneous nucleation is to make a bubble levitate in a containerless
environment, to measure the exact ability of any material to nucleate by ultrasonic irradiation. One of
the first uses of a levitating bubble to nucleate ice was performed by Ohsaka [149], where
supercooling was reduced from 12 K to 5 K thanks to the cavitation effect. A second study by Chow et
al [121] also showed that supercooling was reduced from 9 K to 3.5 K using ultrasound and cavitation.
The bubble also has the possibility to move and collapse in several places under ultrasonic irradiation,
nucleating crystals at different positions [121], in contradiction with the work of Ohsaka. A study
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performed by LU et al. [150] on levitating bubbles in supercooled water tends to show that the
nucleation rate increases with an increased sound pressure level or an increased drop surface. A
second study [151] on PCMs (aqueous KCI and NaCl) showed a relevant reduction of supercooling,
from 47.5 K to 20.6 K for NaCl and from 47 K to 16.7 K for KCI, when an acoustic pressure was
applied to a levitating bubble.

Because it produces a homogeneous nucleation event, a levitating bubble device was used for a better
understanding of classical nucleation theory [152] by measuring the energy required for ice nucleation,
depending on supercooling.

4.3.2.Agitation
The process of nucleation by agitation is not really well known. This effect is sometimes significant
and can reduce supercooling of salt hydrates [153,154]. However, the process is not clearly understood
and seems to be a competition of different effects:

- The decrease of supercooling at low agitation;

- The increase of supercooling is possible at medium agitation speed, possibly due to erosion
into crystals smaller than the critical radius, which reduces the primary nucleation effect;

- The decrease of supercooling at a high agitation rate because of a possible growth of crystals
from secondary nucleation.

This competition of effects can be illustrated as shown in Figure 15.

+

Supercooling degree

[
-
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Figure 15 Supercooling degree versus agitation speed. Dashed line: diffusion effect. Continuous line:
the combination of diffusion and attrition effect. Reprinted from [47], Copyright 2001, with
permission from Elsevier. (Single column image)

A recent study shows that time and temperature of agitation have an influence on the solidification and
the final crystal size of calcium sulfate [155].

4.4. Solidification technique comparison
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A summary of the different techniques previously presented is given in Table 10.

Table 10 Techniques comparison

Heat Most favorable parameters | Limits

Method release | supercooling reduction
control | >90%
) Yes Most reproducible Keep some materials solid
Seeding technique during heating step [54,55]
No 1wt% of additives No control of heat release
Nucleating Most effective: Sr(OH)s,,
agents Mg(OH),, Ba(OH),, SrCOs,

Ca0, Na;B;07.10H,0
Yes Use of Cu [101,102], or Ag | Voltage is dependent on

Electrical [101] ele_ctrodes volume
Use of direct current Electrode may act as
[92,99,102] heterogeneous nucleation site
Mechanical Yes Impact force higher than
shock 0.015J [107]
Yes A frequency of 20 kHz An immersed probe may act
[127] as a heterogeneous
Ultrasound Use an immersed probe nucleation site
[120,127]
Insulate the material from
the ambient air [120]
Agitation Yes High agitation rate [154] Crystal erosion effect have to

be avoided

From Table 10, some techniques are mature and can lead to the development of applications, such as
seeding. Additives are a good alternative whereas heat release onset cannot be controlled.
Solidification by electrical, mechanical or US irradiation means allows for heat release control, but the
most favorable parameters have been less studied and are still under research.

4.5. Application using controlled nucleation from a supercooled liquid
Several applications have been developed for the thermal energy storage, where the supercooling
phenomenon was suppressed by the different methods presented above as the well-known reusable
heat pack produced by numerous companies. Heat could be stored under the supercooled state by this
pack with no spontaneous solidification. This has led to other applications such as the one developed
by Desgrosseillers [156] for daily storage. The fabricated device was able to store 0.3 kWh of heat
within 7 hiina 1.6 L module [13], where springs were used as triggering devices, trapping crystals
during the melting step and releasing them to trigger nucleation, as seen in Figure 16a. and 16b.
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Figure 16 The triggering devices tested by Desgrosseillers [13] a) General presentation. b)
Solidification step (crystals growing in the blue area). (Single column image)

Long-term energy storage can also be used to store the energy from the solar thermal panels.
Dannemand et al [14] developed a storage device prototype composed of 24 modules containing each
250 L of salt-water mixture. The different modules could be supercooled for months and solidified by
a seeding method when the heat was needed.

Another development using seeding technique was developed by H. M. Heizkdrper GmbH [157]. A
150L tank was filled with 35 kg of a sodium acetate trihydrate — water mix. The phase change material
could be kept under the supercooled state for days [158] and solidified by seeding when the desired
temperature is reached.

Applications were also developed from nucleating agents. Sunamp developed a heat battery [159]
containing 19L of sodium acetate trihydrate, able to release 2.5 kwh of heat. The material composition
was improved with a polymer to avoid the latent heat decrease after cycles or DSP as nucleating agent
[159].

For mechanical or electrical techniques, a lack of applications has been noted. This can be due to the
contradictory results and the lower number of studies showing a good reduction of supercooling with
these methods.

Applications in the automotive industry usually use PCMs for the preheating of the engine or of the
catalytic converter. Huntemann et al. [160] presented a reduction of gas emission at cold start of the
engine with a use of different salt hydrates: a eutectic salt or sodium acetate trihydrate, with
tetrasodium pyrophosphate decahydrate as an additive to prevent supercooling phenomenon. The same
target was pursued by Vasiliev et al [161] who used NaOH-H,O with an unknown additive to reduce
the gas emission of a bus.

5. Conclusion

A compilation of techniques was presented in this review, showing their ability to trigger solidification
of water and PCMs, with their different pros and cons. Addition of nucleating agents was shown to be
the most effective solution. Several additives, such as strontium hydroxide, allow for a reduction of
supercooling by more than 90% with a low amount of material (1 wt%), preserving the high latent heat
property of the material. This work aims to help in the preparation of a PCM by giving an overview of
the PCM-additive combination presented to be efficient in supercooling reduction. Therefore, this
method is reproducible and cheap because no particular device is required. As a consequence, interest
in this method has grown over the past five years. However, there is no possibility of releasing heat on
demand by using this technique as the heterogeneous solidification started when the material reached a
temperature low enough.

The other techniques, such as ultrasonic wave or electric nucleation where the solidification is
dynamically induced in the material, enable us to control the nucleation time when the heat is needed.
They also influence the crystal’s properties, such as its size. However, they are more difficult to
develop as they require a specific type of facility. In addition to this, the energy needed to provoke
electrofreezing in a small volume is particularly high: up to tens of kV for the freezing of a size drop
smaller in milliliter range, avoiding applications in microencapsulated materials. They could be
devoted to larger volumes where such a system could be more easily implemented. Further work also
needs to be done to understand how the solidification is triggered by both techniques and to ensure the
development of a reliable device.
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Even though some interesting results may be obtained using these triggering techniques, this review
does not consider several problems to which PCMs are subjected, such as aging. Indeed, salt hydrates
suffer from segregation, particularly when they are kept supercooled for days. This segregation has to
be considered, and the addition of thickening agents is a possible solution to decreasing the
segregation effects, maintaining a large heat storage capacity after days.
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