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Abstract – Kurzfassung

Abstract

Many inorganic phase change materials, and particularly salt hydrates, show strong
subcooling, which has negative effects on their performance as heat or cold storage
materials. In this work, a suggested reduction of subcooling by ultrasonic treatment
(“sononucleation”) was investigated. The nucleation temperature as function of pres-
sure was experimentally quantified up to 800 MPa for three salt hydrates. Various
experiments showed that sononucleation is an effective, robust and reliable technique
for solidifying water, but ineffective for solidifying salt hydrates. Contrary to what is
proposed in literature, it is shown that peak pressures during cavitation in the ultra-
sonic field cannot be made responsible for sononucleation. Instead, sononucleation
could be explained by a surface mechanism, which is effective in pure substances or
solutions, but not in salt hydrates.

Kurzfassung

Viele anorganische Phasenwechselmaterialien, insbesondere Salyhydrate, zeigen deut-
liche Unterkühlung. Unterkühlung verzögert die Kristallisation und behindert den
Einsatz der Materialien als Energiespeichermedien. In dieser Arbeit wurde die Aus-
lösung der Kristallisation mit Hilfe von Ultraschall (Sononukleation) untersucht. Die
Nukleationsdruckkurve Tn(p) der Salzhydrate wurde experimentell im Bereich bis
800 MPa quantifiziert. Ultraschall wurde im Experiment als effektive und robuste
Nukleationsmethode für Wasser bestätigt, aber als wirkungslos für die Salzhydrate
befunden. Es wurde gezeigt, dass die durch Kavitation im Ultraschallfeld erzeugte
Druckspitzen die Sononukleation im Wasser nicht auslösen können. Ein Oberflächen-
mechanismus kann aber die experimentellen Beobachtungen in den verschiedenen
Stoffsystemen zufriedenstellend erklären.
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1. Background and motivation

In this chapter, the background and motivation of this work is presented. First, thermal
energy storage as an important technology in the energy supply and demand system is
introduced. The advantage of latent heat storage compared to sensible heat storage
is explained next. Then, materials used as latent heat storage media are introduced
with their specific advantages and limitations. In particular, the problem of subcooling
and nucleation in inorganic phase change materials is presented, and the need for new
solutions is demonstrated.

1.1. Thermal energy storage (TES)

Energy storage is a main approach to manage mismatch between power demand and
supply. The storage of energy in form of heat or cold is called thermal energy storage.
Although other forms of energy storage such as electro-chemical (e.g. in batteries),
electrical (e.g. in capacitors) or potential (e.g. in reservoirs for hydropower plants)
are more widely-used and well-known today, thermal energy storage is an important
technology and a key concept in energy efficient systems.

1.1.1. Relevance of TES

From one perspective, energy storage is a very interesting technology for conventional
power generation. An illustration is given in figure 1.1a. To provide a varying power
supply in an energy infrastructure without storages, either the loads of power plants
are varied, or whole power plants are switched on and off. In general, power plants
running in partial load have lower efficiencies than when running in full load. For
plants running on fossil fuel, a lower efficiency is equivalent to a higher emission of the
greenhouse gas CO2 per generated kWh. Energy from power plants which are idle most
of the time and running only during peak hours is very expensive due to high relative
investment costs. In countries like Japan, off-peak power is cheaper by up to a factor of
five when compared to peak power [1]. If peaks in the energy demand, like for example
the large cooling load during hot hours of the day, are satisfied from a storage, the time
profile of power generation can be smoothed and the peak in power generation can be
significantly reduced.

From another perspective, energy storage is used to adapt a given energy supply to a
different demand curve, as sketched in figure 1.1b. A good example is solar thermal
power, where the primary power supply is highly fluctuating. With the help of storage
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Figure 1.1.: Storage technology is used to manage mismatch between demand and supply.

technology, the supply can be adapted to a more continuous demand.
With the help of thermal energy storage and peak-shifting, energy efficiency in

conventional technologies can be greatly improved, and renewable energy sources can
be used [2]. While peak shifting is a general storage topic, a more specifically thermal
energy storage topic is the use of waste heat. Heat is a by-product of all irreversible
energy conversions. In German energy production, the losses sum up to about 45% of
the energy delivered to the consumers, as shown in figure 1.2.
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Figure 1.2.: Amount of primary energy (a) and forms of secondary energy as delivered to the
consumer (b). Graphs based on data for Germany [3].

While the main amount of energy is transported via the electric grid or directly
delivered as fuel and gas as shown in figure 1.2b, the final use of energy is often thermal.
The demand for heat covers about two thirds of the total energy demand in Germany,
as shown in figure 1.3b.
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Figure 1.3.: Energy distribution to the four sectors (a) and use of energy by application (b)
[DHW: domestic hot water]. Graphs based on data for Germany [3].

Generation of heat by combustion of fossil fuels could be reduced by a great ex-
tend if more “waste” heat was used. For this efficient and sustainable use of energy,
thermal energy storage is a key technology. Comprehensive overviews of various TES
technologies and applications are given in literature [4, 5].

In the last years with rising fuel costs and augmented awareness of global warming,
thermal energy storage as a tool to increase efficiency has gained significant interest.
Media covering and public awareness has increased, and public funding has started to
explicitly support thermal energy storage. In the 7th research framework of the Euro-
pean Union, out of a 32 billion euros budget for research funding in the “collaborative
projects” program, 2.3 billion euros are reserved for energy research. For example,
the program “Renewables for heating and cooling” aims to support “technologies and
devices (including storage technologies) to increase the potential of active and passive
heating and cooling from renewable energy sources” [6]. Compared to other storage
technologies such as thermo-chemical or hydrogen storage, thermal storage is rather
well developed. Sensible heat storage is already implemented in a large quantity today,
ice storage is commercial and widely used [7, 8, 9], while latent heat storage using
different storage media than water/ice is basically found in the prototype state and in
demonstration plants, except for a few products.

1.1.2. Sensible and latent heat storage

The most common storage technology for thermal storage today is sensible heat storage.
To charge the storage, the storage material is heated, and to discharge the storage, it is
cooled. The temperature of the storage medium is a measure for the charge state of
the storage: the stored heat can be “sensed” directly, hence the name “sensible heat”
storage. The most common storage materials are water, concrete, gravel and soil.

Sensible heat storage is a well-known and established technology. However, in some

3



1. Background and motivation

situations, sensible heat storage is not an ideal solution. If only a small temperature
span is available between charging and discharging temperatures, the storage capacity
is not very high. In such a case, latent heat storage is a good alternative. In the following
examplary calculation illustrated by figure 1.4, the storage capacity of sensible heat
storage is compared to that of latent heat storage.
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st
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at
Q

Figure 1.4.: Storage capacity as function of temperature for a sensible (− − −−) and a latent
heat storage medium (——).

The storage capacity ∆Q of a sensible heat storage material is determined by the
specific heat capacity of the storage material cp (T ), the mass of the storage material m,
and the usable temperature span ∆T = T2 −T1 to

∆Q =
∫ T2

T1

·cp (τ) ·m ·dτ (1.1a)

which is, for a constant cp

∆Q =∆T · cp ·m (1.1b)

For a material that undergoes a phase change with the latent heat ∆hpc at the melting
temperature Tm (where T1 < Tm < T2), the stored heat is given by

∆QPCM = (
(Tm −T1) · cp,solid +∆hpc + (T2 −Tm) · cp,liquid

)
m (1.2)

In the temperature range of about 5-95 ◦C, the most popular material for sensible
heat storage is water. In that case, latent heat storage systems have to compete with a
simple water tank. Most phase change materials have a smaller cp than water, are more
expensive, and some are corrosive or toxic. Thus, only if the inferior sensible term of
equation (1.2) is overcompensated by the latent term by a factor large enough to justify
increased expenses, latent heat storage is the better choice. That means, if

(T2 −T1) · cp,water − (Tm −T1) · cp,PCM,solid − (T2 −Tm) · cp,PCM,liquid ¿∆hpc (1.3)
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1.2. Phase change materials (PCM)

latent heat storage should be considered. For an average specific heat capacity of solid
and liquid PCM, typically cp,PCM ≈ 2.5J/gK, this means

∆hpc/(T2 −T1) À 1.7J/g (1.4)

Phase change enthalpies of salt hydrates are typically in the range of 150-220 J/g, so
latent heat storage for temperature ranges in the 20 K order of magnitude is already
considerably advantageous to leave some space for constructional efforts.

Put aside the storage capacity, the charging and discharging power characteristics of
a storage are different if sensible or latent storage is used. In principle, the charging
power is dependent on material properties and the temperature gradient between
heat supply and storage material. If a constant charging temperature is used, the
temperature gradient in a sensible heat storage decreases as heat is supplied to the
storage. For a latent heat storage, the gradient changes much less, because the main
amount of heat is supplied while the material undergoes the phase change at the phase
change temperature. This is why latent heat storage is particularly advantageous for
thermal buffering. If a system is carefully designed, good buffering can be achieved
passively without need for additional regulation devices.

1.2. Phase change materials (PCM)

Materials that are used as storage material in latent heat storages are called phase
change materials (PCM). In this section, material classes that are used as PCM are
shortly introduced. It is outlined why the group of salt hydrates is in the focus of
current research in PCM technology, including this work.

A material that can be used as PCM has to fulfill a number of requirements. The
most obvious are a high storage density and a suitable melting temperature, as well as a
good thermal conductivity and stability under thermal cycling. However, in order to be
suitable for commercial applications, a PCM also should be non-corrosive, non-toxic
and safe for handling, as well as cheap and abundant. Chances to discover a PCM
that would fulfill all requirements are very low, and compromises of advantageous and
disadvantageous properties have to be made [10].

An extensive review of available PCM and candidates was done in the 1980s by Lane
[11, 12], and recently by Zalba et al. [13]. The most common material classes that are
nowadays used as PCM can be roughly divided into organic and inorganic PCM.

1.2.1. Organic PCM

The chemical structures of three groups of organic PCM are shown in figure 1.5.
The basic form of organic PCM are paraffins, linear alkanes of the chemical structure

CnH2n+2. Depending on the chain length n, the melting temperature varies. Typical
values of paraffins used as PCM are n = 14−20 with Tm = 6◦C−38◦C. Another group of

5



1. Background and motivation

(a) alkane (b) fatty acid (c) sugar alcohol

Figure 1.5.: Common organic PCM are alkanes, fatty acids, sugar alcohols or mixtures thereof.

organic PCM are fatty acids. Their chemical structure is similar to that of the paraffins,
but a final methyl group is replaced by a carboxyl group. Another popular group for
the use as PCM are sugar alcohols. Here, one of the two hydrogen atoms bond to the
carbon atoms in the back chain of the alkanes is replaced by a hydroxyl group.

Paraffins are produced from crude oil, and therefore their price is strongly affected
by the oil market. Fatty acids are also gained from agricultural products. In general,
organic PCM are flammable and have a low density, i.e. require a large volume, which
is disadvantageous in particular in building applications.

1.2.2. Inorganic PCM

Three decades ago, when Lane published his fundamental book about thermal energy
storage with PCM [11, 12], the corrosive properties of inorganic PCM were a major
problem that often ruled out inorganic PCM completely. Due to advances in plastic
technology and a better understanding of corrosion chemistry, expensive construction
materials such as stainless steel can now be substituted by cheaper plastic materials. In
this new situation, inorganic PCM promise higher storage capacities at lower material
costs compared to organic PCM. This is why inorganic PCM are in the focus of current
research in latent heat storage.

The most prominent inorganic PCM is water with the phase change temperature 0 ◦C.
Pure materials like water have a distinct melting temperature, because they crystallize
in a regular lattice where the bond strength between all molecules is the same, as
sketched in figure 1.6a.

(a) pure water (b) water with impuri-
ties

(c) pure salt hydrate (d) salt hydrate with
impurities

Figure 1.6.: Crystal structure of different inorganic PCM, schematic. Impurities disturb the
crystal grid and lower the melting temperature of pure substances.

6



1.3. Subcooling and nucleation in latent heat storages

The addition of a second substance to a pure substance disturbs the crystal structure
of the solid as sketched in figure 1.6b. The intermolecular bonds are weaker and the
melting temperature is lowered. Using this principle, various salts are added to water in
order to change the melting temperature. When the number of ions that are integrated
in the crystal lattice is high enough compared to the water molecules, at some point a
lattice different from the ice lattice forms. The salt ions and the water molecules can
form a salt hydrate. Some common salt hydrates are CaCl2 ·6 H2O, Na2SO4 ·10 H2O
and NaOAc ·3 H2O.

In stoichiometric salt hydrates, again a regular pattern is formed as shown in fig-
ure 1.6c. The bonds in a salt hydrate are stronger than the hydrogen bonds in water,
but weaker than the ionic bonds in salts. This is why the melting temperature of salt
hydrates is situated between that of pure water and that of pure salts. Again, the melting
temperature can be lowered, if another soluted substance disturbs the crystal lattice of
the salt hydrate, as sketched in figure 1.6d. Impurities do not only lower the melting
temperature, but also decrease the melting enthalpy. This is why this kind of shifting of
the melting temperature of a PCM cannot be done without a reduction of the storage
capacity.

1.3. Subcooling and nucleation in latent heat storages

Subcooling refers to the cooling of a material below its phase change temperature but
without the phase change actually taking place. In the case of a solid/liquid phase
change, the liquid is cooled below the melting temperature without solidification of
the material.

1.3.1. Effect of subcooling on storage performance

If subcooling occurs in the PCM of a latent heat storage, the storage material behaves
similar to a sensible storage material, and the storage capacity is reduced. In figure 1.7,
the effect of subcooling is shown in a heat versus temperature plot.

The subcooled state is a metastable state. The further a material is subcooled below
the melting temperature, the more it deviates from its equilibrium state. At some
point, the phase change is triggered – this is called the nucleation of the solid phase
– and the systems returns to the equilibrium state. The reasons for subcooling and
the mechanisms of nucleation will be discussed in detail in section 2.1. Here, a short
numerical study is presented as an introduction to subcooling from the application
point of view. The simulation tool was developed in the context of the LWSNet project
to allow simulation of PCM including subcooling, crystal growth and heat transfer
effects [14].

The principle effects of subcooling in PCM are shown in figure 1.8b to figure 1.9b.
In figure 1.8a, the geometry that was used for the simulated temperature profiles
is sketched. A liquid PCM is cooled on one side by a heat exchanger at constant

7
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Figure 1.7.: If subcooling occurs, the phase change does not take place and the release of
the latent heat is suppressed. The PCM behaves like a sensible heat storage material with
reduced storage capacity.

temperature Thx, where Thx < Tm. The temperature is calculated for equidistant points
inside the PCM, marked by ×. For each of these points, the temperature is plotted as a
function of time in figure 1.8b to figure 1.9b.

In the reference case without subcooling, as shown in figure 1.8b, a characteristic
plateau is formed at the melting temperature Tm.

PCMhx

(a) geometry

tem
pe

rat
ure

t i m e

T m

T h x

(b) reference case

Figure 1.8.: Simulation of temperature inside a PCM that is cooled via a constant temperature
heat exchanger – sketch of the geometry of the simulation (a) and reference case without
subcooling (b).

If subcooling occurs, the unloading characteristics of a heat storage can be consider-
ably altered. The crystallization process is initialized only at a lower temperature Tn.
Depending on the boundary conditions, the plateau is shortened as in figure 1.9a or
lowered, i.e. the solidification takes place at a reduced temperature compared to the
melting temperature as in figure 1.9b.
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1.3. Subcooling and nucleation in latent heat storages
tem
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Figure 1.9.: Simulation of temperature inside a PCM that is cooled via a constant temperature
heat exchanger – two cases with subcooling. If the phase change starts only at a lower
temperature Tn, the plateau is shortened (a) or reduced in temperature (b), depending on
the boundary conditions.

The shortened or lowered plateau leads to a significantly changed discharging power
compared to a situation without subcooling. In some cases, the heat release of the PCM
is spread over a longer time span. If the necessary cold is available only for a limited
time span, which is typical for renewable sources of cold [15], a complete solidification
of the storage material may be inhibited. The usable storage capacity can then be
reduced as a consequence of subcooling [16].

1.3.2. Reduction of subcooling

Undesired subcooling in PCM is currently reduced with the help of nucleating agents,
also called nucleators. These addititves remain solid at all times and act as centers
of crystal growth for the material that undergoes the phase change. However, it is
not clearly understood how exactly this works on a molecular scale. This is why a
reliable theoretic prediction or a systematic synthetic production of suitable nucleation
agents is still not possible. The current practice is to look for suitable materials by
empiric studies that involve thousands of candidate agents for one PCM. Using a high-
throughput method as developed by Rudolph [17], such an exhaustive nucleator search
is now possible, but still this is no guarantee for success.

There are many substances with a high phase change enthalpy, that cannot be used
as PCM because of their strong subcooling and missing nucleation agents. Even for
PCM where a suitable nucleating agent is known, subcooling remains a cause for
problems. It has to be assured that the nucleator is present in every volume element;
this is particularly difficult for microencapsulated PCM. Furthermore, if the nucleator
melts only once, like during a malfunction of the storage, the nucleator will loose its

9



1. Background and motivation

nucleation capability. This means, the melting temperature of the nucleator has to be
considerably higher than that of the PCM. Additionally, the nucleator should be not
soluble in the PCM. If it is, a larger quantity of the nucleator is needed in order to have
some solid material that can act as growth center. The solved nucleator then acts as an
impurity in the storage material, reducing the storage capacity and altering the phase
change temperature. A nucleating agent can be toxic and corrosive, and it can be a rare
or expensive material. Summing it up, nucleation agents are prone to cause trouble
in the design and operation of latent heat storages. A completely different approach
to reduce subcooling in PCM that could offer an alternative to nucleation agents is
therefore much sought-after.

1.3.3. Aim of this work

In the light of the current situation as lined out so far, alternative concepts to reduce
subcooling in inorganic PCM are required for a wider use of these interesting materials.
Particularly a nucleation method based on physical mechanisms is of great interest. A
physical method could be less selective to specific materials than the currently used
nucleating agents. There are some hints that ultrasound can be used to trigger the
phase change in a metastable liquid. Cavitation and high pressure effects are believed
to play an important role in this context. Although there are a range of investigations
on this effect called sononucleation, no systematic study with regard to the potential of
this method for PCM has been carried out yet.

The aims of this work are therefore

B to give an overview of the current knowledge about subcooling and sononucle-
ation,

B to quantify the effect of pressure on the nucleation of salt hydrates,

B to quantify the effect of sonic treatment on the nucleation of salt hydrates,

B to carry out an in-depth analysis of the physical mechanisms involved in sononu-
cleation,

B to discuss the technical potential of sononucleation for inorganic PCM.
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2. Theory and context

In this chapter, thermodynamic concepts concerning phases, phase changes and nucle-
ation are introduced. As nomenclature in the context of this work is often ambiguous, a
thorough definition of the terms used in this text is given. Then, the state of the current
knowledge is analyzed and open questions with regard to the ultrasonic nucleation
of salt hydrates are identified. Based on this, the problem to be solved in this work is
defined.

2.1. Theory of phase change and nucleation

Most pure substances exist in three phases, namely the solid, liquid and gaseous
phases. Depending on the boundary conditions of a system, one specific phase is
thermodynamically preferred. Phase transitions are a reaction of the system to a
change in boundary conditions. The fundamental works by Gibbs [18] and Boltzmann
[19], published about a hundred years ago, are the basis of modern thermodynamics. A
comprehensive interpretation for today’s readers is given by Atkins [20] or Gerthsen
[21]. The nucleation theory deals with the initial formation of a new phase. The
main references used here are the books of Skripov [22], of Kurz and Fisher [23], and
of Kashchiev [24]. A recent discussion of kinetic and thermodynamic theories of
nucleation is published by Schmelzer [25]. Considering sononucleation of PCM, the
phase transitions liquid-solid (solidification) and liquid-gaseous (cavitation) are of
interest. A good overview of cavitation theory and applications is given by Brennen
[26].

2.1.1. Stable phases – equilibrium thermodynamics

A phase is defined as “a form of matter that is uniform throughout in chemical composi-
tion and physical state” [20]. The three main physical phases are called solid, liquid and
gaseous phases 1. Transitions between these phases are called melting/solidification,
evaporation/condensation and sublimation/desublimation, see figure 2.1. In some
cases, a substance will chemically decompose at a temperature below the evaporation
or even melting temperature, such that less than three stable phases may exist. Some
substances form a number of different crystal lattices, corresponding to a number of
distinct solid phases. Solid-solid phase transitions are called recrystallizations. For

1The plasma phase is usually accessible only under extreme conditions.
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2. Theory and context

non-pure materials, in addition to physical phases, more phases can exist which are
distinct in their chemical compositions.

Figure 2.1.: Names of phase transitions of a pure substance.

Phases and phase transitions

The phase that a thermodynamic system actually adopts depends on the boundary
conditions. A system can be determined by different sets of boundary conditions. The
boundary conditions of a closed isobaric isothermal system, i.e. a system without mass
exchange but in mechanical and thermal contact with its surroundings 2 , are pressure
p, temperature T and number of particles N .

Particles in thermodynamic theory can be very different things such as molecules,
atoms, ions, electrons, photons, phonons and so on. For the nucleation of salt hydrates,
particles are in most cases molecules or ions. Thus, in any case, quantum effects can
be disregarded as justified in section B.1. For simplicity, the general nucleation theory
in this chapter does not specify the nature of the particles further; a more detailed
discussion of this issue is given in section 4.1.2.

According to the second principle of thermodynamics, a system spontaneously tends
to maximize its entropy. The entropy S of a closed system is written as

S = kB lnΩ (2.1)

whereΩ is the relation of the number of all possible microscopic configurations corre-
sponding to the macroscopic configuration to the number of all possible microscopic
configurations of the system, and kB = 1.38066 ·10−23 J/K is Boltzmann’s constant.

At any given fixed temperature, a closed isobaric system spontaneously tends to
minimize its Gibb’s free energy G . This means that any change of state that is associated
with a reduction of Gibb’s energy will occur without external force, if the path from the
first to the second state is not blocked.

2A thermal contact to the surrounding is obviously required to charge and discharge a heat storage.
An isobaric storage is chosen in most cases, because it is much easier to handle than an isochoric
storage.
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2.1. Theory of phase change and nucleation

The Gibb’s free energy is

G = H −T S (2.2a)

For the solid, liquid and gaseous phases, the enthalpies are

Hsol < Hliq < Hgas (2.2b)

and the entropies are

Ssol < Sliq < Sgas (2.2c)

Thus, the G(T ) curves of the phases intersect. In thermodynamic equilibrium, G is
minimized and a change of phases at certain temperatures is implied, as shown in
figure 2.2.
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Figure 2.2.: The slope of the G(T )-curves for the three phases, schematic. The equilibrium
transition temperatures for melting Tm and evaporation Te are marked.

Considering the liquid-solid transition and using the abbreviation ∆=∆solid
liquid, the

difference in G is

∆G =∆H −T∆S (2.3)

Here, ∆H is the phase change enthalpy (also called melting enthalpy or latent heat)
and ∆S is the phase change entropy.

For reversible processes in thermodynamic equilibrium, ∆G = 0 and the transition
takes place at a fixed melting temperature Tm

∆H = Tm∆S (2.4)

The reverse phase change, in this case the solidification, takes place at the same tem-
perature. Therefore, the melting temperature is also called solidification temperature
Ts. However, the equality Tm = Ts can be violated for phase changes which take place
not in thermodynamic equilibrium.
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2. Theory and context

Phase rule

Gibbs’ phase rule defines the number of free variables F as a function of the number of
phases in equilibrium P , and the number of components of the system C .

F = C − P + 2 (2.5)

This equation is deduced from the definition of the thermodynamic equilibrium as the
state in which the chemical potentials µ are equal for each phase. The deduction can
be found for example in [20, page 196].

For a one-component system with the variables pressure p and temperature T , a
phase diagram is sketched in figure 2.3.
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Figure 2.3.: Sketch of a phase diagram of a pure substance. The region of the phases and the
lines of coexistence are shown. The triple point (T) and the critical point (C) are marked.

The number of free variables for C = 1 is F = 1−P +2 = 3−P . It follows directly
that three phases P = 3 can coexist only at one specific state F = 0, and that two
phases P = 2 can coexist with one degree of freedom F = 1 remaining. For example the
coexistence of the solid and liquid phases is found at one fixed temperature for any
given pressure. This line of coexistence in the (T, p)-plane is called the melting curve.
Similarly, the sublimation curve marks the border between solid and gaseous phases,
and the evaporation curve is the border between liquid and gaseous phases in this
diagram. At the triple point and at the critical point, three phases are in equilibrium.

For a two-component system, the number of free variables is F = 2−P +2 = 4−P .
Here, the coexistence of two phases leaves two free variables, e.g. temperature and
pressure. This makes the situation for systems of two or more components much
more complex. The regions of coexistence, melting temperatures and phase separation
are read from phase diagrams. Phase diagrams are a key tool in material science. An
introduction to phase diagrams in general is given by Atkins [20], and in particular to
phase diagrams of PCM with many examples is given by Lane [12].
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2.1. Theory of phase change and nucleation

Phase change temperature as a function of pressure

The slope of the lines of coexistence in the phase diagram as shown in figure 2.3, also
called phase boundaries, can be extrapolated from the phase change data at one given
pressure. A coexistence of two phases is given if their chemical potentials µ are equal

µ1 =µ2 (2.6a)

Using the total differential of the chemical potential of a phase i , in the mole-specific
representation

dµi =−si dT + vi dp (2.6b)

and considering the difference between two phases ∆, the phase boundary is thus
characterized by

dp

dT
= ∆s

∆v
(2.6c)

Together with equation (2.4), the phase boundary is then described by the Clapeyron
equation

dp

dT
= ∆h

T∆v
(2.7)

This general relation is applied to the phase change solid-liquid in order to determine
the melting curve. Assuming that the specific volume change during the phase change
∆v as well as the phase change enthalpy ∆h are independent of pressure, one gets for
the slope of the melting curve

pm(T ) = p0
m + ∆h

∆v
· ln

(
T

T 0
m

)
(2.8a)

or, with the pressure as free variable

Tm(p) = T 0
m ·exp

[(
p −p0

m

) ∆v

∆h

]
(2.8b)

For small changes in temperature, the fraction in the argument of the logarithmic
function, in the right side of 2.8a, is close to 1. The logarithm can then be approximated
by a linear function, and we get

pm(T ) ≈ p0
m + ∆h

∆vT 0
m

(
T −T 0

m

)
(2.9a)

or, with the pressure as free variable

Tm(p) ≈ T 0
m + T 0

m∆v

∆h

(
p −p0

m

)
(2.9b)

The inclination of the melting curve is thus approximated by T 0
m∆v/∆h.
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2. Theory and context

2.1.2. Subcooling – stabilizing the mother phase

At the beginning of a phase transition, the new phase is starts to form from the old
phase, the mother phase. This formation spreads from a starting point, the nucleus,
i.e. a very small piece of the new phase. The nucleation theory deals with the events
that lead to the formation of a nucleus that is able to grow. The typical size of such a
nucleus is in the range of a few to a few hundreds of particles. Due to this microscopic
scale, surface effects play a key role in nucleation theory.

Surface energy

In section 2.1.1, phases in thermodynamic equilibrium were considered, and situations
that lead to a phase transformation have been introduced. In the course of any phase
transition, there is a situation where two phases are simultaneously present in a system.
The two phases meet at an interface, and this interface is associated with a surface
energy.

The surface energy is caused by variations of the intermolecular bonding, as sketched
in figure 2.4.

(a) bulk (b) surface (c) interface

Figure 2.4.: Sketch of bonds affected by a surface or interface. In the bulk material, each particle
has a number of bonds – indicated by arrows – to neighboring particles (a). On a surface, on
one side of the particle, the neighbors are removed, and no bonds can be established (b). At
an interface, new bonds associated with a different energy can be established to particles on
the other side (c).

If not mentioned explicitly, literature values of surface energy refer to an ideal surface,
i.e. the interface between sample substance and vacuum. The surface energy is the
energy required to remove intermolecular bonds on one side of a particle, as it is the
case when the particle is located at the surface of a sample volume and not in the bulk.
At an interface, new bonds can be created to molecules in the neighbor phase. These
new bonds have in general a different energy than the inner-phase bonds, and thus the
interface energy is in general non-zero.

In fact, although the term surface energy or surface tension is commonly used, in
most real situations rather interfaces are relevant. Particularly in sononucleation,
many different types of interfaces can be present: The interface between the liquid
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2.1. Theory of phase change and nucleation

and solid phases is the primary interface relevant for any solidification process. The
interface between the liquid and gaseous phases governs the nucleation of gas bubbles
under ultrasonic treatment. Considering a situation where a cavitation bubble causes
solidification, also the solid and gaseous phases meet at an interface. In addition, in
real systems impurities may be present and interfaces between the various phases of
the system’s components are possibly relevant, too. In that case, the interfaces have to
be specified both by their physical state and their chemical composition.

For nucleation problems, the contact angle between a foreign substance and the
phase to be nucleated indicates possible nucleating substrates: If the angle is smaller
than 180◦, a good wettability is given, and the interface with the substrate is ener-
getically favored over the interface between the two phases of the sample material.
However, wettability tests are not possible for solid materials, and more sophisticated
epitaxial investigations are required [17].

Curved surfaces

Generally speaking, if the curvature is not mentioned explicitly, the surface tension
refers to a plane surface. For nucleation problems, surfaces of small particles are
considered. Thus, plane surfaces are a rough approximation and curvature effects can
become important. In figure 2.5, a sketch of particles with a plane and a curved surface
is given as illustration.

(a) plane surface (b) curved surface

Figure 2.5.: Sketch of the effect of curvature on surface tension.

In this simplified example, a particle can establish bonds to eight nearest neighbors
in the bulk. At a plane interface only five of them remain, and in a curved geometry,
even less neighbors are within reach.

In sononucleation, solidification but also evaporation and condensation processes
are relevant. The surface energy for evaporation and condensation is different when
curvature effects are considered, see figure 2.6.

The impact of the droplet size (i.e. curvature) on the surface tension is explained by
introducing the concept of a surface layer of finite thickness [27, 28]. A particle of the
droplet is considered part of the surface layer as long as its surroundings is significantly
influenced by the near interface to the surrounding medium.

For spheric droplets, the curvature is expressed as a function of the radius. The
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Figure 2.6.: Sketch of different configurations of interfaces during the nucleation of a new
phase. Nuclei of the solid (S), gaseous (G) and liquid (L) phases are sketched.

Laplace equation relates vapor pressures on the inside and outside of curved surfaces

pin = pout + 2σ

r
(2.10)

Using this equation, the relevance of curvature effects for a given geometry can be
estimated. For example, the ratio of the vapor pressures over the plane and in a droplet
is about 1.001 for a water droplet of radius 1µm and 3 for a droplet of radius 1 nm [20].
In this case, surfaces of particles well below 1µm should therefore not be considered
plane. Of course, this is just an order of magnitude and specific to this system.

Considering a small solid phase, the concept of a spheric particle is a strong sim-
plification. The energetic benefit of the solid phase is connected to the location and
arrangement of the particles, that cannot move freely like in a liquid or gas. This is why
solids grow in crystal shapes, in principle. However, for lack of detailed data, solid par-
ticles are often assumed as spheres anyway. For small droplets, the amount of particles
that are part of the surface layer can become significant with respect to the particles
inside the droplet. Then, the surface tension decreases considerably compared to flat
surfaces.

Nucleation barrier

To simplify nomenclature, the following discussion refers to solidification. Nonetheless,
the introduced principles apply as well to the other phase changes.

Starting from a stable liquid phase, when the temperature or pressure of a system
change in such a way that the solid phase becomes the stable phase, a phase transition
would reduce the systems free energy and could happen spontaneously. Considering a
volume V , the phase transition is associated with an energetic change of

∆GV =∆gV ·V < 0 (2.11)

A second energetic contribution arises from the created interface between the
mother phase and the new phase. For a surface area A of the new phase, this sec-
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2.1. Theory of phase change and nucleation

ond term is

∆G A =∆g A · A > 0 (2.12)

The total change in G is thus the sum of these two terms.
If the shape of the solid phase is known, volume and surface can be related one to

the other. Assuming the most favorable case of a spheric nucleus of radius r , the total
energetic change is

∆G(r ) = 4

3
πr 3∆gV +4πr 2∆g A (2.13a)

For small radii, the surface tension is a function of the curvature and can be approxi-
mated by

σ(r ) =σ0 exp(−aδ/r ) (2.13b)

where aδ parametrizes the thickness of the interface [28].
Taking this into account, one can rewrite equation (2.13a) to

∆G(r ) = 4/3πr 3∆gv +4πr 2σ0 exp(−aδ/r ) (2.13c)

Critical radius

The agglomerate of particles in the emerging new phase is in general called a cluster.
Depending on the cluster size, two very different situations are possible. This can be
seen directly when looking at the shape of ∆G(r ) as plotted in figure 2.7.

0

rcritrclust radius r

∆
G

Figure 2.7.: The maximum in ∆G(r ) defines the critical radius rcrit, the local minimum the
stable cluster radius rclust.

Recalling that thermodynamic processes are spontaneous if they are associated
with a decreasing G , the two extrema of ∆G correspond to a stable and an unstable
cluster:

B For radii r ≈ rclust, a change in r corresponds to an increased ∆G . A cluster of size
rclust is thus stabilized.
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B For radii r ≈ rcrit, a change in r corresponds to a reduction in ∆G . These clusters
are not stable and can either shrink to smaller, stabilized clusters of rclust, or they
can grow unrestricted and thus reach a macroscopic size.

When neglecting curvature effects, the local minimum disappears and there are no
stabilized clusters.

Clusters are thus classified according to their radius as subcritical clusters (r < rcrit)
or supercritical clusters (r > rcrit). Another commonly used notation is to speak of
embryos for subcritical clusters and nuclei for supercritical clusters. For the successful
nucleation of a new phase, at least one supercritical nucleus is required. The maximum
in ∆G(r ) has to be overcome for the phase transition to take place. This maximum
at rcrit is thus called the nucleation barrier. The nucleation barrier and the critical
radius rcrit are key parameters in nucleation theory. Just like ∆G , the critical radius is a
function of temperature and pressure, which is important for sononucleation as lined
out below.

An approximation that is attributed to Turnbull [29] relates the Gibb’s entropy to the
melting enthalpy per unit volume of crystal, ∆hv as

∆gv =∆hv

(
1− T

Tm

)
(2.14)

Using the melting curve from equation (2.9b), and assuming again a phase change
enthalpy invariant with pressure, the nucleation barrier equation (2.13a) can be rewrit-
ten as a function of radius, pressure and temperature. While in equation (2.14), ∆hv

refers to melting and is specific to the crystal volume, the phase change enthalpy ∆h in
equation (2.9b) refers to crystallization and is mole-specific, such that

∆hv =−∆h ·ρcm (2.15)

where ρcm relates the mole-specific to the crystal volume specific enthalpy. Then, the
nucleation barrier is

∆G(r, p,T ) = 4/3πr 3∆hρcm

(
T

Tm(p)
−1

)
+4πr 2σ0 (2.16)

An increased subcooling reduces T /Tm(p), i.e. decreases the factor in the first pair of
brackets, and thereby reduces the height of the barrier. The increased subcooling can
be achieved by a rise in Tm(p) or a reduction of T .

In the following calculation, curvature effects of subcritical nuclei are disregarded
for simplification. The critical radius is defined as the value of r where ∆G has its
maximum. Using equation (2.13a) and substituting factors invariant with respect to r
with constants a,b, the extrema of ∆G(r ) are found where

∂

∂r

(
ar 3 +br 2) = 0 (2.17a)
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2.1. Theory of phase change and nucleation

The non-zero solution is then the critical radius

rcrit =−2b

3a
(2.17b)

or, resubstituting a and b,

rcrit(p,T ) = 2σo

∆h ρcm

(
T

T o
m

(
1+∆v/∆h

(
p −p0

m
)) −1

)−1

(2.17c)

Two tendencies can be read directly from this equation: The radius of the critical
nucleus decreases for decreased temperature, and it decreases for increasing pressure.
Some illustrating graphs are presented in section B.2.

So far, the principle concept of the nucleation barrier and the role of the critical
nucleus for nucleation have been lined out. In addition, when the critical radius is
quantified, it can be set in relation to other length scales relevant for sononucleation,
such that possible interactions e.g. with sound waves or cavitation bubbles can be
estimated. For water, all parameters of equation (2.17c) are known and the critical
radius is about 16 nm at 10 K subcooling, as lined out in detail in the appendix.

2.1.3. Nucleation 1 – general concepts

The nucleation barrier can be overcome spontaneously, i.e. without explicit triggering.
The probability of such a spontaneous nucleation is described by statistic thermody-
namics and depends on the boundary conditions. Theses boundary conditions can
deliberately be changed in order to improve nucleation. Of particular interest in the
context of sononucleation is nucleation triggered by pressure. While the formation of
the critical cluster is a microscopic phenomenon, the main macroscopic characteristic
that can be observed in experiment is the nucleation rate.

Spontaneous nucleation

Thermodynamics describes not single particles, but the sum of all particles in a system.
The state of an individual particle can differ considerably from the average state of the
system. This is important in the context of nucleation problems.

The amount of fluctuation is described by the entropy: if all particles are found in
exactly the same energetic state, the total energy of the system is equally distributed
to all particles. There is only one possible configuration, and the entropy is zero. This
situation is possible only at a temperature of 0 K, as for higher temperatures, the
entropy is always positive. The energetic states of the particles are distributed over a
certain range. The individual particles interchange energy by inelastic collisions. In an
ideal monoatomic gas, all energy is movement, i.e. kinetic energy. For more complex
constituents and systems, forms of internal energy such as molecular vibrations or
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2. Theory and context

phononic excitations in solids also play a role. A discussion of energies rather than
velocities is therefore more general.

The distribution of the energetic states of the particles in a system is described by
statistical thermodynamics. For systems far above the absolute zero in temperature,
quantum effects can be neglected and the energetic distribution can be considered
continuous.

The mean energy of a particle with f degrees of freedom in a system at the tempera-
ture T is given by

E = 1/2 f kBT (2.18)

The total energy of a system of N particles sums up to E = N /2 f kBT .
The energetic distribution of the individual particles has to minimize the total en-

tropy of the system according to the second law of thermodynamics. The distribution
of the energetic states of the particles in an ideal gas is described by the Maxwell-
Boltzmann partition function

f (E ,T ) =
√

E

π(kBT )3
exp(−E/kBT ) (2.19)

This equation is generally used in nucleation theory, although in fact this form of
the partition function is only valid for gases. As no formulation is known that would
describe liquid salt hydrates with better precision, this formula will be used for the
following explanations nonetheless. Limitations of this approach are discussed in more
detail in section 4.1.2.

A sketch of the energy partition function for three temperatures is shown in figure 2.8.
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Figure 2.8.: Sketch of the partition function of a thermodynamic system for three temperatures.

The main points that can be read from this graph are:
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2.1. Theory of phase change and nucleation

B The lower the temperature of the system, the lower is the mean energy of the
particles.

B The distribution is denser for lower temperatures, i.e. the energies of the single
particles differ less.

B The maximum energy is much more sensible to the system temperature than the
mean energy.

Only particles with a kinetic energy of E ≥ E0 can surpass an energetic barrier E0.
The relative number of these particles with E ≥ E0 is thus given by

n(E0) = 1−
∫ E0

0
f (E ,T )dE (2.20)

Considering for example an energy of e.g. 1.5 · 10−20 J in figure 2.8, there are no
particles with this energy for the lowest shown temperature, some few particles for
the medium temperature, and a considerable fraction of the particles for the highest
shown temperature. Discrete energy levels are relevant only for very low temperatures
and are not shown in this graph.

So far, an elevated temperature seems favorable for the surpassing of an energetic
barrier. In nucleation theory, however, the energetic barrier itself is dependent on the
temperature. For temperatures close to the melting temperature, the nucleation barrier
is high, but also the particles have good mobility and high energies. For temperatures
far below the melting temperature, the nucleation barrier is low, but the movement
of particles is slower and may be hindered because their kinetic energy is reduced
with respect to the intermolecular forces. In an extreme case, the formation of an
amorphous solid phase, i.e. a glass, can occur and nucleation of the solid phase is
altogether blocked.

Nucleation by pressure

The basic idea of nucleation by pressure is to decrease the nucleation barrier by ap-
plying pressure, while preserving an energetic distribution with some high energy
particles. Like this, a situation is created where particles may surpass the nucleation
barrier at a temperature close to the atmospheric melting temperature. This corre-
sponds effectively to a suppression of subcooling. This is illustrated in figures 2.9 and
2.10.

In figure 2.9, the nucleation barrier is plotted for NaOAc ·3 H2O using data suggested
by Rogerson and Cardoso [30]. The critical radius at normal conditions is about 45 nm.
A compression by several 100 MPa is expected to show a similar effect on the barrier as
cooling to 250 K where nucleation at atmospheric pressure is reported.

In figure 2.10, a sketch of equation (2.20) is shown for a material with rising melting
curve at two temperatures. The peak heights of the nucleation barrier are indicated
for different boundary conditions, where T1 < T2 and p1 < p2. The number of particles
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Figure 2.9.: The form of the nucleation barrier for different boundary conditions. Here, data
for NaOAc ·3 H2O was used from Rogerson and Cardoso [30].
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Figure 2.10.: The height of the nucleation barrier ∆Gcrit depends on temperature and pressure.
Compared to the reference case (——), the number of particles that can surpass the barrier is
much increased for high temperature / high pressure (− − −−), but not for high temperature
alone (· · · · · ·).
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2.1. Theory of phase change and nucleation

that can surpass an energetic barrier in general is dependent from temperature (avail-
ability of particles with sufficient energy) and form of the energy barrier (definition
of “sufficient” energy). For a nucleation barrier, the barrier itself is dependent from
temperature and pressure. As shown in figure 2.9, the value of ∆Gcrit(T1, p1) can also
be reached at a higher temperature when the pressure is raised, too. In that case, the
barrier is reduced by pressure, but the number of particles with sufficient energy is not
changed. This is the basic idea of nucleation by pressure.

Nucleation rate

A significant ratio of particles whose energy is high enough to surpass the nucleation
barrier is a necessary condition for nucleation to occur. The other main condition is
that the attachment of the particles on the surface of the new phase actually happens.
The surface may be blocked by geometric obstacles, only few growth sites remaining
accessible, or the movement of the particles may be hindered or blocked by a high
viscosity of the mother phase.

The nucleation rate is the product of the average number of critical nuclei present in
the sample Ncrit and the transition rate fcrit for critical clusters to grow to supercritical
clusters. For simplicity, specific values are considered.

j = fcrit ·ncrit (2.21)

The average number of critical nuclei present per volume at any time (under stable
conditions) is derived from the Boltzmann distribution equation (2.20). Using ∆Gcrit =
∆G(r (ncrit)), i.e. the work needed to grow a critical nucleus as given by equation (2.13a)
and equation (2.17c), the number of critical nuclei is

ncrit = n0 ·exp[−∆Gcrit/kBT ] (2.22)

where n0 is the number of particles per unit volume. Due to the exponential term, the
nucleation rate increases first slowly and then strongly for falling temperature. The
temperature where the nucleation rate becomes macroscopically significant is called
the nucleation temperature.

If the transition rate is dominated by diffusion, then, considering a spherically
symmetrical system in steady state [20], the flux J ′ towards the nucleus is proportional
to the concentration gradient and

J ′ = Dγ

r
(2.23)

where D is the diffusion coefficient, γ the concentration in the liquid phase, and r the
radius of the solid sphere.

The rate of attachment f is the product of the surface 4πr 2 and the flux J ′, so

fcrit = 4πrcritDγ (2.24)
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and thus
j = 4πrcritDγ ·n0 exp[−∆Gcrit/kBT ] (2.25)

This expression is preferably applied to nucleation problems in supersaturated systems.
In homogeneous systems, there is no concentration gradient and diffusion is not the

governing time factor. Instead, the attachment rate is kinetically controlled, i.e. a cor-
rect microscopic orientation of the molecule at the surface is required for attachment.
This concept is more appropriate for solidification of PCM.

The particle has to overcome an effective energetic barrier of magnitude Eatt for
attachment. So the transition rate is another Boltzmann term

fcrit =β exp[−Eatt/kBT ] (2.26)

and the nucleation rate becomes

j =βn0 exp[− (∆G +Eatt)/kBT ] (2.27)

In classic solid state physics, there are more and less preferred sites where the new
molecule can join the solid body that are associated with different E . The value of
the β-factor characterizes the kinetics of attachment, and depends on the type of
hindrance. This variable is controversially discussed in literature; more details are
given in section 4.1.1.

In the most favorable situation, i.e. negligible attachment hindrance E ¿∆Gcrit, the
nucleation rate is

j =β ·n0 exp(−∆Gcrit/kBT ) (2.28)

Nucleation sites

In homogeneous nucleation, every particle in the system can act as nucleation site,
and n is equal to the number of particles in the system. In heterogeneous nucleation,
the nucleation is triggered at preferred nucleation sites, such as container surfaces
or foreign particles. The nucleation barrier ∆G is reduced, but at the same time the
nucleation sites n are dramatically decreased.

In a real system, typically a number of different types of nucleation sites associated
with different barriers and different kinetics will be present. Then, the nucleation rate
is

j =∑
i

niβi exp(−∆Gi /kBT ) (2.29)

2.1.4. Nucleation 2 – more types of nucleation

So far, the nucleation of the solid phase from a liquid mother phase was considered.
In sononucleation, also the nucleation of the gaseous phase and nucleation in multi-
components-systems are relevant, that will be addressed in this section.
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2.1. Theory of phase change and nucleation

Cavitation – nucleation of the gaseous phase

The formation of the gaseous phase from the liquid is called “boiling” (under roughly
isobaric conditions) or “cavitation” (under roughly isothermal conditions) [26]. In
liquids that are treated with ultrasound, neither strictly isothermal nor isobaric condi-
tions can be expected, but usually the main focus lies on the change in pressure and
the general convention is to speak of cavitation.

For a given temperature, the vapor phase is thermodynamically stable for pressures
below the saturation vapor pressure p < psat. However, similar to nucleation of the
solid phase, for cavitation actually to happen, a nucleation barrier has to be overcome.
Equation (2.13a) can be directly applied to cavitation, with∆ now referring to the liquid
and gaseous states. The pressure at which cavitation actually occurs is called the tensile
strength of the liquid, or the cavitation threshold. Again, a nucleation rate for cavitation
bubbles can be defined, and a distinction between thermodynamic and kinetic values
is needed. The transition liquid-vapor is distinct from the transition liquid-solid in
several ways.

B First of all, the main difference between liquid and vapor phases is the mean
intermolecular distance, while for the liquid and solid phases, the main difference
is the variable or fixed relative position of the molecules. A consequence is that for
the nucleation of the solid phase, diffusion, orientation and attachment processes
have a strong impact the nucleus growth, while for the nucleation of cavitation, a
mere energetic view describes the process quite precisely. This is why evaporation
and condensation are far more symmetric than melting and solidification.

B Second, nucleation sites for heterogeneous nucleation are different in the two
cases. The interface tension between different gases is negligible, which is not the
case for interfaces between different solids. So, for cavitation, basically any gas
bubble will be a good seed, independent from its chemical composition.

B Third, nucleation of the vapor phase is clearly favored for higher energies, i.e. it
can be enhanced by adding energy. For example, cosmic radiation may trigger
cavitation even in a highly purified liquid [26, 31]. The enhancement of nucleation
of the solid phase is more complex, because the nucleation barrier grows for
higher energies.

Once a vapor bubble is nucleated, the bubble expands quickly due to the large
density change of evaporation. If this happens within the bulk liquid phase, the sur-
rounding liquid cannot give way to the increasing volume of the bubble immediately,
and creates a counteracting pressure. The bubble expansion comes to a halt when the
equilibrium vapor pressure is reached.

When a microbubble passes a valve or turbine, or in an ultrasonic field, the external
pressure increases again after the nucleation of the bubble. In such a situation, the
bubble will collapse. Due to the inertia of the bulk liquid, the phase front does not
come to a halt at the original bubble radius, but moves further in the direction of the
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bubble center, creating a high pressure peak. Subsequently, if dissipation mechanisms
are disregarded, the bubble rebounds and collapses again and again, as sketched in
figure 2.11.

Figure 2.11.: Following its nucleation, a cavitation bubble expands and collapses. The nucleus
enters a low-pressure region at a dimensionless time of 0. The original outer pressure is
restored at a dimensionless time of 500, and the bubble collapses. Graph from Brennen [26].

Precipitation – nucleation in non-pure systems

As a first approach, treating PCM as pure systems is helpful to understand basic mech-
anisms. However, in reality, impurities often play an important role in nucleation
problems. Also, nucleation literature often refers to impure systems without explicit
mention. The term supersaturation is often used interchangeably with subcooling: The
solubility of substances is a function of temperature and pressure, where the solubil-
ity is higher for higher temperatures [32]. Thus, a cooling below the solubility limit
leads to a metastable state where the solution is subcooled, or supersaturated. A main
difference is however, that during the formation of a stable system by precipitation, a
concentration gradient is formed, and diffusion processes may become important. The
supersaturation of both solid or gaseous diluted substances play a role in the context
of sononucleation.

Salt hydrates consist of water and salt, but are not to be confused with salt solutions.
The phase change considered is melting/solidification of the salt hydrate and not
dissolution/precipitation of the salt in water. Impurities in this context are foreign sub-
stances, such as solid particles (dust, dirt), liquid material (e.g. excess water), gaseous
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substances (e.g. dissolved air). In any case, the concentration of the impurities is very
low compared to the material that is actively taking part in the phase change.

Diffusion enhancing techniques are important for impure systems, but not for pure
systems. One example of such a technique is stirring. Heat dissipating techniques are
however effective in both types of systems. As stirring may also enhance heat transfer
by improved convection, it is not useful to experimentally separate the two kind of
systems.

2.1.5. Summary

To summarize the theory section, a short overview of the most commonly used ex-
pressions (which are unfortunately not used consistently in literature) is given here for
further reference in this text.

subcooling – supersaturation The term subcooling refers to cooling below an equi-
librium phase change temperature, without the phase change taking place. Simi-
larly, supersaturation refers to a thermodynamic state beyond the solubility limit,
without the solute precipitating from the solvent. In the case of a temperature
dependent solubility, subcooling and supersaturation can coincide. Other com-
monly used expressions are undercooling, supercooling or hypercooling and
oversaturation, respectively.

pure material – non pure material A pure material in this context is a chemically uni-
form system, where concentration gradients are impossible. In non-pure materi-
als, components may separate (on a microscopic or macroscopic scale) and form
concentration gradients.

particle – cluster – embryo – nucleus A particle is the smallest mobile unit of the con-
sidered system, for salt hydrates this is in most cases an ion or a molecule. While
cluster unspecifically denotes any agglomerate of particles, an embryo is of a
radius smaller than the critical radius, and a nucleus is able to grow, i.e. of a
radius larger than the critical radius. In case of doubt, amorphous / crystalline
and subcritical / supercritical can be used for clarification.

homogeneous – heterogeneous nucleation Homogeneous and heterogeneous refer
to the chemical constitution of the system. For homogeneous nucleation, the
nucleus is of the same substance as the nucleated phase, while for heterogeneous
nucleation, it is a different substance.

primary nucleation – secondary nucleation Primary nucleation refers to the nucle-
ation of a new phase from a one-phase starting situation, while secondary nucle-
ation refers to a situation where already two phases are present, and e.g. small
parts of the new phase like dendrite’s tips are broken and act as seeds for further
nucleation.
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spontaneous – triggered nucleation If nucleation occurs in a metastable system as a
consequence of thermal fluctuations, this is called spontaneous nucleation. The
probability of a nucleation event as function of time refers to invariant boundary
conditions, i.e. constant pressure and temperature. Triggered nucleation occurs
as a reaction to rapid changes in the boundary conditions, i.e. as a reaction to
insonication or rapid cooling.

2.2. Context

In this section, the scientific context of this work is presented. Background information
from different fields of science is required to line out the current state of knowledge
in sononucleation of salt hydrates. First, reported data on the melting and nucleation
temperatures is summarized. Next, various nucleation mechanisms and their fields of
relevance are introduced. Then, ultrasound and the action of ultrasound on liquids is
presented. Last, previous studies on sononucleation are analyzed.

2.2.1. Melting and nucleation temperatures

Melting temperatures Tm and melting curves Tm(p)

The melting temperature at atmospheric pressure is one key property of any material
that exhibits a solid/liquid phase transition. The determination of this property is
carried out as a standard procedure to assure the identity and purity of a material.
Data are widely available for most materials [33, 34, 35], particularly for phase change
materials [12].

As to the melting curve, i.e. the pressure dependency of the melting temperature,
the situation is different, varying with respect to the specific kind of material. Some
early works on organic materials melting at low temperatures were done by Bridgman
[36, 37, 38] in the context of a theoretical discussion about the nature of the solid and
liquid states. Water has gained much attention both in a theoretic and applied context,
and its melting curve is well established [39, 40]. High pressure data is available also
for other materials which are of practical importance in different fields of science, such
as in metallurgy [41, 42], geophysics [43] or food processing [44]. Typical experimental
setups are piston-cylinder and anvil cells for adiabatic experiments, and shock wave
experiments for very high pressures during short times [45].

As to salt hydrates, there is however no prominent high pressure application, and
the number of investigated materials is therefore comparatively low. Tammann has
published melting curves of some salt hydrates in 1922 [46], among them CaCl2 ·6 H2O
for pressures up to 250 MPa. A more recent investigation of some salt hydrates was
published in 1989 by Barrett [47]. Among other, data is reported for NaOAc ·3 H2O in the
pressure range of 0.1 to 80 MPa. His method comprised the trapping of a seed crystal
between two clamped pieces of material with a known hardness, and subsequent
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determination of the maximum temperature at which the seed’s nucleation capability
survived a heat treatment. The melting pressure of the sample at that temperature
equal to the pressure exerted by the clamping material. Repeated measurements with
different clamping materials were used to determine a melting curve.

Nucleation temperatures Tn

Data on the nucleation of solids under high pressures is particularly available for geo-
logic materials [43] and for water [48, 49]. A collection of both theoretic and experimen-
tal current research of nucleation and solidification is found in [50]. For atmospheric
pressure, the group of commonly investigated materials includes metals and alloys
[51, 52], glasses [29], and solutions [53]. However, special attention as to the definition
of the nucleation temperature has to be paid when referring to literature values. Due
to the nucleation temperature being not a thermodynamic property, experimental
conditions can have a strong influence on the determined value. Therefore, repeated
experiments and a statistical analysis should be carried out. An apparatus for statistical
studies of heterogeneous nucleation for small samples is described by Seeley [54]. A
recent critic discussion of the repeatability in freezing experiments is given by Vali
[55]. In a review by Avedisian about experiments on superheating of liquids, a valuable
discussion of various methods and their suitability to approach homogeneous nucle-
ation is presented [56]. This is also of interest in the context of subcooling, because
similar considerations apply from nucleation theory for both kinds of nucleation. The
experimental techniques used are pulse heating, isobaric droplet heating, isothermal
decompression, the capillary tubes and the bulb methods. One important conclusion is
that an uncertainty in the nucleation rate changing of three to four orders of magnitude
is reflected in the nucleation temperature by only about 1 K.

As to salt hydrates, the second tome of Lane’s book on PCM for thermal energy
storage [12] indicates nucleation temperatures for most listed materials, but usually
with a large uncertainty. Particularly for NaOAc ·3 H2O, data is also found in the works
of Wada [57] and Rogerson [30]. With respect to the materials investigated in this work,
the following data are reported:

B KF ·4 H2O: The maximum observed subcooling is reported in the range of 15 K to
24 K, i.e. the nucleation temperature is in the range of 267.5 K to 276.5 K.

B CaCl2 ·6 H2O: The theoretically expected nucleation temperature is 243 K, i.e. at
60 K subcooling; experimentally observed values in analytical grade samples are
273 K to 283 K nucleation temperature, i.e. at 20 K to 30 K subcooling.

B NaOAc ·3 H2O: Subcooling without additives is reported to be about 23 K. Nucle-
ation in samples diluted with 10wt% water was observed in the range 248 K to
255 K, i.e. at a subcooling of 76 K to 83 K.

In the work of Rogerson, a prediction of the nucleation rate based on some assump-
tions is presented as shown in figure 2.12. Regions of instantaneous and negligible
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nucleation rates are sketched for NaOAc ·3 H2O in the T-p-plane.
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Figure 2.12.: Instantaneous and negligible nucleation rates for NaOAc ·3 H2O in the T-p-plane
– graph after Rogerson [30].

The nucleation curve confined by the two regions is then associated with an uncer-
tainty in temperature of about 10 K and in pressure of about 200 MPa. Similar to the
conclusions of Avedisian [56] mentioned above, this moderate uncertainty corresponds
to a change in the nucleation rate by 9 orders of magnitude. It is however puzzling that
the authors chose to plot only a high pressure region starting at 3 GPa. Extrapolating
the curves to normal pressure, the distance between the solid liquid coexistence line
(equilibrium melting curve) and the nucleation curve seems to be more than 100 K,
which is considerably larger than what is observed in experiment, as lined out above.

2.2.2. Nucleation mechanisms

In order to improve solidification, the nucleation of the solid phase is often triggered
externally. There are different mechanisms and methods to do this. In order to quan-
tify the effect of a trigger mechanism, a comparison to non-triggered nucleation is
desirable. However, in practice, real non-triggered nucleation is hard to observe, and a
comparison is rather done between different triggering mechanisms. Therefore, in the
context of this work about sononucleation, it is important to know also other possible
trigger mechanisms. Those other mechanisms can then be experimentally excluded or
considered in the analysis of the results.

Nucleation in water plays a role in very different applications, and different concepts
of the effective mechanisms are discussed in literature. For salt hydrates, only a small
number of publications exist, and the focus of published work is mainly practical. In
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addition to nucleation mechanisms, the concept of antinucleation is also introduced
in this section.

Nucleation of water – ice and snow

The properties of water are of enormous importance in many different contexts. The
nucleation of its solid phase is of relevance in technical, meteorological and biological
systems, for example. Different boundary conditions and nucleating mechanisms are
expected for these different systems.

Nucleation of ice in a technical context The experimental nucleation temperature of
water is reported in a wide interval. The lowest experimentally observed nucleation
temperature is 235 K. In varying setups and measurement methods, almost any tem-
perature between this limit and the melting temperature is found to be a “nucleation
temperature” of water [56, 58].

Under laboratory conditions, nucleation on sample containers is an important issue.
Levitation techniques (avoiding interface with solids) and microemulsions (isolation of
heterogeneous nuclei) are used to study quasi-homogeneous nucleation. In addition,
a wide choice of additives can be studied with respect to their nucleating activity in
laboratory experiments.

The nucleation activity of glass test tubes was recently investigated by Heneghan et
al. [59]. They determined the limits of subcooling of pure water in glass and coated
glass containers, as well as water with silver iodide (AgI) as nucleator in the same
setup. An increase in subcooling was observed if the glass container was coated with
a hydrophobic layer only when the nucleator was absent. Their conclusions are that
nucleation takes place on the glass surface, or on the nucleator crystal surface.

The role of liquid-air interface on the nucleation of ice was studied by Shaw et al. [60].
The authors observed that nucleation agents act more effectively on a subcooled water
droplet when the seed is in contact with the surface of the droplet than when the seed
is completely immersed in the droplet. They conclude that the nucleation is favored by
the liquid-air interface, and suggest that this is generally the case, not only for water.
In a molecular dynamics simulation of alcohol monolayer-water droplet systems [61],
it was found that the water layer immediately below the monolayer surfaces adopts
ice-like lattice parameters and thus serves as template for ice nucleation.

The production of ice e.g. in ice storage systems profits economically and energeti-
cally, if efficient nucleation of ice is possible. A group around Prof. Egolf, chair at the
University of Applied Sciences of Western Switzerland, has investigated a novel ice
slurry production process [62]. A refrigerant evaporates within a water tank, chilling
the surrounding liquid and producing ice. The refrigerant used in this system is a hy-
drocarbon called R600a. It has an evaporation temperature of 261 K under atmospheric
pressure, and very low solubility in water of 0.0054 wt.%. The evaporation temperature
of the refrigerant was chosen to satisfy a quick heat transfer to the liquid, as well as a
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good energetic efficiency of the system. The authors state that in their system, spon-
taneous nucleation occurs that is caused by gas expansion. Still, nucleation agents
are added to the water. While there is no explicit statement about this, apparently the
nucleation agent reduces the required subcooling that can then be easily reached by
expansive cooling.

The suppression of subcooling in water is a problem that seems to be technically
solved. Expansion cooling and heterogeneous nucleation using solid seeds, in par-
ticular AgI, are established methods. Also interfaces to air are considered nucleation
enhancing.

Nucleation of ice in living nature Many living organisms have to deal with tempera-
tures below 0 ◦C, and therefore with the phenomenom of freezing and frost damage.
Frost damage is caused by a mechanical or an osmotic effect, or both. While frost
damage on cells is harmful for the organism that gets damaged, it may be advanta-
geous for a parasitic organism. Also, freezing of dead leaves or water in a cavity of a
plant as sketched in figure 2.13 can protect living parts of the organism by heating with
the released latent heat. Species that have developed nucleation strategies are found
among trees, insects, fish and bacteria [63]. A detailed study on the thermal cycling

Figure 2.13.: Freezing protection by the use of latent heat from a water reservoir by an alpine
plant – graph by Zachariassen [63].

stability of bacteria as nucleating agents for ice was published by Tsuchiya et al. [64].
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These bacteria act as effective nucleating agents already at very low subcooling, they
are cheap and non-toxic, and are therefore used e.g. in snowmaking machines.

Nucleation of ice in the meteorological context – snow, hail and clouds Another field
where nucleation plays a major role is meteorology. For example, the nucleation of
ice particles during the formation of cirrus clouds is very important for climate and
weather models and not yet fully understood. An extensive review of phase change
problems of atmospheric particles was done by Martin [65]. A compact introduction
on nucleation theory with a focus on atmospheric ice nucleation is given by Vali [66].

Investigations of the nucleation of snow have attracted much attention: in theory,
the conditions in cloud droplets are particularly unfavorable for nucleation of the solid
phase, coming close to homogeneous nucleation. Very small, separated volumes of
evaporated, i.e. comparatively pure water lead to high degrees of subcooling and a
difficult nucleation of precipitation. Silver iodide is used on a large scale for artificial
precipitation in so-called “weather modification programs” such as the Nevada State
Cloud Seeding Program [67].

It was discovered several decades ago, that natural snowfall is influenced by aerosol
particles, and that organic matter has a better nucleation effect than inorganic matter
[68]. Tests on decaying organic matter revealed particularly good nucleation activity of
“actively decomposing poplar mulch”, treated under aerobic conditions. The authors
suggest to substitute inorganic seeds, that are commonly used for technical snow, by
this very effective and nontoxic material. A discussion of the nucleation mechanism is
not provided in this article. A recent paper by Christner et al. [69] comes again to the
conclusion that particles of biologic origin play an important role in the nucleation
of atmospheric snow. The authors state that the nucleation temperature of inorganic
nucleation agents for snow is at about 261 K, while biologic agents are found in snow
that was nucleated at about 266 K to 269 K. Here, too, explanations or theories on how
the nucleation works are missing.

One theory that suggests a biologic motivation of improved nucleation in meteorol-
ogy is lined out by Morris et al. [70]. The so-called bioprecipitation is believed to be
caused by ice nucleating bacteria, which profit from an enhanced water cycle: they are
transported into clouds, incite precipitation and thereby cause favorable conditions
for their growth on plant surfaces. The bacteria are believed to produce proteins that
serve as structural templates for the water in the subcooled liquid, which line up along
the protein and thus form supercritical ice nuclei.

The unfavorable conditions for nucleation of snow from aerosol water droplets are
also an important issue in the context of technical snow makers. Subcooling is the main
obstacle that has to be overcome when producing artificial snow. Where nucleating
agents cannot be used due to environmental concerns, other nucleation mechanisms
are needed [71]. There are basically two types of snow makers [72, 73]. The older
type is the high pressure snow maker. The snow is produced by classic expansion
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cooling, where the nucleation of every snow flake is done via low temperatures. The
newer type is the low pressure snow maker. Here, only few ice crystals are nucleated
by low temperatures, and those crystals are then used as homogeneous agents to
seed the subcooled water and produce snow. In this case, the growing of the flakes is
slower, and therefore, large fans are needed that blow the water over several meters
through the air (nucleation by seeding with high-pressure produced nuclei). In a patent
claiming a nozzle head of snow maker lance [74], the nucleation of ice is explicitly
mentioned. Unfortunately, what exactly happens at the nozzle is not explained in
detail. An expansion cooling mechanism could be active in that case.

Nucleation of salt hydrates

Nucleation of salt hydrates is usually investigated in the context of their application
in thermal storage systems. In most cases, the effectiveness of different nucleating
agents is studied. While the general idea is that agents with similar crystal structure are
effective, also exceptions to this rule have been observed.

One problem in this context is, that usually only effective nucleating agents are inves-
tigated in some detail. Their absence in a sample does not guarantee for a nucleator-
free sample, and weaker, unknown nucleating agents could still be present. Known
nucleators for the materials in this study are reported in [12, 57]:

B KF ·4 H2O: Subcooling is reduced to 9.5 K using pumic stone as nucleator. No
more effective nucleator is known.

B CaCl2 ·6 H2O: BaI2 and SrI2 are “effective” nucleators (not quantified).

B NaOAc ·3 H2O: Subcooling is reduced to about 4 K using Na4P2O7 ·10 H2O as
nucleator.

The work by Rogerson et al. [75] investigates the mechanical trigger mechanism in
heat packs based on NaOAc ·3 H2O. When a small metallic disk that is immersed in the
PCM is flexed, the solidification is triggered. The authors proved that solid crystallites
trapped in micro cracks of the metallic trigger survive the heating of the pack, and act
as seed crystals when the trigger is flexed and the cracks are widened.

Rudolph has developed a high-throughput screening method to find nucleating
agents for PCM [17] and carried out some tests on NaOAc ·3 H2O. Subsequently, the
group around Prof. Voigt [76] has continued his work and searched agents for a number
of different salt hydrates. In spite of the enormous number of tested material combina-
tions, only very few successful pairs were found. A recent ambitious attempt to predict
nucleation agents based on crystallographic and other available data has not yet led to
the results that were hoped for [77].
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Antinucleation

A lowering of the nucleation temperature is called antinucleation. One way to achieve
antinucleation is to deactivate nucleation agents or preferred nucleation sites, thus
forcing homogeneous nucleation at much lower temperatures and stabilizing the
subcooled state. Another method is to inhibit growth of supercritical nuclei.

Remarkable antinucleation capacity of antarctic fish larvae were studied by Cziko
et al. [78]. For fish of the Pagothenia borchgrevinki species, the serum melting tem-
perature is above the surrounding water temperature. Therefore, their hypo-osmotic
serum is in a stable subcooled state, except for a situation where the antinucleation
mechanisms fail. Then, the serum will crystallize and the fish will die. The adsorption-
inhibition theory tries to explain the antinucleation found in fish serum. In figure 2.14,
this theory is illustrated. Antifreeze proteins are thought to be adsorbed on the surface

(a) before growth (b) growing crystallite
with curved surface

(c) further growth is
blocked

Figure 2.14.: Antifreeze proteins are supposed to attach to the surface of a crystallite (a) where
they lead to an increased curvature when the crystal grows (b) and thus block further growth
and macroscopic solidification.

of small ice crystals. Crystal growth then leads to increased curvature of the ice surface.
This increased curvature increases the surface to volume ratio of the ice crystal, which
then is no longer supercritical and cannot continue growing. Proteins are still found in
the liquid, and are supposed to be sticky only below the melting temperature of ice.

Investigations of larvae have shown a corelation between the shape of the gill surface
and the subcooling capabilities. Ice nucleates less on larvae with a smooth gill surface
compared to larvae with a more structured gill surface. The size of the structures is in
the order of 10µm, see figure 2.15. Thus, not only proteins but also larger structures
seem to be able to inhibit nucleation in fish.

Antinucleation is also observed in a non-biologic context, as for example in geology
[79]. In PCM technology, a microencapsulattion of the PCM material is known to
reduce the nucleation temperature in some cases [80]. This is explained by a reduced
sample volume (each droplet must be nucleated separately) and the deactivation of
nucleation sites by their local isolation. This effect is also observed in emulsions such
as butter [81].
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415Freezing resistance in larval Antarctic fish

Fig.·6. Morphology of the gills of larval
notothenioids. The gill arches of 1·d.p.h.
P. antarcticum (A) and P. borchgrevinki
(B) larvae were found to completely lack
even rudimentary filaments. G. acuticeps
larvae of the same age were found to
possess developing gill filaments (C;
arrows). Lamellae (arrowheads) form later
in development, as illustrated by their
presence in the gills of 70·d.p.h. G.
acuticeps larvae (D). c, cartilaginous gill
arch. Scale bars, 100·�m.
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Pleuragramma antarcticum (Y)
Pleuragramma antarcticum (Z)
Pleuragramma antarcticum (W)
Patagonotothen tessellata (A)
Trematomus newnesi (Y)
Trematomus newnesi (Z)
Cape Evans iceberg larva 1
Cape Evans iceberg larva 2
Pagothenia borchgrevinki (Z)
Pagothenia borchgrevinki (Y)
Trematomus loennbergii (Z)
Trematomus loennbergii (X)
Trematomus loennbergii (W)
Trematomus loennbergii (Y)
Trematomus bernacchii (A)
Trematomus hansoni (Y)
Trematomus hansoni (Z)

50 nucleotide
differences

Fig.·7. Phylogenetic analysis for confirmation of
larval identities. An unrooted consensus tree
resulting from neighbor-joining analysis of the
complete 1047·nt mtND2 gene sequence from adults
of several species within the family Nototheniidae
(Notothenioidei), and the larvae collected at Terra
Nova Bay and Cape Evans. The positions of the
larvae within the tree identified them as
Pleuragramma antarcticum and Pagothenia
borchgrevinki (arrows). Adult individuals of the
same species are indicated by brackets. Bootstrap
values (1000 pseudoreplicates) are presented, but
within-species values have been omitted for clarity.
The scale bar indicates the relationship between
branch length and the number of nucleotide
differences between individual gene sequences.
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Figure 2.15.: The gill surface of antarctic fish larvae are different for individuals with different
antinucleation capabilities – figure by Cziko [78].

2.2.3. Physical conditions in insonicated liquids

Ultrasound is a periodic sound pressure with frequencies beyond human hearing,
usually in the range 20-100 kHz. The properties of an ultrasonic field are determined
by the sound generator, the insonicated medium, and the geometry of the sample. The
sound generator is characterized by frequency, and amplitude or sonic power. The
insonicated medium determines the speed of sound and thereby the wavelength.

The wavelength λ is

λ= c

ν
(2.30)

where c denotes the speed of sound and ν the frequency. The speed of sound in water
is about 1480m/s [82] and ultrasonic wavelengths are thus in the range of 15 mm to
75 mm, approximately. The geometry of the sample determines if standing waves are
generated or not. For laboratory installations, standing wave setups are often preferred:
the location of zero and maximum amplitudes is known, easing interpretation of
experimental observations. For non-laboratory applications, standing wave setups are
rarely found.

If cavitation occurs, the thermodynamic conditions in the sample are more complex.
The books of Neppiras [83] and of Franc [84] give a good introduction to the topic
of acoustic cavitation. The current state of knowledge and discussion is sketched in
the following sections, with a special focus on what is known about the boundary
conditions that apply for sononucleation.
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2.2. Context

Pressure

Minimum pressure The pressure amplitude of the ultrasonic field itself is determined
by the parameters of the ultrasonic generator, and the tensile strength of the liquid.
When cavitation occurs, pressure peaks during bubble collapse may exceed the pres-
sures of the ultrasonic field by orders of magnitude.

In figure 2.16, a schematic definition of pressure ranges relevant in the context of
sononucleation is given.
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Figure 2.16.: Definition of pressure ranges.

The pressure in an ultrasonic field p(t ) oscillates around the atmospheric pressure
p0 with an amplitude pUS determined by the power of the sound generator.

p(t ) = p0 ±pUS sin2πν t (2.31)

If the amplitude pUS is larger than atmospheric pressure p0, in theory also negative
pressures can be reached. However, there is a lower limit to the pressure which is
given by the cavitation threshold of the liquid pcav. For periodic sound waves like in
equation (2.31), this lower limit implies an upper limit, i.e.

pmax = p0 + (p0 −pcav) (2.32)

However, if the cavitation threshold is passed, and transient cavitation occurs, col-
lapsing cavitation bubbles cause shock waves. The maximum pressure of these shock
waves can then exceed the periodic maximum pressure by orders of magnitude.

Similar to the nucleation of the solid phase, also the nucleation of the vapor phase
is strongly influenced by impurities. Again, dynamic experiments yield much higher
nucleation limits than do static experiments. Also, surface effects are important. An
early theoretic analysis of the effect of surface tension on bubble dynamics was carried
out by Epstein in 1950 [85]. The author lines out, that stable gas bubbles exist only
because of surface effects. Not only impurities, but also cosmic radiation reduces
the cavitation threshold in experiment. A study by Sette and Wanderlingh [31] on
water samples showed that samples shielded from cosmic radiation have a higher
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cavitation threshold. A recent careful study of the cavitation onset in water was carried
out by Herbert et al. [86]. They used focused ultrasonic waves and studied different
variation of parameters of their setup, such as gas content, temperature of the sample,
amplitude of the sound pressure. They argue that the theoretically predicted cavitation
threshold of about -120 MPa is not reached by far in experiment because of invalid
extrapolations and / or because of impurities in the samples. In their experiments as
shown in figure 2.17, at most -27 MPa were reached.

work to our preliminary results �56�. At that time, we used
another hemispherical transducer, resonating at 1.3 MHz.
Pcav was also obtained with the static pressure method, but
Pstat varied only between 0 and 3 MPa, and the problem of
the low pressure elbow �see Sec. V A� was not yet noticed.
Keeping in mind these differences, the agreement with the
present work is satisfactory.

We find a monotonous temperature variation, with Pcav
becoming less negative as T is increased: it varies from
−26.4 MPa at 0.1 °C to −16.5 MPa at 80 °C. There is no
obvious minimum, or if a minimum exists it is very shallow.
Anyhow, the experimental results disagree with both theories
as regards the magnitude of Pcav ��−24 instead of
−120 MPa�. We will come back to this in Sec. VI.

Let us add a special comment concerning the low tem-
perature part. Because of the negative slope of the melting
line of water in the P-T plane, stretched water at low tem-
perature is metastable against vapor and ice formation: this is
called the doubly metastable region. Henderson and Speedy
�18� have reported the largest penetration in this region: from
−19.5 MPa at 0 °C to −8 MPa at −18 °C. The present study
exceeds these values, with −26 MPa at 0.1 °C. We have also
observed cavitation at −0.6 °C, but as we kept Pstat
=8.5 MPa to avoid bulk freezing, we could not calibrate the
pressure by the static pressure method.

Before discussing the discrepancy between theory and
this experiment, we will report on how we have checked its
reproducibility.

C. Statistics of cavitation

The results reported in Secs. V A and V B involved only
the measurement of the cavitation voltage. Relatively short
acquisitions of S curves �typically four values of the excita-
tion voltage each corresponding to 400 repeated bursts� are
sufficient for this purpose. We have also investigated the
steepness � of the S curves �see Sec. IV B, Eq. �9��. To get
enough accuracy on �, one needs much longer acquisitions:
we used typically 25 values of the excitation voltage each

corresponding to 1000 bursts; details about the accuracy of
the S-curve parameters are given in Sec. A. At f rep
=1.75 Hz, this corresponds to 4 h, during which the experi-
mental conditions must remain stable. The temperature sta-
bility of the experimental region is excellent, controlled by
the thermostated bath. The pressure is more subject to fluc-
tuations, because of the temperature change of the emersed
part of the handling system. We recorded the pressure and
found it to be always stable within a few percent.

The validity of the static pressure method shows that Pcav
is independent of Pstat. We can thus convert the excitation
voltage Vrms used at any static pressure Pstat into the mini-
mum pressure Pmin reached in the wave:

Pmin = Pstat + �Pcav − Pstat�
Vrms

Vcav
, �11�

where Vcav is determined by fitting the S curve with Eq. �9�.
The S curves can now be plotted with the cavitation prob-
ability vs Pmin, and fitted with

��Pmin� = 1 − exp	− ln 2 exp
��Pmin

Pcav
− 1��� . �12�

Similar to Eq. �10�, � is related to the energy barrier for
cavitation through

� = −
Pcav

kBT
� �Eb

�P
�

Pcav

. �13�

The estimation of the uncertainty on the fitting parameters is
discussed in Appendix A.

In run 0, we have measured accurate S curves at 4 °C and
several values of Pstat. They are compared in Fig. 16: the
agreement is excellent. The values of � and the quality of the
fits are compared in Table II. The value of Pcav is the same
by construction, but the fact that the steepness of the curves
is constant shows that the statistics of cavitation is not af-
fected by the application of a static pressure. Interestingly,
this conclusion holds at Pstat=0.48 MPa, in the elbow men-
tioned in Sec. V A: this rules out the possibility that cavita-
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was obtained with the static pressure method �see Sec. IV D�. Run
0 �filled circles� is compared to our preliminary results �Ref. �56��
�empty circles�. The uncertainties on Pcav were calculated as de-
scribed in Sec. V A.
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Each point is an average over 1000 bursts. The data were taken
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Figure 2.17.: Temperature dependency of the cavitation threshold in water as reported by
Herbert [86]; open and filled symbols denote two sets of experiments. There could be a bend
upwards for temperatures below 277 K, and thus for subcooled water, but this is not clearly
visible from the available data.

The general disagreement of theoretic expectations and experimental data on the
cavitation threshold is addressed by Lubetkin [87]. The author suggests that the surface
activities of solved gases are not appropriately included in theory. The discrepancies in
measured tensile strength of water are the topic of a recent review by Mørch [88], too.
The author’s conclusion is that presence or absence of surfaces, and their structure,
has a great impact on the nucleation of gas bubbles. Reported values for the tensile
strength range from about -0.15 MPa to -30 MPa. A strong temperature dependence of
the tensile strength is observed, with a maximum at around 283 K.

The experimental determination of the cavitation threshold in shock-wave experi-
ments is difficult. Staudenraus and Eisenmenger [89] present a special hydrophone to
measure ultrasonic and shock-wave pressures in water. In figure 2.18, a pressure shock
in water is shown. They observe a negative pressure of about -7.2 MPa during about
8 µs after the shock. Then, cavitation is nucleated and the pressure rises again. The
maximum pressures during the cavitation bubble collapse is then only about 5 MPa.
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Figure 2.18.: Pressure during a shock as measured by Staudenraus et al. [89]. An electromag-
netic shock causes a high pressure peak, that is followed by a strong negative pressure of
about -7.2 MPa during about 4µs. Only then, cavitation develops.

The cavitation threshold also plays a role in a biologic context: A recent publication
suggests that Dolphins’ speed is limited by the onset of cavitation and associated
injuries [90]. Whether cavitation is a limiting factor in the vertical water transport in
trees is controversly discussed [91, 92]. The actual value of the cavitation threshold
does not seem to be well established in biology either.

Data for subcooled water is not reported in any work, presumably because the
nucleation of the solid phase makes such experiments difficult. Considering the highly
dynamic conditions in an ultrasonic field, probably a value similar to the highest
reported value of -30 MPa is appropriate for cavitation triggered by ultrasound. Judging
from the published works, a more negative pressure is very unlikely to occur, but less
negative pressures can easily be .

Maximum pressure As to the maximum pressure during cavitation bubble collapse,
it is highly sensitive to impurities, particularly dissolved gases. If gases are present in
an insonicated sample, cavitation bubbles are more readily filled with them than with
vapor of the liquid. During the bubble collapse, the re-dissolution of the gases exhibits
another, usually slower, kinetics than does the condensation of vapor.

Pressures of several hundred MPa are supposted to be reached during cavitation
bubble collapse in water according to Trilling [93]. This estimation is based on some
simplistic assumptions, such as a nonviscous, nonconducting, perfect gas, which is ini-
tally at rest inside the bubble. The results from simplistic bubble collapse calculations
may however be quite misleading [26]. Reasons are that the finite compressibility of
the liquid has to be considered, the collapsing bubble may lose its spherical form, and
mass transport effects become significant. A better prediction of the pressure profile
during bubble collapse is therefore dependent on a very precise knowledge of material
data and boundary conditions.

Heterogeneous nucleation of gas from liquid on solid surfaces was investigated by Qi
[94], who clearly states that theory does not predict experiments with good precision.
A study on the role of dissolved gases on cavitation in water was published by Behrend
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and Schubert [95]. “On the one hand, gases were found to be indispensable for the
onset of cavitation at typical conditions in practice. Gas molecules or micro-bubbles
provide the basis for bubble formation and growth. On the other hand, however, an
increasing content of gas in the liquid increases the gas/vapor ratio inside the bubbles.
Due to the dissolution kinetics, the gas acts as a buffer, cushioning the collapse of the
bubbles and, thereby, reducing the shock wave intensity. ” In experiments, a clear
effect of hydrostatic pressure on the cavitation intensity could not be observed. The
authors argue that both the number of cavitation bubbles and the intensity of each
bubble collapse is influenced by hydrostatic pressure, but cannot be independently
investigated. The role of the bubble content was also discussed by Brennen [26] in
the context of jet formation and nonspherical bubble shape during collapse. “Stable
oscillations are more likly with predominantly gas-filled bublles while bubbles which
contain mostly vapor will more readlily exhibit transient acoustic cavitation.” The
accumulation of inert gas in sonoluminescing bubbles was studied by Lohse and
Hilgenfeldt [96]. Different solubilities and diffusivities cause an accumulation of non-
dissociating products of sonochemical reactions. Very interesting in the context of
sononucleation is the asymmetric behavior of bubble growth and bubble collapse. As a
tendency, the movement of dissolved gas from the liquid to the bubble is quicker than
from the bubble to the liquid. This would result in a buffering of the bubble collapse,
and reduce the associated pressure peaks.

A study of water samples with different surface active additives [97] showed that sta-
ble and transient cavitation have distinct acoustic emission spectra. The authors of this
study conclude that charged additives have a significant effect on cavitation behavior.
The individual cavitation bubbles are repulsed by electrostatic forces, coalescence is
avoided and transient cavitation is reduced.

In the context of this work, the presented references lead to the conclusion, that,
unfortunately, the pressure peaks during cavitation bubble collapse have to be con-
sidered very sensitive to the sonicated material. Literature values from single bubble
experiments are to be used with precaution.

Temperature

Ultrasound is a form of mechanical energy and thus provides heat to the insonicated
liquid. If no cavitation occurs, the liquid is mixed on the length scale of the soundwave.
Beyond the cavitation threshold, the situation becomes more complex.

An experimental approach to determine temperatures in the ultrasonic field is sono-
chemistry. Substances are found in sonicated samples, that are formed only under
extreme thermodynamic conditions. An analysis of the chemical composition of the
sonicated sample is done to assess the physical conditions during the sonication.

Sonochemistry in water was investigated by Suslick [98], who comes to the con-
clusion that several thousand K are commonly reached in the water samples when
cavitation occurs. Studies that use sonochemical methods to determine the tempera-
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tures of cavitation collapse in silicon oil and alkane solvents were published by Flint
and Suslick [99]. A methyl radical recombination method was used in aqueous tert-
butyl alcohol solutions in a similar study Ciawi et al. [100]. The maximum temperatures
are estimated to approximately 5000 K.

The role of the liquid compressional viscosity in the dynamics of a sonoluminescing
bubble was investigated by Moshaii et al. [101]. They describe the hydrodynamics of
single bubble sonoluminescence in water with the help of a modified Rayleigh-Plesset
equation, and study the variaton of compressiblitiy and viscosity of the liquid. The
authors suggest that the peak pressure was significantly overestimated in earlier works,
as shown in figure 2.19. They expect about 8000 K as peak temperatures during the
bubble collapse.

Figure 2.19.: The new calculation of Moshii et al. [101] from 2004 suggest that the peak pressure
was significantly overestimated in earlier works. According to the corrected model, during
the collapse of 10 µm bubbles, peak temperatures of about 8000 K are predicted.

Various sensors for the measurement of temperature in insonicated liquids were
studied by Faid et al. [102]. They detected an elevation of the temperature by a couple
of degrees only. One possible explanation for this observation might be, that the sensor
covers a small region on a macroscopic scale, but not with respect to the cavitation
bubbles. Then, the measured temperature is an integral over a very steep gradient and
only a small heating effect is detected.

Concluding from these the works on the temperature in cavitating liquids, very high
temperatures of several thousand K are to be expected. However, these temperatures
are strongly localized, dependent on the bubble collapse dynamics, and their value is
not well established.

2.2.4. Investigations of sononucleation

In this section, an overview of published investigations of sononucleation is given. In
the vast majority, these investigations cover sononucleation of water / ice, but there
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are also a considerable number of studies concerning sononucleation of solutions, a
few works concerning PCM, and some more “exotic” materials.

Sononucleation of water

The main reference for sononucleation of water is the early work of Hickling [103]
entitled Nucleation of freezing by cavity collapse and its relation to cavitation damage.
“[It is proposed] (a) that the sub-cooling may easily reach the critical level for the
homogeneous nucleation of freezing; (b) that, once it is initiated, the growth of ice
particles is very rapid.” Since then, investigations of ultrasonic nucleation of subcooled
water were carried out by many groups. Most of the more recent works were carried out
in China and Japan, where ice storage is a common technique [104, 105, 106, 107, 108].
Although the investigations have a different focus, all authors agree that ultrasonic
treatment of water is an effective nucleation method. Nucleation in the sample volume
and explicitly not on the container wall was observed by Zhang [106].

Despite the intense research, it is striking that Lee and Wang [109] conclude in
their review and discussion of published sononucleation literature that the proposed
mechanisms for water are not plausible, and do not suggest any alternate mechanisms.

Sononucleation from solutions

The nucleation from solutions is mainly of interest for the pharmaceutical industry.
Here, products of synthesis are produced in supersaturated solutions. The required
high purity of the drugs is prohibitive for the use of foreign seeds. A constant quality
and grain size is very important for the further processing. Therefore, large subcooling
and subsequent uncontrolled crystal growth is not favored.

Recent experiments at the chair of Prof. Schembecker, university of Dortmund [110],
have shown that ultrasound can effectively nucleate supersaturated solutions. Sononu-
cleation was found to be insensitive to a variation in sonic frequency, amplitude, as
well as to the pH and viscosity of the sample liquid. Surprisingly, experiments without
ultrasound and just passing small air bubbles through the sample have resulted in im-
proved nucleation, too. A nucleation activity of bubbles was also observed previously
in organic materials [111].

Acetylsalicylic acid (aspirin) in supersaturated solutions was investigated by Miyasaka
et al. [112]. The influence of ultrasound on nucleation phenomena was studied with
the goal to control the crystal size of the solid precipitate. The setup was similar to
that used in the study of Na2HPO4 ·12 H2O discussed above. As shown in figure 2.20,
depending on the intensity of the ultrasound, the authors suggest that the sonication
actually enhances or inhibits nucleation. They argue that a minimum energy supply
by the ultrasound is needed to overcome the nucleation barrier, and that too strong
ultrasound can break up subcritical nuclei.
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Figure 2.20.: Nucleation is spontaneous for small nucleation barrier ∆G and any ultrasound
intensity E , marked by the green region (S) in this plot after Miyasaka et al. [112]. Most
reported sononucleation experiments (•) are not clearly attributed to the regions of enhanced
nucleation (A) or inhibited nucleation (I).

The authors explicitly speak of primary nucleation, which was detected visually. An
interesting point is the finding that “the ultrasonic energy needed to activate primary
nucleation decreases with a decrease in the energy necessary to form a stable nucleus.”.
This implies that the ultrasonic energy is directly used to enhance the nucleus growth.
There is no mention whatsoever of cavitation phenomena in this work.

A study on ammonium sulphated solutions is reported by Virone et al. in their
publication entitled “Primary nucleation induced by ultrasonic cavitation” [113] They
observe a quicker nucleation in insonicated samples at otherwise similar conditions.
Their attempt to establish a correlation between the collapse pressure of the cavitating
bubbles and the nucleation rate was however not successful. The authors attribute this
discrepancy to a large number of uncertainties. In fact, particularly their assumption
that an underestimated pressure amplitude and an overestimated bubble size cancel
out with respect to the nucleation rate is not convincing.

In their recent investigation of crystallization of 2,4-dinitrotoluene from solution
[114], Chen and Huang attribute a “significantly accelerated crystal formation” to an
elevation of mass transfer rate for crystal growth. The concept of induced nucleation is
not pursued any further in this work.

Sononucleation of PCM

Studies on substances that are used as PCM are reported for Na2HPO4 ·12 H2O [115],
NaOAc ·3 H2O [116], and erythritol [117].

A theoretic analysis of a special case of sononucleation was done by Rogerson and
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Cardoso concerning NaOAc ·3 H2O in heat packs [116]. The authors confronted cavi-
tation theory with nucleation theory, considering a rough estimate of the nucleation
pressure based on room pressure data only, and the time available for nucleation
process during a cavitation pressure peak. They conclude that, in the best case, “a
minimum initial pressure for nucleation of at least 100 bar [sic! must be 10kbar = 1GPa,
see figure 2.12] at any temperature” is needed.

A study of sononucleation in Na2HPO4 ·12 H2O was conducted by Miyasaka et al.
[115]. They observed a clear reduction of subcooling by ultrasonic treatment, as shown
in figure 2.21. Also, a faster heat release of the crystallizing PCM was detected when

temperature range of about 5 K, five times wider than
when ultrasonic irradiation was applied. Moreover, the
nucleation probability in the cases with ultrasound irra-
diation is dramatically high, equaling unity, whereas the
nucleation probability in cases without ultrasound irra-
diation is less than 0.3. Equally important is the nucle-
ation temperature. When ultrasound radiation was
applied, primary nucleation occurred at DT = 0 K,
whereas without ultrasound, primary nucleation oc-
curred at DT = 14–19 K. This difference suggests that
ultrasound can induce primary nucleation even at a
low degree of supercooling, where primary nucleation
cannot spontaneously occur. Hence these results imply
that ultrasound can induce primary nucleation robustly,
and can reduce the metastable zone width. The metasta-
ble zone is a region above the solubility curve, where pri-
mary nucleation is impossible. Moreover, ultrasonic
irradiation can also trigger nucleation, contributing to
the start of crystallization and heat generation in the
supercooled melt, if required.

3.2. Effect of ultrasonic output on the induction time

The relationship between average induction time and
power output at DT = 0, 5, 10 K is shown in Fig. 3. The
average induction times were brief under all conditions,
suggesting that nucleation occurred quickly after ultra-
sonic irradiation. Furthermore, the induction times de-
creased with increases in the ultrasonic output at each
degree of supercooling, which is in agreement with the
results obtained by other researchers [8,9,11,12].

3.3. The rate of temperature rise and the amount of

visible crystals

The temperature changes in the melt and the amount
of visible crystals under the different ultrasonic output
conditions were investigated.

Typical temperature changes under ultrasonic out-
puts of 1.1 W and 3.0 W are shown in Fig. 4. This figure
shows that the melt temperature rose rapidly after ultra-

sonic irradiation. Furthermore, the rate of temperature
rise at 3.0 W was seven times higher than that of
1.1 W. In this system, the melt temperature will only rise
due to spontaneous nucleation, ultrasonic irradiation, or
nucleation induced by ultrasound, since the crystallizer
is set in a thermostatic bath maintained at a set temper-
ature. Here, spontaneous nucleation can not occur, since
it occurs only at temperatures below 296 K, as men-
tioned above. Also, the rate of temperature rise attribut-
able to ultrasonic irradiation is only 0.33 K/min at
1.1 W and 0.86 K/min at 3.0 W, calculated by adiabatic
measurement of the temperature rise. However, the
observed experimental rates of temperature rise were
1.8 K/min at 1.1 W and 14 K/min at 3.0 W (Fig. 4).
Thus, much of the temperature rise must be attributable
to nucleation induced by ultrasound.

Next, a comparison was made of the amount of visi-
ble crystals under each of the different output condi-
tions. If nucleation induced by ultrasound was the
main cause of temperature rise, then the amount of vis-
ible crystals must increase with increases in the ultra-
sonic output. Fig. 5 shows the video frames observed
after primary nucleation at 1.1 W, DT = 0 K and
3.0 W, DT = 0 K respectively. Much more white crystal
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Figure 2.21.: An experimental investigation on disodium hydrogen phosphate dodecahydrate
showed strongly reduced subcooling under ultrasonic treatment; figure from Miyasaka et al.
[115].

the sample was insonicated. The authors propose that “ultrasound irradiation caused
the implosions of cavities. These implosions then caused primary nucleation, which
in turn generated heat.” As to the imploding cavities and their sort of impact on
nucleation, it is suggested that they provide localized energy which is needed for the
nucleation.

Ultrasonic treatment of erythritol was investigated by Matsuda et al. [118]. While
erythritol is no salt hydrate, this study is still one of the few documented studies of
sononucleation on PCM. The authors report that subcooling was reduced from 60 K
without treatment to about 23 K with ultrasonic treatment, as shown in figure 2.22.

Sononucleation of other materials

Organic materials Günther and Zeil [119] investigated crystallization speeds of glyc-
erine and benzophenone in the ultrasonic field. Both benzophenone and glycerine
could not be nucleated by ultrasound. The authors found that the speed of formation
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Figure 2.22.: Reduced subcooling was observed in erythritol treated with ultrasound of 30 kHz
and 50 W. Figure from Matsuda et al. [118].

of the solid phase was improved for subcooled benzophenone, but decreased for sub-
cooled glycerine. The authors reason that the energy that is brought into the sample via
the ultrasound increases the sample temperature and thereby reduces crystallization
speed. In the case of benzophenone, enhanced removal of latent heat from the phase
front is believed to speed up the crystallization process. The transport induced by the
ultrasound is only visible if the phase front movement is slower than the sonophoretic
movement. It was proved that dissolved gases play a dominant role in the effect of
ultrasonic irradiation.

There is a patent concerning sononucleation of organic materials, in particular of
triglyceride oil [120]. These materials are reported to nucleate by ultrasonic irradiation
even when the cavitation threshold is explicitly not surpassed. The inventors state
that the general believe in cavitation of the mechanism promoting sononucleation is a
prejudice, and nucleation of fats in the ultrasonic field can also occur without transient
cavitation. The problem of transient cavitation is that the high temperatures during
bubble collapse cause some chemical reactions that badly influence the taste of the
treated fat.

Metals Sononucleation of germanium, gallium, silicon and bismuth was studied
by Hickling in the 1960ies [103]. He observed no nucleation in the ultrasonic field,
although those materials have a similar melting curve as water, which was successfully
nucleated by US. However, the turn upward in the melting curve is found at much
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higher pressures, e.g. for bismuth at 1.8 GPa (for water, at 200 MPa).
A second early work about sononucleation of metals was published by Hunt and

Jackson [121]. Their sample materials were nickel and cobalt. They suggest that,
during the growth of the solid phase, negative pressures are created by the volumetric
shrinking. These negative pressures would nucleate continuously more solid phase,
and this would be the predominant mode of crystal growth.

Overview of proposed mechanisms of sononucleation

The early works of Hickling, Hunt and Jackson introduced potential nucleation mech-
anisms, that were discussed from then on. All of those mechanisms are based on
an increased subcooling, which then leads to statistical nucleation. The proposed
mechanisms are:

B evaporative cooling during bubble expansion

B high pressure during bubble collapse, leading to a melting point elevation

B adiabatic cooling during decompression at bubble collapse, i.e. the shrinking
volume of the bubble puts tensile stress on the surrounding liquid, and in an
adiabatic situation leads to cooling.

More recent works [122] suggest that ultrasound does not improve homogeneous
nucleation by a thermodynamic mechanism, but that rather the collapse of cavitation
bubbles creates nucleation sites for heterogeneous nucleation.

2.2.5. Summary of the scientific context of this work

In short, the consequences of the available reports for this work are the following:

B Nucleating agents are very specific to a target substance: if no data is available for
one substance, a transfer from another substance is at least very risky.

B In addition to effective seeds, so-called nucleating agents, many weakly nucleat-
ing materials exist. However, they are not easily identified and usually unknown.

B Nucleation can also be hindered by additives, not only improved (antinucleation).

B Sononucleation is experimentally established for water, but the mechanism is
controversely discussed.

B Both volume and surface mechanisms have to be considered for sononucleation.

B Accelerated crystal formation from solutions is observed for several substances,
but it is not clear if this is sononucleation.

B The physical state generated by ultrasound and cavitation in liquids is possibly
very sensible to the sonicated liquid.

B The thermodynamic conditions during cavitation are not well established, and
the physical interpretation of sonoluminescence is an open question.
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In this chapter, the experimental work is presented. At first, the general considerations
are lined out, i.e. the sample substances are presented and the common design princi-
ples of nucleation experiments are discussed. This part is followed by the description
of the individual experiments. As a number of different experiments were carried out,
each experimental setup is described and the corresponding results are summarized in
a separate section. The discussion of the overall results is done in chapter 4.

3.1. General considerations

Before the actual experiments and their results are presented in detail, some general
considerations are lined out in this section. The choice of the sample substances and
the container materials, as well as the time scales used in the nucleation experiments
are explained.

3.1.1. Sample substances

In this work, water and three inorganic PCM from the material class of salt hydrates
were used as samples. The selected salt hydrates are sodium acetate trihydrate, calcium
chloride hexahydrate and potassium fluoride tetrahydrate, written as NaOAc ·3 H2O,
CaCl2 ·6 H2O and KF ·4 H2O, respectively. The material purity as declared by the sup-
plier is listed in table 3.1.

Table 3.1.: The purity of the salt hydrates as declared by the suppliers refers to the hydrated salt
(h) or the dried salt (d ). The purity of water is given as declared by the purifying apparatus
(ion exchanger: resistivity; microfilter: pore size).

purity in % supplier

KF ·4 H2O > 98.5 d Sigma-Aldrich
CaCl2 ·6 H2O 97−103 h Merck

NaOAc ·3 H2O 99.5−101 h Merck

resistivity pore size
MΩ cm−1 µm

H2O > 0.1 < 0.22

The thermodynamic and crystallographic properties of the materials, as well as the
motivation for their choice are discussed in the following pages.
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Basic properties of the sample materials

Some basic properties of the sample materials are shown in the following tables and
graphs. Thermodynamic data is listed in table 3.2. Here, the specific volume change
was determined from the densities ρ in the liquid and solid states as∆v = ρ−1

liquid−ρ−1
solid.

This value is used to predict the slope of the melting curve according to equation (2.9b).
The phase diagrams of the salt/water systems are shown in figure 3.1. Crystallo-

graphic and structural data is represented in table 3.3, figure 3.2 and figure 3.3.

Table 3.2.: Thermodynamic data at normal pressure as given in [12, 123] and as determined by
own measurements (a). Values are given for the specific volume change (∆v), phase change
enthalpy (∆h), melting temperature at normal pressure (T 0

m), and the specific heat capacity
of the liquid and solid phases (cp,liquid/solid).

∆v ∆h T 0
m cp,liquid cp,solid

/ cm3g−1 / Jg−1 / K / Jg−1K−1 / Jg−1K−1

H2O −0.087 334 273.15 4.22 2.10
KF ·4 H2O 0.0038 231 291.5 2.39 1.84
CaCl2 ·6 H2O 0.085 191 302.8 2.2 1.4
NaOAc ·3 H2O 0.092 226 331 2.79

0.051a 230a 3.5a

Table 3.3.: Crystallographic data from [12, 124, 125]. Values are given for the lengths of the unit
cell (a,b,c), the monoclinic angle (β), the numbers of molecules in the unit cell (Z ), and the
coordination number (Nc ).

material lattice, unit cell lengths /Å β/◦ Z Nc

space group a b c

H2O (ice Ih) hexagonal 4.5181 7.3560 4
P63/mmc

KF ·4 H2O monoclinic 6.80 13.29 6.64 90.67 4
P21/c

CaCl2 ·6 H2O trigonal 7.860 3.87 9
P321

NaOAc ·3 H2O monoclinic 12.321 10.425 10.380 111.72 8
C2/c
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(a) water / KF (b) water / CaCl2

(c) water / NaOAc

Figure 3.1.: Phase diagrams of the water-salt systems of the investigated substances, graphs
from [12]. For water as a pure substance there is no phase diagram provided.

51



3. Experimental work

(a) P63mmc (water ice Ih) (b) P21c (KF ·4 H2O)

(c) P321 (CaCl2 ·6 H2O) (d) C2/c (NaOAc ·3 H2O)

Figure 3.2.: Space group diagrams that show the symmetry relations of the investigated solids.
Graphs from [126].
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(a) ice Ih

(b) KF ·4 H2O

(c) CaCl2 ·6 H2O

(d) NaOAc ·3 H2O

Figure 3.3.: Crystal structures, ball plots. Plots generated with the softwares Diamond [127] and
POV-Ray [128] based on data from [124, 125, 129, 130, 131].
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Key characteristics of the sample materials

For this work a group of four sample substance was chosen. Ideally, the samples
shall allow a systematic analysis of aspects that have an impact on nucleation, and
additionally be of some practical relevance, as lined out in the following.

Purity A high purity of the sample substance is desired in nucleation experiments
to avoid heterogeneous nucleation and thus acquire data which is representative for
the sample substance itself. If absolute purity is not obtainable in practice, another
approach is to use samples with well-determined purity and thus avoid unspecified
impurities, which could provide additional, uncontrolled and thus random nucleation
sites. In this work, water and salt hydrates are used as sample substances. While water
as a single-component substance can be readily purified, this is more difficult for the
salt hydrates. In particular, the correct water content of the hydrates is a potential
problem. Chemical purity with respect to the salt component can be assured by using
analytical grade salts. However, while purity in an analytical context might be high,
even low concentrations of some contaminants may alter the nucleation behavior.
Therefore, only samples from one lot were used throughout this work to assure well-
defined impurities. In order to study the influence of impurities, some intentionally
non-pure samples were investigated, too.

Phase change behavior Using the phase diagrams in figure 3.1, the expected melting
and solidification behavior of the samples can be analyzed. A simple phase change
without separation of components is expected for water as a pure material, and for
KF ·4 H2O as a congruent melting salt hydrate. For CaCl2 ·6 H2O and NaOAc ·3 H2O,
the situation is more complex. These salt hydrates can form different hydrates and
salt solutions above the maximum stable temperature of their solids, showing an
incongruent melting. Incongruent melting is very common among inorganic PCM.
For nucleation, incongruent melting is expected to pose no particular experimental
difficulties. Still, the phase diagrams might look different at high pressures due to a
possibly changed solubility of the components.

Crystal structure The crystal structure of the samples is relevant for dynamic nu-
cleation experiments, because it has an impact on the speed of crystal growth. Salt
hydrates in general have a complicated crystal structure with many atoms in the unit
cell, and NaOAc ·3 H2O has a particularly complex arrangement of the atoms in the
crystal, as shown in figure 3.4. It can be seen that four sodium ions are found in very
close proximity. KF ·4 H2O apparantly also has its anions closely grouped, as seen in
figure 3.3b. This is a rather unusual pattern. CaCl2 ·6 H2O shows a more balanced
arrangement of the molecules in the crystal. In contrast to the salt hydrates, water with
its two-atomic molecules has a very regular pattern.

54



3.1. General considerations

(a) (b)

Figure 3.4.: The structure of the NaOAc ·3 H2O crystal is comparatively complicated. The
molecular arrangement in the solid phase is shown here from two different perspectives.
Graphs by courtesy of Prof. Voigt [76].
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Expected pressure effect From thermodynamic theory, the slope of the melting curve
as function of pressure in equation (2.9b) depends on the volume change and phase
change enthalpy. The volume change differs much more among the four materials
than does the phase change enthalpy. Thus, the effect of pressure on the melting and
subcooling behavior is expected to be large for materials with large volume change on
phase change. This is the case for water, CaCl2 ·6 H2O and NaOAc ·3 H2O; for KF ·4 H2O,
the volume change is extremely small. This material is therefore thought to be compar-
atively insensitive to pressure changes, and therefore can serve as a counter sample in
this work.

Reported subcooling The sample substances should subcool readily and considerably
in order to allow an experimental assessment of factors that influence their nucleation
temperature. Strong subcooling of at least 10 K is reported for all four substances in
this work, with NaOAc ·3 H2O showing an outstanding value of about 80 K. An easy
accessibility of the subcooled state is therefore assured for all samples. Nucleating
agents are known for NaOAc ·3 H2O and CaCl2 ·6 H2O, which reduce the subcooling to
a few K, which can be helpful in some experiments.

Reported sononucleation Successful sononucleation was reported for water. Ultra-
sonic experiments are reported for NaOAc ·3 H2O, but no sononucleation was observed.
For the other materials, no experimental data is known.

In summary, the chosen substances all have their advantages and disadvantages as
samples in this work. Water is unusual in two main aspects: First, it is a pure material,
which is rarely the case for any other PCM, but which simplifies its theoretic description.
Second, water exhibits a density anomaly and its melting curve falls with pressure. The
main reason to include this material is however that sononucleation for waters seems
to be well established. NaOAc ·3 H2O and CaCl2 ·6 H2O are typical for PCM in that they
have a rather complicated phase diagram and a moderate volume expansion upon
melting. NaOAc ·3 H2O is unusual with regard to its crystal structure, its tendency to
lose water, and its large reported subcooling, but it is very commonly applied as PCM.
Also, the work of Rogerson and Cardoso [30, 116, 75] provides a detailed theoretic study
on the nucleation in heat packs based on this PCM. KF ·4 H2O has very similar densities
in the liquid and solid states, which is exceptional. The phase diagram of KF ·4 H2O is
however typical for salt hydrates, with several stable hydrates. All three salt hydrates
are expected to be well accessible in their subcooled state in experiment.

3.1.2. Containers

The choice of the sample containers is very important in nucleation experiments. The
two main experimental conditions that are determined by the containers are the outer
surface of the sample, and the sample volume.
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From nucleation theory, heterogeneous nucleation is known to lower the nucle-
ation barrier or increase the nucleation temperature. In order to assess the nucleation
temperature of a sample, nucleation on the container wall should be avoided wher-
ever possible. There are a number of possible container arrangements with different
expected nucleation activity, but also different experimental limitations.

Effect of change in water content A change in water content alters the melting and
freezing behavior of a substance, and may change its equilibrium phase change tem-
perature. Excess water in salt hydrates usually lowers the melting temperature and
leads to incongruent melting behavior. In equilibrium, at temperatures below the stoi-
chiometric melting temperature, the solid salt hydrate and a water-rich liquid phase are
present. The composition of the phases can be read from the phase diagrams shown
in figure 3.1. Considering the subcooled melt, it contains some additional water, that
cannot become part of the solid phase. As a consequence, during the solidification
process water molecules have to move away from the phase boundary by diffusion,
a process that slows solidification down. The hindered growth process could induce
a higher subcooling: the interface and volume terms that determine the nucleation
barrier are unchanged, but the nucleation rate is reduced due to a necessary water
diffusion. While this effect is assumed to be of moderate importance for slow processes,
in shock experiments such as in ultrasonic cavitation it could become prominent. In a
salt hydrate with excess water, during repeated freezing / melting cycles, water accumu-
lates on top of a denser salt hydrate layer. Depending on the geometry of the sample
and the kinetics of thermal cycling, the phase separation can be more or less complete.
If complete phase separation occurs, a layer of salthydrate of standard composition and
standard phase change temperature, and a layer of brine are formed. The brine does
not take part in the phase change and is considered thermally inactive (only sensible
heat effect). If the phase separation is blocked, i.e. by stirring of the sample or osmotic
effects, the diffusion process has to take place during every phase change again and
again. Analogous considerations are valid for an increased salt content by water loss.
Phase separation effects can usually be detected by a visual inspection of the sample, if
the sample container is transparent.

Levitation techniques Levitation techniques can be used to avoid a contact between
sample and container. The liquid sample is confined by external forces, which coun-
teract the gravitational force and thereby keep the sample without ground contact.
There are different methods of levitation classified by this counteracting force, namely
electrostatic [132, 133], optic [134], acoustic [135] and (electro)magnetic [136, 137]
levitation. The choice of the levitation technique depends on the sample material and
the investigated property. All in common is however that the sample is quite small, with
typical droplet diameters ranging from µm to mm. While the missing solid container
in levitated samples is of advantage as it avoids an external solid surface, it is at the
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same time also of disadvantage, as it offers no barrier to mass transfer. In the context of
subcooling of salt hydrates, levitated drops are unsuitable samples for various reasons.
First, the large specific surface of a small levitated drop is unprotected from particles in
the surrounding gas which could act as nucleation agents. Second, the water content
will inevitably vary during an experiment, i. e. either increase if water vapor is available
in the surrounding gas, or decrease if the experiment is carried out in a dried gas or
vacuum. The chemical composition of the sample is then not well defined during the
experiment and the acquired data is of very limited use. Additionally, evaporation or
solution of water from or into the sample will alter the sample temperature. Third, the
maximum volume that can be levitated is very small compared to the sample volume
of the high pressure cell that serves as reference, as lined out below in “Sample volume”.
Due to these fundamental difficulties, levitation techniques were not used in this work.

Glass container Glass is a transparent solid with a high vapor and gas diffusion re-
sistance, which qualifies it as a standard container material. Also, it has a very good
stability against most chemicals and it has a smooth surface, so it can be cleaned from
possible nucleating particles efficiently. As an amorphous material, it probably is at
most a very weak nucleating agent itself. However, one main drawback of glass as a
container material is its low resistance to mechanical stress. When subcooled liquids
solidify, this can happen very rapidly and the volume change causes a significant stress
on the container. Depending on the experimental setup, it is sometimes not possible
to observe multiple solidification-melting cycles of one sample in one container if the
container breaks. If multiple nucleation experiments of one sample are needed for
statistical evaluation, glass containers are therefore not always suitable. In this work,
glass containers of standard test tube size (approximately 15 ml) were used wherever
possible. The uncovered surface of the sample which is in direct contact to the sur-
rounding gas still offers an area for exchange of water, but it is small compared to the
volume of the sample. If the test tube is closed, in the long run a chemical equilibrium
is established in the gas volume above the sample, and the overall sample composition
will only change to a very small extend.

Plastic container Containers made of plastics offer much better tolerance to mechani-
cal stress than do glass containers, and enough transparency to observe the sample
visually. However, the diffusion resistance of most plastics is not very high. Particularly
in a setup where a highly concentrated salt solution is on one side of the plastics barrier,
and distilled water is on the other side (as when using a water bath to keep a sample
at a constant temperature), transmission of water by diffusion can be significant. The
main factor which determines the amount of transmitted water is the time span of
the experiment. Plastic containers therefore can be used for short experiments, but
should be avoided for long time experiments, particularly at elevated temperatures.
Polypropylene (PP), teflon (PTFE) and high density polyethylene (HDPE) are compati-
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ble with the heat transfer fluids used in the thermostatic bath as well as with the chosen
sample materials within the needed temperature range. The situation with respect to
an exchange of matter with gas above the sample is similar to that described above for
the glass containers.

Metallic container Metallic containers offer very good mechanical resistance, but they
are opaque and thus prohibit a direct visual observation of the sample. In addition,
chemical reactions with salt hydrates specific for each metal/PCM combination are to
be expected as reported by Cabeza et al. [138]. Compatibility data is not available for all
materials, and chemical reactions therefore cannot be excluded without preliminary
lengthy corrosion tests. Even worse for nucleation experiments, metallic surfaces are
not smooth on a microscopic scale, and are considered to show significant nucleation
activity in some cases [75]. This was considered prohibitive and therefore, in this work,
no metallic containers were used.

Sample volume In order to be able to compare as directly as possible nucleation
data at room pressure, high pressure and under ultrasonic treatment, similar sample
volumes should be used in all setups. The setup of the high pressure experiments
is invariable, and thus determines the sample volume in the other experiments, too.
Nucleation experiments reported in literature are often carried out with the help of a
differential scanning calorimeter (DSC). This instrument is a standard equipment for
thermal analysis [139, 140]. The sample volume in DSC instruments is typically less
than 40µl. The sample volume in the high pressure cell is about 10 ml, and therefore,
DSC experiments were not used in this work but substituted with an own test stand for
larger samples.

3.1.3. Time scales in nucleation experiments

Waiting time and sample size

Strictly speaking, nucleation theory defines a nucleation rate, but not a nucleation
temperature. This is because the thermodynamic process of overcoming the nucleation
barrier is governed by statistics. The nucleation rate is given in units of nucleation
events per volume and time as a function of temperature and pressure.

If the speed of crystal growth is fast compared to the sample dimensions, the whole
sample solidifies quickly after a single nucleation event has taken place. For a fixed
waiting time, the larger the sample volume, the lower is the required ratio of nucleation
events per volume. Similarly, the longer the waiting time, the lower is the required
nucleation rate per time. Thus, a nucleation probability (as function of temperature)
can only be given for a fixed sample volume and waiting time. A perfectly fixed sample
volume and waiting time is difficult to achieve in experiment, and the sensitivity of
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an experiment on variations in these values should be estimated. In figure 3.5, two
example functions of the nucleation rate vs. temperature are sketched.
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Figure 3.5.: For a given waiting time and sample size, the temperature range between observa-
tion of “no nucleation” and “nucleation” depends on the slope of the nucleation rate.

Two levels of the nucleation rate, indicated with horizontal lines, correspond to the
experimental diagnosis “nucleation” and “no nucleation” for a given waiting time and
sample volume; those are the observation thresholds. The intersections of these lines
with the nucleation rate designate the corresponding nucleation temperatures. It can
be seen, that the resolution of the nucleation temperature depends on the slope of the
nucleation rate. If we change the levels of the observation thresholds, i.e. the sample
size or waiting time, the variation of the nucleation temperature is different in the two
cases. If the nucleation rate changes fast in a narrow temperature interval (solid line),
the observed nucleation temperature is almost independent from the experimental
setup. If the nucleation rate is less sensible to the temperature (dashed line), the
nucleation temperature varies much more with a varying setup. Therefore, a certain
variation of the setup should be carried out in nucleation experiments to assure a low
sensitivity of the results with respect to small parameter variations.

Heat transport, cooling rates and temperature measurement

In any experiment where heat transfer shall be obtained without mass transfer, a
thermal gradient is required. This is the case for the PCM samples in the nucleation
experiments. If a thermal gradient is present in the sample, the sample has no defined
single temperature. In the case of a static gradient, the nucleation takes place most
probably at the coldest part of the sample. Quantitatively, the nucleation probability is
defined by the nucleation rate as function of temperature as sketched in figure 3.5. If the
nucleation rate shows a strong increase within the temperature interval that is present
in the sample, a nucleation in the warmer part of the sample is highly improbable. The
gradient then has primarily an impact on the active volume of the sample. That means,
the volume where the nucleation rate is significant is not equal to the sample volume.
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The active volume decreases for increasing thermal gradient. In order to minimize this
effect, thermal gradients should be reduced as much as possible.

The size of the thermal gradient is determined by the speed of cooling and the heat
transfer properties of the setup. The cooling rates in nucleation experiments should be
small to keep the gradients small. The thermal conductivity of all sample substances
in this work is similar, so similar cooling rates can be used. In the setups as described
below, the temperature of the cooling fluid that is in contact with the sample test tube is
expected to be uniform along the test tube, and a thermal stratification of the samples
is avoided.

In the nucleation experiments, a temperature sensor which is in direct contact with
the sample substance could act as nucleation site. Therefore, wherever possible, the
sensor is placed outside the sample on the container wall. In principle, this arrange-
ment reduces the accuracy of the temperature measurement, but in fact the effect
is small and the temperature in any local point of the sample is anyway not exactly
equal to the sample temperature as a whole as lined out above. The main focus of
the temperature measurement is to acquire comparable data and detect changes in
the nucleation temperature. This can be assured by using the same cooling rates, i.e.
creating the same gradients, and measuring at the same spot.
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3.2. Determination of the nucleation temperature at normal pressure

As a reference for the investigation of nucleation by high pressure or ultrasonic treat-
ment, the nucleation temperature at normal pressure was determined. Normal pres-
sure is the room pressure of about 0.1 MPa, more exactly it is typically in the range of
96±2kPa in the laboratory in Garching located at about 480 m above sea level [141].

3.2.1. Setup and procedure

The nucleation temperature is determined from many individual freezing experiments
in order to achieve data suitable for statistical analysis. Six samples of one material
are subjected in parallel to repeated freezing / melting cycles. Like this, a possible
influence of the individual sample and of the cycles can be evaluated. For each sample
material, at least 140 nucleation experiments are carried out altogether.

Setup

The general setup of the nucleation experiments is sketched in figure 3.6.

plug

test tubes

cooling fluid

sample

sensor

Figure 3.6.: Setup for the determination of the nucleation temperature, schematic.

For each sample, about 8 ml of the sample material are put in a glass test tube. This
test tube is sealed with a plug and it is put inside a second, slightly larger test tube.
The space between the two tubes is filled with the cooling fluid, and a temperature
sensor is placed in the space between the two tubes, to detect the sample temperature.
This double wall construction avoids putting the sensor directly inside sample, where
it could serve as additional nucleation site. The space between the two tubes is only
about 1 mm, and the sensor is in direct contact with the outer surface of the inner tube.
Six samples are prepared in this way, and then are placed in a cooling bath.
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Procedure

The thermostat controls the bath temperature according to a programmed ramp,
heating and cooling the samples in a temperature range from below the nucleation
temperature to above the melting temperature. The heating and cooling rates are slow,
such that small thermal gradients in the samples are assured, and a correct detection
of the sample temperature can be assumed. Typical rates are 0.2 K/min.

When a nucleation event occurs, the sample starts to solidify, setting free the latent
heat of the phase change. The samples being phase change materials, this effect is
large and the nucleation temperature can be securely detected by a rising temperature.
The nucleation temperature is taken as the minimum temperature before a significant
deviation of the temperature from the previous smoothly falling slope. As an example,
in figure 3.7, the temperatures of six water samples during one heating / cooling
cycle are shown. The nucleation events can be identified clearly by a sharp rise in
temperature, as marked in the enlarged part shown in figure 3.7b.
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Figure 3.7.: A typical signal of a nucleation experiment is shown in (a). The start of the deviation
of the sample temperature from the bath temperature, as marked by arrows in (b), is noted
as the nucleation temperature.

It can be seen clearly in figure 3.7b that the maximum temperature after nucleation
is not equal to the melting temperature of water. This is due to the position of the
sensor with respect to the sample and the cooling power in the given setup.

3.2.2. Results

The results of nucleation experiments are displayed in the following graphs. For each
material, the ramp, the time line plot and the histogram plot are displayed.

The ramp shows the temperature program that was used in the experiments. Those
are not the programmed temperatures to control the thermostatic bath, but the real
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temperatures that were measured during the experiment. In particular, the minimum
and maximum temperatures and the actual cooling rates can be read from these graphs.

The time line plot shows the nucleation temperatures of each sample for each cycle.
With the help of the time line graphs, the cycling behavior of each sample can be
evaluated. If the nucleation temperature changes during cycling systematically, this is
a hint for a phase separation. Also, a deactivation or activation of a nucleation seed
can be identified from these plots.

Finally, the histogram summarizes the nucleation behavior of a material as a function
of temperature only. The histograms show the distribution of observed nucleation
events in given temperature intervals on the left y-axis, and the resulting probability
to observe a nucleation event at a given temperature on the right y-axis. From the
histograms, temperture ranges of low nucleation probability (less than 10%) and high
nucleation probabilty (more than 90%) can be easily read.

Water

Experiments were carried out on purified water and tap water. The temperature
program used for the experiments on H2O is shown in figure 3.8. As minimum and
maximum temperatures, 255 K and 292 K were chosen.
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Figure 3.8.: The temperature program used for the nucleation experiments of H2O. The ramps
for tap water (a) and purified water (b) were the same.

The time line of the nucleation temperatures of the individual samples is shown in
figure 3.9.

For both materials, the scattering of the nucleation temperatures of the individual
samples is small compared to the difference between the samples. There are some
samples with significantly less scattering than others. While the general trend of the
purified water is a lower nucleation temperature compared to tap water, there are some
samples from the two materials that show very similar nucleation temperatures.
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Figure 3.9.: Time lines of the nucleation temperatures of tap water (a) and of purified water (b).

The histograms of the nucleation temperatures of H2O are shown in figure 3.10.
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Figure 3.10.: Histogram of the nucleation temperatures of tap water (a) and purified water (b).
The number of nucleation events over equal temperature intervals is given on the left axis,
the percentage of nucleated samples at a given temperature (the cumulated frequency) is
given on the right axis.

The first nucleation events occur at about 266 K in tap water and at about 262 K in
purified water. The strongest subcooling was found at 259 K in tap water and at 254 K
in purified water.
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3. Experimental work

KF ·4 H2O

The temperature program used for the experiments on KF ·4 H2O is shown in fig-
ure 3.11a. The bath temperature was varied between 258 K and 303 K. The time line of
the nucleation temperatures of the individual samples is shown in figure 3.11b.
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Figure 3.11.: The temperature program used for the nucleation experiments of KF ·4 H2O (a)
and the determined nucleation temperatures of the individual samples during all cycles
(b). Some data points around the 25th cylce are missing due to a temporary failure of the
measurement equipment; the cycles were carried out but not recorded.

It can be seen that the nucleation temperatures vary more between the individual
samples than between the individual cycles. Also, the very first nucleation temperatures
are lower than the following for sample 2.

The histogram of the nucleation temperatures of KF ·4 H2O is shown in figure 3.12.
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Figure 3.12.: Histogram of the nucleation temperatures of KF ·4 H2O.

First nucleation events occur at about 281 K, or 12 K subcooling. Most nucleation
events, i.e. 20% to 90%, were observed at 269K±3K.
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3.2. Determination of the nucleation temperature at normal pressure

CaCl2 ·6 H2O

The temperature program used for the experiments on CaCl2 ·6 H2O is shown in fig-
ure 3.13a. A high maximum temperature of 328 K was chosen in order to avoid separa-
tion effects. The time line of the nucleation temperatures of the individual samples is
shown in figure 3.13b.
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Figure 3.13.: The temperature program used for the nucleation experiments of CaCl2 ·6 H2O
(a) and the determined nucleation temperatures of the individual samples during all cycles
(b).

All CaCl2 ·6 H2O samples show very similar nucleation behavior, the variance of the
cycles being in the same order of magnitude as the variance between the individual
samples. Compared to the other investigated materials, the scattering of the nucleation
temperatures of each sample is larger.

The histogram of the nucleation temperatures of CaCl2 ·6 H2O is shown in figure 3.14.
Very few first nucleation events occur at about 283 K, corresponding to 20 K subcooling.
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Figure 3.14.: Histogram of the nucleation temperatures of CaCl2 ·6 H2O.

The temperature range where most nucleation events were observed is 271K±3K.
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NaOAc ·3 H2O

The temperature program used for the experiments on NaOAc ·3 H2O is shown in
figure 3.15a. During the heating, a slower segment was inserted in the ramp to slowly
melt the sample. This was done to decrease mechanic stress of the phase change
volume expansion on the glass tubes. However, still some of the glass tubes broke
during the experiment, and the measurements were continued with new samples. The
new samples are marked A and B in the time line plot in figure 3.15b.
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Figure 3.15.: The temperature program used for the nucleation experiments of NaOAc ·3 H2O
(a) and the determined nucleation temperatures of the individual samples during all cycles
(b).

Here, the scattering of the nucleation temperatures is of similar magnitude for the
freezing cycles and between the individual samples.

A histogram of the nucleation temperatures of NaOAc ·3 H2O is shown in figure 3.16.
First nucleation events occur at about 260 K, or 72 K subcooling. Most nucleation
events were observed at 252K±4K.
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Figure 3.16.: Histogram of the nucleation temperatures of NaOAc ·3 H2O.
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3.3. Determination of melting and nucleation temperatures at high pressures

3.3. Determination of melting and nucleation temperatures at high
pressures

The maximum pressures that occur during cavitation bubble collapse are believed to
be well above 100 MPa, as lined out in section 2.2.3. In order to evaluate the nucleation
potential of such high pressures, the nucleation temperature as a function of pressure
was determined experimentally. In parallel, the melting curve as a function of pressure
was determined as well.

3.3.1. Setup and procedure

Setup

The experiments described in this section were carried out in a high pressure laboratory
at the LFP (Lehrstuhl für Fluidmechanik und Prozessautomation, Technical University
of Munich), located on the campus in Freising-Weihenstephan [142]. An autoclave
suitable for static pressures up to 800 MPa was used for these experiments. The setup
is sketched in figure 3.17, and some images are presented in figure 3.18.

autoclave lid

cooling sleeve
autoclave wall

pressure transfer liquid

plug

test tube
sample

sensor

Figure 3.17.: Setup of the high pressure experiments, schematic.

The sample volume is about 10 ml, similar to that of the ambient pressure experi-
ments. Glass could not be used as container material, because it would break when the
pressure in the autoclave is changed. Therefore, PTFE test tubes were used instead. A
gas cushion above the sample as in the ambient pressure experiments could not be
realized here, as it would not allow a transmission of the pressure to the sample. The
sample has to fill the test tube completely, and it was in direct contact with the plug
which was made of silicone. The pressure is transmitted from the autoclave to the
sample via a liquid with low compressibility, in this case ricinus oil.

The temperature of the autoclave is controlled by a thermostatic bath in the range of
about 253 K to 368 K. Due to the large thermal mass of the autoclave, the temperature
can be changed only slowly. The temperature and pressure of the autoclave is observed
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3. Experimental work

(a)

(b) (c)

Figure 3.18.: The high pressure cell: total view (a), a view of the sample tube attached via the
temperature sensor to the cell lid (b), and a top view into the open cell of the autoclave (c).
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3.3. Determination of melting and nucleation temperatures at high pressures

and recorded via computer equipment. The temperature is measured inside the test
tube containing the sample by a thermocouple which is fed through the lid of the
autoclave, as shown in figure 3.18b. Due to this arrangement, the temperature sensor
could not be placed outside the sample but is directly immersed in the sample, in
contrast to the other experiments of this work. The sensor was cleaned from solid PCM
after each experiment using boiling distilled water.

Procedure

Two types of experimental procedures were used: isobaric cooling and isothermal
compression experiments. The pressure change during both kinds of experiments was
very slow, so the pressure conditions can be considered as quasi-static. Schematic
recordings for both methods are shown in figure 3.19.
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Figure 3.19.: Isobaric cooling (a) and isothermal compression (b) experiments, schematic.
Temperature (− − −−) and pressure (——) are plotted over time. The nucleation is detected
by a sharp increase in temperature. Nucleation temperature Tn, peak temperature Tp and
nucleation pressure pn are indicated.

When the crystallization is triggered, the latent heat is released and the temperature
of the sample increases suddenly, the signal showing a clear peak. The temperature
immediately before the peak is noted as nucleation temperature. After the peak, the
maximum temperature that can be reached is the melting temperature. During the
crystallization of the sample, the temperature is stable and a plateau in the recording
is formed. Sometimes, if subcooling is very strong, the melting temperature is not
reached. This causes a thin peak that quickly falls without showing a plateau. In that
case, to detect the melting temperature, isobaric heating instead of cooling experiments
should be carried out, or subcooling should be reduced. For the samples of this study,
this was necessary only for sodium acetate trihydrate, for which a nucleation agent is
known, and thus the more convenient isothermal compression mode could be used.
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3. Experimental work

As a second variable, the pressure in the chamber during the nucleation event is
noted. The uncertainty of the pressure is assumed to be given by the pressure interval
from about 2s before the onset of peak to the maximum value of the peak. The time
lag of the temperature measurement does not allow a more precise interpretation.
For isobaric experiments, the uncertainty is therefore smaller than for isothermal
experiments. The uncertainty in temperature is estimated to ±0.5K.

3.3.2. Results

Typical recordings of the high pressure experiments are shown in figure 3.20.
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Figure 3.20.: Typical recordings from an isobaric (a) and an isothermal (b) measurement.

An isothermal experiment and an isobaric experiment are shown. The nucleation
temperature can easily be read from the graphs. The pressure in the isobaric and the
temperature in the isothermal experiments is not strictly constant. This is due to the
volume contraction of the cooled liquid and the heat generated by the compression,
respecptively. However, the change in the “constant” property is small compared to
the free variable, and the experiments were carried out slowly to reach near-constant
conditions.

NaOAc ·3 H2O

The crystallization peaks were always initiated at a pressure step, giving clear data for
the nucleation curve. Concerning the melting temperature, there were some difficul-
ties in interpreting the data. Surprisingly, the scattering of the maximum recorded
temperatures was larger than the scattering of the nucleation temperatures. A possible
explanation could be that the maximum achieved temperatures were not correctly
detected because of a quickly falling right shoulder of the peak as shown in figure 3.20b,
combined with the time lag of the sensor.
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3.3. Determination of melting and nucleation temperatures at high pressures
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Figure 3.21.: Results of the high pressure measurements on NaOAc ·3 H2O. Nucleation temper-
atures (◦) and maximum peak temperatures (•) of all experiments are shown. For samples
with nucleator, only the maximum peak temperatures are shown (F).

Another possibility is that the maximum achieved temperature is smaller than the
melting temperature. With the thermal data of NaOAc ·3 H2O as given in table 3.2 it
follows that the temperature lift achieved during crystallization is smaller than the
subcooling.

∆Tcryst = ∆h

cp
= 226J/g

3.5J/gK
= 65K <∆Tsubcool (3.1)

To estimate the difference between recorded maximum peak temperature and melt-
ing temperature, another series of experiments using samples with nucleator were
carried out. With the reduced subcooling, the falling side of the peak is less steep, and
the melting temperature is achieved and recorded correctly during the crystallization.
However, because of the deactivation of the nucleator at high temperatures and the
experimental limitations, experiments with nucleator could be carried out only in a
reduced pressure range. The results of the experiments with and without nucleating
agent are shown in figure 3.21.

In the accessible pressure range, it was found that the peak temperatures from
samples without nucleator are about 8 K lower than values from samples with nucleator.
Assuming that this distance is constant, i.e. the specific heat and phase change enthalpy
do not vary with pressure, the inclination of the melting curve as found by samples
without nucleator can be used and the intercept is corrected by 8 K. The crystallization
temperature is shifted from about -20 ◦C at room pressure to about 20 ◦C at 400 MPa.

Some additional experiments were carried out with samples of increased water
content. Small variations in the water content of salt hydrates can occur easily, and
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therefore the impact of a changed water content on the pressure curves was studied
in this exemplary case. Approximately 10 wt.% of distilled water was added to the
samples.

Simply put, the excess water acts as “dead” thermal mass, i. e. its mass does not con-
tribute to the latent heat but is sensibly heated and cooled. Therefore, in equation (3.1),
∆h is decreased and the temperature lift is smaller than for the stoichiometric samples.
This can be well observed in figure 3.22.
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Figure 3.22.: Comparison of results for samples with excess water and the stoichiometric
samples. Nucleation temperatures (◦ stoichiometric / ¦ excess water) and maximum peak
temperatures (• stoichiometric / � excess water) are indicated.

As to the nucleation temperature of the samples with excess water, the change is
smaller than for the peak maximum temperatures. With the exception of one experi-
ment at 250 MPa, the nucleation was triggered at higher pressures / lower temperatures.
The mean distance of the nucleation curve of the stoichiometric salt hydrate and the
curve of the samples with excess water is about 5 K.
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3.3. Determination of melting and nucleation temperatures at high pressures

CaCl2 ·6 H2O

The results of the experiments on CaCl2 ·6 H2O are shown in figure 3.23.
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Figure 3.23.: Results of the high pressure measurements on CaCl2 ·6 H2O. Nucleation temper-
atures (◦) and maximum peak temperatures (•) are shown.

Here, the maximum temperatures observed in the individual experiments form a
very smooth curve. The subcooling is smaller than in the case of NaOAc ·3 H2O, and
the melting temperature is expected to be reached after nucleation in all cases. Using
thermal data at room pressure as given in table 3.2, the potential temperature lift from
crystallization is larger than the observed subcooling.

∆Tcryst = ∆h

cp
= 191J/g

1.4J/gK
= 136K >∆Tsubcool (3.2)

The nucleation temperatures are much more scattered than the maximum temper-
atures. This observation corresponds well to the different natures of an equilibrium
value (melting temperature) and a statistic value (nucleation temperature). As a general
trend, melting and nucleation curves are roughly parallel. The mean subcooling is
about 20 K.
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KF ·4 H2O

The results of the experiments on KF ·4 H2O are shown in figure 3.24. Here, using
isothermal experiments, crystallization was observed only during decompression.
Then, using the isobaric method, this behaviour was found to be due to a negative
inclination of the melting curve.
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Figure 3.24.: Results of the high pressure measurements on KF ·4 H2O. Nucleation tempera-
tures (◦) and maximum peak temperatures (•) are shown.

Similar to the behaviour of CaCl2 ·6 H2O, the melting curve is more distinct than
the nucleation curve. And again, the maximum temperature can be set equal to the
equilibrium melting temperature because of sufficient latent heat:

∆Tcryst = ∆h

cp
= 231J/g

1.84J/gK
= 128K >∆Tsubcool (3.3)
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3.4. Observation of the samples under ultrasonic treatment

3.4. Observation of the samples under ultrasonic treatment

After the determination of nucleation and melting temperatures at static pressure and
temperatures, the samples were exposed to ultrasound, i.e. highly dynamic pressures
and temperatures. The nucleation temperature was determined in a similar way as
described in section 3.2.

3.4.1. Setup and procedure

Setup

An ultrasonic generator type Bandelin GM3100 was used for the observations of the
samples under ultrasonic treatment. The instrument’s sound frequency is 20 kHz and
its maximum power output 100 W. The power output is controllable via the so-called
“amplitude” control that can be adjusted in the range 10%-100%.

A titanium sonotrode (ultrasonic horn) with tip diameter 2 mm was used for the
experiments. In principle, to avoid a metallic surface in direct contact with the sample
material, using a glass sonotrode seemed to be a better option. However, a sonotrode
made of glass is very sensible to the mechanical stress. Some preliminary tests were
carried out with a glass sonotrode, but it broke during the tests. Therefore, in the
experiments reported here, the metallic sonotrode was used throughout.

The setup is sketched in figure 3.25.

US horn

test tube

cooling fluid
sample

sensor

Figure 3.25.: Setup for experiments with ultrasonic treatment.

Glass test tubes as in the static ambient pressure experiments were used here, too.
However, only one sample could be investigated at a time. The horn of the ultrasound
generator was dipped in the sample. A smaller thermostatic bath was used, which
is made of glass and thus allows a direct visual observation of the experiment. A
photograph of this transparent thermostatic bath is shown below in figure 3.27b. The
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3. Experimental work

temperature sensor was fixed on the outer surface of the test tube. The gap between
the test tube and the bath is larger than in the double wall construction used in the
experiments without ultrasound, and an unfixed sensor could easily slip out of the gap
when the sample vibrates by the ultrasound.

In addition, in order to investigate the influence of solved gases on ultrasonic nucle-
ation, a setup similar to that shown in figure 3.25 was installed in a chamber that can
be evacuated, as shown in figure 3.26.

ultrasonic horn

vacuum pumpdata acquisition

test tube

cooling fluid
sample

sensor

glass bell

Figure 3.26.: Setup for experiments with ultrasonic treatment in low pressure atmosphere.

The lower limit of the air pressure in the chamber is given by the vapor pressure of
the sample, because the liquid sample will then start to evaporate, preventing a further
reduction of the air pressure. The evaporation corresponds to a strong cooling of the
liquid from its surface, and can cause the sample to freeze. Then, a solid layer is created
on the sample surface, as shown in figure 3.27a.

Nucleation of the solid by ultrasound results in a very different appearance of the
solid sample: the solid is formed not only on the surface, but all over the sample volume
as seen in figure 3.27b. It is therefore assured that sononucleation was not mistaken
with nucleation by evaporative cooling on the surface.

To avoid freezing by evaporation, an Erlenmeyer flask with some water was put
under the glass bell in the following experiments. As the pressure drops, the water from
the flask will evaporate as well, contributing to an increased humidity in the glass bell
and thus reduce the evaporation of the sample. The liquid surface of the water in the
Erlenmeyer flask is large compared to the sample in the test tube, so the main amount
of evaporated water will be provided by the sacrificial water from the flask.

Procedure

Two different modes were used in the experiments:
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3.4. Observation of the samples under ultrasonic treatment

(a) (b)

Figure 3.27.: A water sample freezes from the surface when the pressure is reduced quickly
below about 50 mbar (a). A sample frozen after insonication has a very different appear-
ance (b).

1. Ultrasound is applied while the sample is kept at a given temperature level (iso-
thermal mode). This mode allows a very clear detection of a possible nucleation
effect of the ultrasonic treatment.

2. Ultrasound is applied while the sample temperature is lowered (dynamic mode).
Like this, the nucleation temperature is determined as in the case without ultra-
sound described in section 3.2. A pulsing sonication is used in order to minimize
the heating effect of the ultrasound.

Before each experiment, the ultrasonic horn was cleaned by operating the ultrasound
with the horn dipped in hot distilled water. In addition, in order to verify the ultrasound
as the cause of any observed phenomena, a number of experiments were carried out
with the ultrasonic horn just dipped in the sample but not vibrating. A degassing of the
sample was carried out by operating the ultrasound before the nucleation experiment
at a temperature T > Tm. The low pressure atmosphere was used to improve the
degassing. Various combinations of pressure and sonication were used as lined out
below in the results section.
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3.4.2. Results

Cavitation threshold

First of all, it was investigated if the ultrasonic treatment indeed causes cavitation
in the liquid samples, and which parameters are relevant. To this goal, isothermal
insonication experiments at temperatures above the melting temperature were carried
out, varying the amplitude of the ultrasound.

Normal pressure For all sample materials, as soon as ultrasound was applied to the
liquid samples, cavitation was observed. Typical cavitation clouds in water for different
sonication amplitudes are shown in figure 3.28.

(a) 0% (b) 10% (c) 30% (d) 80%

Figure 3.28.: The cavitation cloud directly below the ultrasonic horn increases with increasing
amplitude of the ultrasound.

Only for the lowest possible sound amplitude of 10% (of the maximum ultrasonic
generator power of 100 W), cavitation did not occur at once but after some seconds
from the start of insonication. The starting point of cavitation could be easily identified
by a sharply increased noise and the formation of a bubble cloud below the ultrasonic
horn. For higher amplitudes of the ultrasound, the cavitation cloud became larger and
the noise increased. A significant difference in the cavitation behavior of the different
sample materials was not observed.

Low pressure In the low pressure atmosphere, already at low ultrasonic amplitudes, a
strong bubbling of the sample liquid was observed. When insonication was continued,
the bubbling decreased within about a minute significantly. When the sample was
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3.4. Observation of the samples under ultrasonic treatment

exposed to normal pressure after this treatment, cavitation was observed only for
increased amplitudes of at least 40%. Similarly, cavitation by low amplitude ultrasonic
treatment of the degassed sample was observed when the pressure was reduced again.

Sononucleation of Water

For water, the experiments showed that nucleation was clearly improved compared to
the situation without applied ultrasound.

Typical recordings Examples of temperature recordings during dynamic sononucle-
ation experiments of water are shown in figure 3.29.
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Figure 3.29.: Examples of temperature recordings during sononucleation experiments on
water.

The individual pulses of the ultrasound are clearly visible as many small peaks
in temperature as in figure 3.29a. The time interval between the individual peaks
corresponds to the pulsing of the ultrasound. The size of the temperature peaks is
larger for larger ultrasonic amplitude.

In the first example shown in figure 3.29a, subcooling is completely suppressed.
At first, the temperature of the thermostatic bath is slowly falling and the sample
temperature decreases. When the sample reaches Tm at about 7:30 minutes, the peaks
disappear in the signal, and the temperature remains constant. This is when the sample
starts to freeze.

In the second example shown in figure 3.29b, there is some subcooling before the
temperature rises to the melting temperature at about 7:50 minutes. Again, the ultra-
sonic peaks disappear when the sample starts to solidify.
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Evaluation The experiments with ultrasound on water were evaluated in the same
way as the ambient pressure experiments, and are presented in the following histogram,
figure 3.30.

Over 90% of the sononucleation experiments resulted in a nucleation temperature
above −2◦C, i.e. subcooling was reduced to 2 K. Compared to the results of the ex-
periments without ultrasonic treatment, as shown in figure 3.10, this is a very clear
reduction of subcooling. Without ultrasonic treatment, in over 90% of the experiments
a subcooling of at least 9 K (tap water) and 13 K (purified water) was observed.
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Figure 3.30.: Histogram of the nucleation temperatures of H2O, for all 61 runs irradiated with
ultrasound of variable intensity (see below).
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3.4. Observation of the samples under ultrasonic treatment

In figure 3.31, the observed nucleation temperature is plotted separately for the
different ultrasonic amplitudes.
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Figure 3.31.: Nucleation temperatures (•) and their variance (left axis) as a function of ultra-
sonic amplitude for the water experiments at normal pressure. The number of experiments
for each amplitude is marked with the bar plots (right axis).

As a general trend, for the amplitudes lower than 50%, the nucleation temperature is
higher and varies more. However, from about 30% amplitude on, no further reduction
in the nucleation temperature is observed.

To investigate the sononucleation more in detail, a series of experiments were carried
out in the setup where the ambient atmosphere could be varied. With the atmospheric
pressure as an additional parameter, a different graphic representation is required. In
figure 3.32, the results are plotted in a time line graph with the ambient pressure and
the ultrasonic amplitude indicated for each experiment. In the graphs, both data from
dynamic and isothermal experiments are represented, indicated by different data point
markers. The pressure was kept constant at about 80-120 mbar, except for experiments
1 (600 mbar), 2–4 (normal pressure) and 15 (400 mbar). In experiment 15, the pressure
was reduced at constant temperature and insonication until cavitation occurred and
the nucleation was triggered. In all dynamic experiments with irradiation, nucleation
was observed at temperatures higher than 271 K. In all isothermal experiments, nucle-
ation was observed in the temperature range 268 K-271 K, as soon as the ultrasound
was applied. In the experiments without application of ultrasound, nucleation was
observed at about 260 K-262 K.

In summary, subcooling of water was almost completely suppressed when applying
ultrasound of an intensity that leads to cavitation.
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Figure 3.32.: Results of the low pressure experiments on water. The nucleation temperatures
(left axis) of the same 19 dynamic (•) and isothermal (◦) experiments are plotted in two
variants: The bars (rigth axis) indicate the ambient pressures in the upper plot and the
ultrasonic amplitude in the lower plot.
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3.4. Observation of the samples under ultrasonic treatment

Sononucleation of salt hydrates

As described in the section about the cavitation threshold, cavitation was observed in
all three salt hydrates as well as in water. Judging from the high pressure and normal
pressure experiments, sononucleation is most readily expected for CaCl2 ·6 H2O with its
moderate subcooling and comparatively low pressure required to suppress subcooling.
The first experiments on salt hydrates were therefore carried out on CaCl2 ·6 H2O. In
figure 3.33, the result of a series of nucleation experiments on CaCl2 ·6 H2O using
varying ultrasonic amplitudes at ambient pressure are shown.
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Figure 3.33.: The nucleation temperatures of CaCl2 ·6 H2O observed in dynamic experiments
(•, left axis) irradiated with different amplitudes of ultrasound (bars, right axis).

The ultrasound was applied either at half amplitude, full amplitude, or not at all. The
nucleation temperatures vary between 265 K and 283 K. The nucleation temperature
in the third experiment (no ultrasound applied) is very similar to the temperature
observed in the second and fourth experiments (half amplitude). The significantly
higher nucleation temperatures observed in experiments 10-12 and 14 all appeared at
the same ultrasonic amplitude as the more “typical” nucleation temperatures in the
other experiments.

In contrast to the experiments with water, for CaCl2 ·6 H2O there is no correlation
between the ultrasonic irradiation and the nucleation temperature. In any case, an
almost complete suppression of subcooling like in water can be excluded for this
substance.

Second, NaOAc ·3 H2O was investigated. In the high pressure experiments, the nucle-
ation curve of this substance was found to be about 5-10 K below that of CaCl2 ·6 H2O.
First, insonication experiments were carried out at room temperature. Cavitation was
clearly observed, but no nucleation was observed at all. Next, the sample was cooled
under pulsed ultrasonic irridiation. Nucleation was observed at about the regular
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3. Experimental work

nucleation temperature as determined previously. Considering that the cavitation ex-
periments were carried out at room temperature, corresponding to a large subcooling,
a complete suppression of subcooling like observed for water can be clearly excluded
for this substance. In summary, there is no experimental hint that ultrasonic treatment
would change the nucleation temperature of NaOAc ·3 H2O.

Finally, some ultrasonic experiments were performed on KF ·4 H2O. The same pro-
cedure as for NaOAc ·3 H2O was carried out. Again, cavitation was observed readily,
but no improved nucleation.

In summary, for all three salt hydrates, there was no clear effect of the ultrasonic
treatment on subcooling observed. While this does not strictly mean that any effect
whatsoever is experimentally excluded, a possible effect is small and not usable to
efficiently nucleate the salt hydrates at low subcooling.
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3.5. Determination of the speed of solidification

3.5. Determination of the speed of solidification

The speed of solidification, or speed of crystal growth, is a key parameter in the nucle-
ation theory. For crystallization from solutions, the speed of solidification is governed
by diffusive processes. For the salt hydrate samples, the solidification however does
not involve concentration gradients or long-distance diffusion. Therefore, the determi-
nation of the speed of solidification is comparatively simple for these materials.

3.5.1. Setup and procedure

Setup

The observation of the moving phase front in a solidifying salt hydrate can be detected
visually or thermally. While the visual contrast between solid and liquid phase is low,
particularly in the case of KF ·4 H2O, the release of heat during the solidification leads
to a well-detectable thermal contrast between the two phases. Initial experiments using
a line of thermocouples to observe the moving phase boundary were troublesome, be-
cause the setup was difficult to clean from nucleation sites. Therefore, a setup without
direct contact between sensors and sample was preferred and realized with an infrared
(IR) camera. A high speed, high temperature resolution IR camera was available at ZAE
Bayern, division 3 in Erlangen. In figure 3.34, the setup of the experiment is sketched.

IR camera

sample in petri dish

copper plate
connected to thermostatic bath

Figure 3.34.: Setup of the solidification speed experiments. The liquid sample is placed in a
petri dish on a copper plate. A seed crystal is added to trigger crystallization. The movement
of the phase boundary can be clearly observed with a highly sensitive infrared camera.

The instrument used is a model Taurus 110K SM pro, manufactured by IRCAM GmbH,
Erlangen. The typical temporal resolution is about 1 ms, the temperature resolution
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3. Experimental work

is about 20 mK. The camera is mounted in vertical position above a temperature
controlled, blackened copper plate.

Procedure

The sample is heated well above the melting temperature, poured in a petri dish, and
placed on the copper plate. The sample in the dish is let stand for a while, allowing
to adapt the temperature of the copper plate, which is controlled to a temperature
level below the melting temperature of the sample. Next, a seed crystal is placed in
the center of the subcooled sample. The subsequent spreading of the solid phase is
monitored and registered.

3.5.2. Results

Based on the video registrations, a qualitative analysis of the solidification process, as
well as a quantitative analyzsis of the speed of solidification was done. For brevity, not
all experiments are represented with images in this section. A complete set of images is
provided in the appendix in section B.6.

General observations

The phase front for experiments with initial strong subcooling is smooth, while for
little subcooling, the solid phase grows in needles. This general trend was observed for
all materials, but was found most distinct for KF ·4 H2O.

NaOAc ·3 H2O Exemplary images of NaOAc ·3 H2O are shown in figure 3.35. The solid
phase forms a smooth circular area when triggered at strong subcooling as in fig-
ure 3.35a. Nucleation at less subcooling leads to the develepment of a more complex
phase front as in figure 3.35b.

In addition to the measurement of the solidification speed, a remarkable effect was
observed in one experiment shown in figure 3.36: Cooler liquid material at the rim of
the petri dish is nucleated when a needle growing in the dish plane reaches the rim.
Then, a halo-like structure is formed as the phase front proceedes alongside the rim of
the petri dish.
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(a) 28 K subcooling
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Figure 1.16: Stills from an IR camera recording of solidifying sodium acetate trihydrate

18 September 28, 2007- 13:17h

(b) 4 K subcooling

Figure 3.35.: IR-images of solidifying NaOAc ·3 H2O showing different shapes of the phase
front for different initial subcooling.
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(b)

Figure 3.36.: In some cases, cool liquid NaOAc ·3 H2O at the rim of the petri dish was nucleated
by a growing needle, and forms a halo-like structure.
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CaCl2 ·6 H2O Exemplary images of CaCl2 ·6 H2O are shown in figure 3.37. Already for
nucleation at the largest subcooling shown in figure 3.37a, the formation of needles can
be observed, but the needles are clearly enveloped in a circular shape. The space be-
tween the needles becomes wider with decreasing subcooling, as shown in figure 3.37b.
For nucleation at small subcooling shown in figure 3.37c, single needles can be clearly
identified, and the general shape of the phase front is no longer circular.
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Figure 1.19: Stills from an IR camera recording of solidifying calcium chloride hexahydrate,
sample 3.

September 28, 2007- 13:17h 21

(a) 19 K subcooling

LWSNet – PN 101205 – AP2.5.1                   LWSnet_IR-Kamera_ZAE3_2-CaCl.doc 
28.9.2007  12:24 

 4

CaCl2_Probe04_every8frame.avi – bei etwa 15°C 

   

   

   

Figure 1.22: Stills from an IR camera recording of solidifying calcium chloride hexahydrate,
sample 4.

September 28, 2007- 15:27h 21

(b) 14 K subcooling
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Figure 1.18: Stills from an IR camera recording of solidifying calcium chloride hexahydrate,
sample 1.

20 September 28, 2007- 13:17h

(c) 5 K subcooling

Figure 3.37.: IR-images of solidifying CaCl2 ·6 H2O for different initial subcooling.

KF ·4 H2O Exemplary images of KF ·4 H2O are shown in figure 3.38. For nucleation at
moderate subcooling shown in figure 3.38a, forming needles enveloped in a circular
shape are observed as for CaCl2 ·6 H2O. At less subcooling as shown in figure 3.38b,
the single needles become more distinctive. The tip speed of the individual needles is
found to vary considerably.
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Figure 1.24: Stills from an IR camera recording of solidifying potassium fluoride tetra-
hydrate, sample 1.

26 September 28, 2007- 13:17h

(a) 8 K subcooling
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Figure 1.25: Stills from an IR camera recording of solidifying potassium fluoride tetra-
hydrate, sample 2.

September 28, 2007- 13:17h 27

(b) 3 K subcooling

Figure 3.38.: IR-images of solidifying KF ·4 H2O for different initial subcooling.
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3.5. Determination of the speed of solidification

Speed of solidification

Using a series of still images for each experiment, the speed of solidification was
determined as follows: The front position of the solid phase was determined for each
image. The distance was related to the time span between two images. It was found
that the speed was rather stable during one experiment, and this speed was attributed
to the copper plate temperature. Due to the high resolution in time of the IR camera,
the uncertainty of the speed depends on the determination of the phase front location
only. The progress of the solid phase was determined at different locations of the phase
front in order to estimate the error of this variable. The sample bulk temperature was
assumed to be equal to that of the copper plate within 1 K.

In figure 3.39, the results of the three salt hydrates are shown. For a better comparison
of the substances, the degree of subcooling was chosen as ordinate, referring to the
literature value of the melting temperature.
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Figure 3.39.: Comparison of the speed of solidification for the three salt hydrates.

KF ·4 H2O stands out with an extraordinary fast solidification. CaCl2 ·6 H2O and
NaOAc ·3 H2O show a much slower speed of solidification. Glass forming effects, i.e.
slower crystal growth for large subcooling, was not observed for any sample substance
in the investigated temperature range.
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4. Discussion

In this chapter, sononucleation of salt hydrates is discussed based on theory and
experimental work as described in the previous chapters. First, a critical discussion
of the limits of nucleation theory and experiments with respect to sononucleation of
salt hydrates is given. Then, the results of the experiments carried out in this work
are confronted with literature data and predicitons from theory. Finally, possible
explanations for the experimental observations are discussed, and new insights in
sononucleation of salt hydrates are summarized.

4.1. General limitations of theory and experiment

The current state of knowledge of nucleation phenomena as introduced in section 2
certainly is not complete and leaves several open questions. These open questions
are partly due to a lack of theoretic understanding, and partly due to experimental
limitations. These weak points and their relevance with respect to sononucleation of
inorganic PCM are discussed in this section.

4.1.1. Small clusters and the early stage of nucleation

The basic idea of nucleation by pressure is that a nucleus which is subcritical at nor-
mal conditions turns supercritical under changed pressure and thus grows during
a pressure pulse. When the pulse is over, and the nucleus has grown enough to be
now supercritical even at normal conditions, it can continue to grow and macroscopic
solidification was triggered. The properties of subcritical nuclei and the kinetics of
early nucleation are therefore crucial in order to determine the time span of the pulse
which is required for successful nucleation.

Role of subcritical nuclei in sononucleation

Nucleation theory puts its focus on the critical nucleus, but for dynamic problems such
as sononucleation, also the size distribution and properties of subcritical nuclei is of
major importance. This is motivated using an illustration as follows.

In figure 4.1, the nucleation barrier is sketched for two different sets of boundary
conditions (i.e. different temperatures or pressures). A nucleus that is subcritical
under the first state becomes critical under the second state, if its radius ra is in the
range rcrit,2 < ra < rcrit,1. If the nucleation barrier is changed because of a changed
temperature, also the cluster size distribution is changed. Instead, if the nucleation
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Figure 4.1.: A nucleus of radius ra where rcrit,2 < ra < rcrit,1 is subcritical with respect to state 1

but supercritical with respect to state 2.

barrier is changed because of a changed pressure, this does not have an impact on the
cluster size distribution. Then, the initial size of a nucleus before the pulse is decisive
with respect to its further development.

Simplified scenario In a simplified scenario assuming a rectangular pressure pulse,
during a time span ∆t = t2 − t1 the nucleation barrier changes its shape form state 1 to
state 2, as sketched in figure 4.2.
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us Figure 4.2.: A simplified rectangular pulse.

Depending on the initial cluster size and the length of the pulse, three possible
reactions of a subcritical cluster to this pulse exist, as sketched in figure 4.3:
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Figure 4.3.: Possible reaction of the cluster size to a pulse in boundary conditions as sketched
in figure 4.2.
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4.1. General limitations of theory and experiment

(a) The cluster becomes supercritical during the pulse of state 2 and growths to a size
that is supercritical with respect to state 1. Then, it can continue to grow after the
pulse: successful nucleation.

(b) The cluster becomes supercritical during the pulse of state 2, but does not reach
a supercritical size with respect to state 1 during the pulse. After the pulse, the
cluster is again subcritical and will not grow further: no nucleation.

(c) The cluster is too small to become supercritical during the pulse of state 2. The
pulse has no effect on the cluster: no nucleation.

In order to judge what situation is present, the pulse width ∆t , the speed of growth
during the pulse, and the initial size ra have to be known. Therefore, information
about the subcritical clusters and their growth to supercritical clusters is important to
quantitatively describe the process of sononucleation.

More realistic scenario In a more realistic scenario, the situation is more complicated.
Due to the different transmission speeds of pressure and heat, the temperature pulse
which is caused by compression is not synchronous with the pressure pulse. Thus,
even assuming a rectangular pressure pulse, the change in the boundary conditions
(T, p) is not rectangular as sketched in figure 4.2. Instead, pressure p, temperature T
and critical radius rcrit change in a different way, for example as sketched in figure 4.4.

p
T

rcrit

time

Figure 4.4.: In a more realistic scenario, also the temperature changes during a pressure peak.
Thus, the critical radius shows a different form than in the simplified sketch above.

The critical radius now shows a different peak form than in the simplified situation.
It is reduced most during the first moment of the pressure peak, where the tempera-
ture has not yet increased much. This negative peak is only possible if the pressure
transmission is faster than the temperature transmission. Later, the value of the critical
radius depends on the reached temperature and pressure values, it might be similar
that in the simplified scenario, or it might as well be larger than the critical radius at
the initial conditions. Considering that the time span of a cavitation pressure peak is
in the range of some µs, and that the critical radius changes constantly during this
peak time, one important question is how fast the energetic distribution will adopt
to a change in temperature and pressure. In fact, the Boltzmann equation describes
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a thermodynamic system in equilibrium, and thus makes no statement about time
scales. While statistic thermodynamics explains the general concept, it is thus highly
doubtful that it will provide detailed information about a sononucleation process.

Properties of small clusters

Clusters are treated in theory as very small solid particles. However, due to their small
size, the assumption of spheric clusters with properties equal to a bulk solid phase
is not strictly correct. Particularly for very small clusters of just a couple of particles,
the assumption of bulk solid properties must be a rough approximation. For small
agglomerates, the bulk values for interface and volume energies are most certainly
far from appropriate. Also, the assumption in equation (2.17c) relies on a constant
density even for small nuclei – a concept that hardly holds for a tiny solid phase.
In a comparative study confronting experiment and theory, the assumption of size-
independent properties used in classic nucleation theory was found to fail in describing
experiments carried out on a group of glass-forming liquids [29]. Considering the
complex processes of solidifying salt hydrates, similar problems have to be expected
for this group of materials.

Establishment of the cluster size distribution

Nucleation theory gives a concise explanation why clusters of at least critical radius
grow spontaneously. However, how are the subcritical clusters formed, and how is the
cluster size distribution established? These questions are important when considering
a very short pulse in pressure and temperature, that is, in nucleation barrier and
energy distribution. The kinetics of the system’s reaction to a change in temperature is
therefore a key factor in sononucleation.

B The most popular explanation is growth from zero, i.e. two individual particles
meet and form a two-particle cluster, a next particle attaches and so forth until the
critical nucleus is formed. However, this would require a tremendous energetic
effort for the first two particles.

B Another option is a simultaneous collision of Ncrit particles with enough energy to
form a critical nucleus. The total energy needed is E ≥ E (Ncrit), which corresponds
to a mean energy e ≥ E(Ncrit)/Ncrit. From the energy distribution function, the
fraction of suitable particles from the whole volume can be determined. In that
case, Ncrit of those particles have to meet simultaneously in one place. This is
possible only for very small nuclei that consist of a few individual particles, or for
a nucleation barrier that corresponds approximately to the mean energy.

B Taking account of curvature effects, it was shown in section 2.1.2 that small
subcritical clusters are stable. From these clusters, in fact only some would suffice
to form a critical nucleus: A collision of clusters might correspond to a “hop over
the barrier” instead of taking it slowly over the peak by single-particle attachments.
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In such a scenario, it is however most important that the clusters and the nucleus
have the same structure of the solid and can join without creating an internal
interface.

Nucleation rate in theory and experiment

The exact value of the nucleation rate is clearly a weak point of nucleation theory. In a
recent publication, Perez et al. [143] discuss different approaches to model precipita-
tion in solids with the help of the nucleation theory. As to the kinetics of nucleation,
they summarize that “many expressions for the condensation rate β∗ can be found in
the literature, none of them being supported by a clear justification.” In this section,
possible explanations for this discrepancy are presented.

Solidification and heat transport Temperature must be a major parameter for the
cross section of attachment, because vibrations and mobility play a key role. How does
the temperature of a critical nucleus of N particles evolve, when the nucleus starts
growing? Everything depends on heat transport.

B Considering a case with instantaneous unlimited heat transport, energy set free by
the first particle attaching to the critical nucleus is absorbed by the surrounding
(infinite) liquid without heating it up. The temperature and the nucleation barrier
are unchanged, the nucleus of N +1 particles is supercritical, and it keeps growing
without any complications. In this case, the only limiting factor of solidification
speed is the attachment rate of the particles to the solid surface.

B In a case without heat transport, the energy set free by the first particle attach-
ing to the critical nucleus is slightly raising the temperature of the surrounding
liquid. The shape of the nucleation barrier is adjusted to this new temperature,
that means the maximum of the barrier is shifted toward larger nuclei and the
inclination of ∆G for supercritical nuclei is reduced. Depending on the exact
relation between temperature induced change in nucleation barrier and tem-
perature change of the system, the present cluster of N +1 particles may still be
supercritical or now subcritical. In any case, sooner or later, the temperature
will rise to the melting temperature where the nucleation barrier is continuously
rising and no further growth of the nucleus is possible. The growth is stopped
thermally; macroscopic solidification cannot take place without heat transport.

Growth of the critical nucleus and macroscopic growth During the very first steps
of nucleation, the situation is almost isothermal with T = Tn < Tm. This situation
cannot be realized in a macroscopic experiment; this is illustrated in figure 4.5. In a
macroscopic situation, the phase interface is near to flat. This corresponds to a large
exothermic effect of every attaching particle, because the surface area is unchanged and
only the volume term in equation (2.13a) applies. Then, to keep the phase boundary
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+ +

(a) microscopic

+ +

(b) macroscopic

Figure 4.5.: The integration of a new particle into the growing solid has an impact on the
surface energy in a microscopic but not in a macroscopic configuration.

at a constant temperature where T < Tm, the latent heat has to be removed. In order
to avoid mechanic disturbance at the phase boundary, the heat removal can only
be done via heat conduction through the sample material itself. Then, the material
parameters and the available thermal gradient are determining factors for the heat
flux. The gradient is influenced by boundary conditions at the sample surface or heat
exchanger interface, and the sample geometry. During solidification, the heat transfer
path continuously changes and is a priori unknown. Therefore, a heat exchanger
control assuring constant temperature at the phase boundary is not possible. Even if
the boundary movement were known, the temperature transport via heat conduction
is limited and could probably not cope with the generated heat, at least for fast growing
solids.

In summary, an experimentally observable growth speed is not the same as the
speed that applies for early stages of nucleation. Can an experimental value at least
be used as an upper or lower limit? As lined out above, the attachment of salt hydrate
molecules to the solid phase requires the correct orientation of the molecules and a
restructuring of the hydrate hull. Whether the correct orientation for integration into
the solid is reached faster for high temperatures (better mobility of the constituents) or
for lower temperatures (less vibrations and higher sensitivity to local potentials) is hard
to decide in theory. Therefore, it is very risky to make a statement whether macroscopic
or microscopic growth is faster.

4.1.2. Application of nucleation theory to solidification of inorganic PCM

The application of nucleation theory to solidification of inorganic PCM, i.e. to the
solidification of a complex liquid which is associated with a high phase change enthalpy,
is particularly difficult, as lined out in this section.

Thermodynamic statistics of liquid salt hydrates

Statistic thermodynamic theory can be readily applied to ideal gases, where small
particles interact by elastic collisions only. As to liquid salt hydrates, different particles
with different interactions have to be considered.
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Internal and kinetic energies The role of internal energy in nucleation theory shows
an important difference dependent on the phase change under consideration. In the
thermodynamic description of the phase change, the change in enthalpy ∆h is the
main variable. In a system of constant number of particles N = const, the differential
of the specific entropy is

ds = 1

T
du + p

T
dv (4.1a)

For an isobaric, isothermal phase change, it follows with equation (2.4)

∆h =∆u +p∆v (4.1b)

Because of
∆vliq−sol ¿∆vgas−liq (4.1c)

and
∆hliq−sol .∆hgas−liq (4.1d)

the change in internal energy ∆u plays a much more important role in solidification
than in condensation phase changes. In general, PCM are selected for their excep-
tional high value of ∆h. The change in internal energy corresponds, in the case of salt
hydrates, to a rearrangement of the hydrate hull, i.e. a dehydration of ions, a reduc-
tion of the coordination number, and/or a “depolymerization” of coordinated water
polyhedrons, followed by the arrangement in the crystal lattice. Compared to this,
the liquid / gaseous phase change is simply characterized by a mere change in mean
intermolecular distance. In summary, structural effects are exceptionally important
in solidification of PCM compared to most other phase changes. A simplification or
negligence of structural effects in nucleation theory may not show significant effects
for most materials, but could have serious consequences for salt hydrates.

The energetic distribution function The initial configuration of a subcooled system
before nucleation occurs is generally described by the Boltzmann distribution func-
tion as in equation (2.19) in nucleation theory. While this seems to be the generally
accepted approach, a quantitative application to nucleation of salt hydrates is not
directly possible.

B First of all, what kind of particles are considered? For salt hydrates, this is not
trivial. In the liquid, hydrated ions, ions and water molecules could play a role.
Probably a liquid salt hydrate is a mixture of various kinds of particles that attach
and detach continuously. How is this reflected in the form of the nucleation
barrier?

B Second, what are the degrees of freedom in a subcooled salt hydrate? The degrees
of freedom are required for a quantitative evaluation of the Boltzmann distribu-
tion function. From thermodynamic theory, there is no consistent explanation
of the degrees of freedom in a liquid. In addition, different kinds of particles as
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lined out above could have different degrees of freedom. The movement of the
particles in a liquid salt hydrate is surely not well described by elastic collisions,
that are applied for an ideal gas, but different particle-particle interactions and
respective potentials apply.

B A third major problem is that the distribution function applies to equilibrium ther-
modynamics only, and does not include information about time scales. As lined
out above, the time required for the establishment of the particle size distribution
is however an important parameter in sononucleation.

Attachment rate in salt hydrates Classical nucleation theory provides solutions for
diffusion or attachment controlled growth. In the case of salt hydrates, the chemical
composition of the solid and liquid phases is the same, and also the density of the two
phases is similar. Therefore, no depletion region is created around the growing nucleus,
and diffusion limited kinetics can be ruled out. Theories developed for precipitation
problems are therefore not appropriate for solidification of PCM. The other group of
problems which are well-established in nucleation theory are condensation processes.
Here, the attachment of the particles to the forming nucleus is the step that determines
the kinetics. The most simple idea of attachment is full absorption, that means every
particle that touches the nucleus is integrated into it. This can be a valid simplification
for the condensation from the gaseous phase, but for solidification, the orientation of
the molecules has to be considered, too. A theoretical derivation of the cross section of
the interaction nucleus - particle is thus not reliable for salt hydrates, and experimental
data is missing.

4.1.3. Interpretation of nucleation experiments

In nucleation and sononucleation experiments, the setup and the experimental con-
ditions are very important. Even static nucleation experiments, where “static” refers
to nucleation at almost constant boundary conditions, are difficult to carry out and
analyze. Depending on the intention of the experimenter, nucleation experiments
differ considerably and deliver different information. Contradicting results of static
nucleation experiments can be explained fairly well by the influence of heterogeneous
nucleation sites and kinetic effects. As to sononucleation experiments, often even more
fundamental questions are not clarified. In particular, “successful sononucleation” can
refer to quite different situations.

Consistency of experimental values with theoretic models

When comparing experimental data of different setups or research groups, as well as
with respect to theoretic predictions, in general there is no convincing agreement.

Many works in literature line out that a prediction of the nucleation rate from the-
oretic considerations is not successful, while others claim good agreement of experi-
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mental and theoretic data. In his recent review of nucleation experiments in protein
solutions and colloidal suspensions , Sear states vaguely that if “the nucleation barrier
[...] is many kT , then homogeneous nucleation will be slow” [53]. As to the nucleation
of water, Hobbs [144, page 465] argues that “it is not possible to obtain an accurate
estimate of the nucleation rate [...] due to the fact that the magnitudes of several of the
parameters [...] are not known with certainty.” The high sensitivity of the predictions
made by nucleation theory with respect to input parameters is thus believed to be the
cause of a disagreement between experimental and theoretic data. From one point of
view, this high sensitivity may lead to the false impression that the theory fails, when
the uncertainty of the input parameters is underestimated [145]. From another point of
view, nucleation experiments are considered a sensible tool to check thermodynamic
data used as input parameters in theory [146]. In more detail, the discrepancy between
theoretic and experimental data can be understood when considering the concepts of
homogeneous / heterogeneous and kinetic / thermodynamic nucleation temperatures.

Homogeneous and heterogeneous nucleation While most theoretic works on nucle-
ation focus on homogeneous nucleation, experimental works rather deal with het-
erogeneous nucleation. On the one hand, the experimental determination of the
homogeneous nucleation temperature faces many difficulties. On the other hand,
the theoretic description of heterogeneous nucleation suffers from a lack of available
data input, e.g. a theoretic prediction of the nucleation activity of heterogeneities is
currently not possible [17, 77]. In this situation, theoretic predictions for real systems
are not reliable, and an experimental validation of theory is possible only in exceptional
cases. This is due to two main experimental limitations.

B First, a very high purity of the sample needs to be given, because any impurity
can potentially act as nucleation site. If a filtering or other purification of the
sample results in a lower nucleation temperature, it is clear that heterogeneous
nucleation agents were removed by the treatment. If however a filtering does not
lead to a further depression of the nucleation temperature, all that can be deduced
is that no active substances were filtered, and agents may still be present. Also,
recrystallization as used in the Czochralski and float zone purification processes,
is not suitable to remove finely dispersed nucleation agents from a sample.

B Second, any surface can potentially act as a nucleation site. Levitation techniques
can avoid contact to a solid container surface, but still the interface between drop
and surrounding gas is a potential nucleation site. For salt hydrates, levitation
techniques are even less suitable, because the missing containment can lead to a
change in the water concentration of the sample.

A commonly used technique to approach homogeneous nucleation is to observe the
sample material in an emulsion. Heterogeneous seeds are isolated in a few droplets
and thus the majority of droplets contains no seeds. The droplet surface is supposed
not to act as a crystal seed as it does not offer a template for the crystal structure. There
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are however two problems with this technique.

B First, the high specific surface and high curvature could influence the formation
of clusters. The substance surrounding the droplet is not actively favoring nu-
cleation, but it clearly rearranges the molecules of the sample substance at the
surface, compared to a situation in the bulk. If surfactants are used to stabilize
the emulsion, there is obviously some modification of the surface.

B Second, the small separated volumes change the nucleation statistics. Crystal
growth is restricted to the volume within each droplet. The nucleation rate
therefore has to refer to a supercritical nucleus per droplet, which is much more
than the commonly used one nucleus per ml.

A recent study by Schmid [147] has shown that subcooling in hexadecane emulsions is
much stronger than in macroscopic hexadecane samples, and that the surfactant has a
significant influence on the nucleation temperature.

Real homogeneous nucleation therefore is rather to be considered a theoretic con-
cept, and in reality, even carefully designed experiments will be influenced by some
sort of heterogeneity. What can be done experimentally is to quantify the influence
of varied system parameters with respect to a reference situation on the nucleation
process. In this work, the influence of sonic treatment was to be investigated. Literature
values of nucleation temperatures were used to chose suitable sample materials, but for
the evaluation of a possible ultrasonic effect, reference data was acquired in dedicated
experiments.

Kinetic and thermodynamic nucleation temperature A second important issue is to
distinguish between kinetic and thermodynamic nucleation temperatures. As lined out
in section 2.1.3, nucleation theory rather defines a nucleation rate than a nucleation
temperature. The nucleation temperature is commonly defined as the temperature
where a nucleation event will occur within a reasonable observation time, i.e.∫ tobservation

t0

j (Tn,τ)dτ≥ 1 (4.2)

The nucleation temperature Tn therefore refers to an isothermal situation, and is
dependent on the sample volume and the observation time.

B If an experiment is carried out dynamically, i.e. a variation of the temperature
or other system parameters is done continuously, the observed nucleation tem-
perature is called the kinetic nucleation temperature. The observation time for
one state of the system is very short in that case. A precise measurement of the
boundary conditions, under which the nucleation was observed, may be difficult
in dynamic setups, too. The main parameters in dynamic setups are the cool-
ing rate and sample geometry, that should always be reported together with the
results of the experiments.
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B To achieve a longer observation time, a variation of the system parameters can
be done stepwise. After an initial adaption time, thermodynamic equilibrium is
obtained for each step, and the observation time of one state can be prolonged
as desired. In this case, the resulting nucleation temperature is called the ther-
modynamic nucleation temperature. Here, the step size and the waiting time are
important parameters.

In order to evaluate results from different experimental setups, it is important to have
precise information regarding the dynamics of the experiment, in addition to sample
purity and sample size. What kind of measurement is suitable to generate useful
data strongly depends on the intention of the experiment. If theoretic values shall
be verified, a thermodynamic measurement is commonly chosen. If some practical
questions of solidification shall be answered, a kinetic measurement is usually more
straightforward. However, if the dependency of temperature is much stronger than the
dependency of time, a dynamic measurement may be advantageous compared to a
step measurement also in theory oriented works. To summarize, some experimental
data of the nucleation temperature is available for most materials, but of very different
usefulness.

Is reported sononucleation really about nucleation?

From the literature on nucleation experiments as presented in section 2.2, a deep
doubt remains on whether all claimed observations of sononucleation really are cases
of nucleation triggered by ultrasound.

Doubtful diagnosis Particularly for nucleation from solutions and nucleation of PCM,
in fact rather improved solidification was the main focus of the works, and a distinction
between nucleation and solidification was omitted in many cases.

B The study by Miyasaka et al. [115] claimed successful sononucleation of
Na2HPO4 ·12 H2O. However, the reported faster heat release during solidification
is a strong hint for improved crystallization. Supercritical nuclei could be small
enough to pass the visual detection system, which is used to identify nucleation,
unseen. Then, the acoustic streaming may enhance diffusion in the supersatu-
rated sample, causing a rapid growth and thus the detection of nuclei that were
already previously present. Ultrasound could act by effective mixing, thus improv-
ing heat transfer and supporting growth of the stoichiometric solid. The provision
of localized energy is not a convincing explanation of nucleation, as lined out
above in section 2.1.4.

B The study by Matsuda et al. [118] reports a reduction of subcooling in erythritol
from 60 K without treatment to about 23 K with ultrasonic treatment. The mecha-
nism that leads to this enhanced nucleation is described as “by acoustic streaming
and the propagation of sound pressure, etc.”, a statement that is strikingly blurry.
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Also, the sonication experiments were carried out in a dynamic setup, and no
isothermal tests were done to confirm the nucleation temperature. The necessary
subcooling for sononucleation to work is still remarkable. Also, erythritol is an
exceptional PCM, that forms two solid phases with close melting temperatures
[148]. These two phases must have two distinct interface energies with the liquid.
It is possible that one phase is preferred for small clusters, while the other is
preferred for larger agglomerates. If the ultrasound leads to a disruption of the
clusters of the first phase, this could allow the formation of nuclei of the second
phase, and finally crystal growth. This would explain to some extend the needed
subcooling, but is a very speculative suggestion.

What could apparent sononucleation really be? By definition, nucleation is the cre-
ation of supercritical nuclei. If crystal growth is very slow or hindered, for example
by temperature or concentration gradients, then a subcooled but already nucleated
melt may have the appearance of a non-nucleated melt. Small supercritical nuclei may
remain undetected. In such a situation, ultrasonic treatment may seem to “nucleate”
the solid phase, although it does not. Figure 4.6 illustrates the following thoughts.

(a) (b)

Figure 4.6.: Solidification can be improved by ultrasonic disruption of crystallites and reduction
of gradients; see text.

B Some substances have very different growth speeds of their different crystal faces,
with the slowest growing faces constituting the surface of a growing crystal. In
such a case, violent mixing may disrupt the small supercritical nuclei, generating
new, quickly growing crystal surfaces. As a consequence, a larger amount of the
sample solidifies and the solidification finally becomes detectable.

B A second mechanism is possible for solutions, where ultrasonic mixing of the
bulk liquid may very efficiently reduce concentration gradients and like this favor
solidification.

B Third, thermal gradients in the bulk liquid can block crystal growth, consider-
ing that the speed of solidification is a function of temperature. These thermal
gradients can be efficiently reduced by ultrasonic mixing, too.
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How can real nucleation clearly be identified? In order to assure that improved solidi-
fication is not mistaken for nucleation, two easy tests can be carried out that indicate
problems in crystal growth and thus potential for improved solidification.

B If the sample is kept for a long time at constant conditions, also slowly growing
crystals will eventually reach a dimension where they are detectable.

B If solid seeds of the sample substance are added to the subcooled melt, and no
macroscopic solidification is observed, this is a clear indication of blocked crystal
growth.

Unfortunately, these tests were not carried out in all reported sononucleation experi-
ments, in particular those on PCM [118]. For the sample substances used in this study,
a quick solidification was observed in the experiments as described in section 3.5, and
hindered growth can be excluded at least on a macroscopic level.

Sononucleation and cavitation

Does sononucleation only happen when cavitation is present? In a patent concerning
sononucleation of organic materials, in particular fats, successful sononucleation even
in the absence of cavitation is claimed [120]. The authors explain that cavitation should
be avoided because it is suspected to change the taste of the fat due to sonochemical
reactions. But then, “no cavitation” is not to be understood as a strict concept of
no cavitation at any time, but rather little production of bad taste during the whole
treatment. The overwhelming majority of literature on sononucleation agrees that in
fact cavitation is necessary for sononucleation to occur.

Can nucleation by a pressure pulse be studied separately? In order to better under-
stand sononucleation, it would be very helpful to generate a high pressure pulse in
a subcooled sample with a different method that does not involve cavitation. This is
however not possible. Each shock wave involves a high but also a low pressure period.
During this low pressure period, cavitation inevitably will occur as soon as the cavi-
tation threshold is undercut. Therefore, the cavitation threshold also limits the peak
pressure that can possibly be applied to a liquid without the occurrence of cavitation.
The secondary pressure peaks caused by cavitation are generally much stronger than
the primary pressure peaks which cause cavitation. A controlled variation of the pulse
regarding peak pressure and pulse width is therefore not possible for pressures beyond
the cavitation threshold. The pressures required for a significant change in melting
temperature are by orders of magnitude larger than the cavitation threshold in the
investigated substances. Two potential approaches are not viable in this case:

B Properties of the sample substance such as viscosity or surface tension could be
varied with additives in order to achieve higher cavitation thresholds or different
pressure peaks during cavitation bubble collapse. These additives would however
at the same time change the nucleation temperature and crystal growth kinetics.
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B A very acute temporal detection of the primary and secondary pulses and the first
appearance of supercritical nuclei could allow to identify the cause of nucleation.
This is however very difficult in experiment, in particular as to the detection of
just supercritical nuclei in a highly dynamic setup.
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4.2. Discussion of new experimental data from this work

In this section, the results of the new experiments are discussed with respect to lit-
erature, theory, and consistency among the different methods. First, general issues
that apply to all experiments are adressed. Next, the high pressure experiments are
discussed in detail, including an estimate of uncertainty, a comparison to literature
data and theory, and practical implications of the results. Some light is shed on the-
oretic limits and experimental hints of low pressure nucleation. Then, the dynamic
experiments are addressed and overall conclusions are drawn.

4.2.1. General issues

In this section, issues common to all experiments are addressed. Time scales in nucle-
ation experiments, influence of sample composition, interfaces and sample mass are
discussed. In addition, a comparative analysis of statistics in nucleation experiments
as presented here and in literature is given.

Time scales

The time scales involved in a phenomenon to be investigated determine the experi-
mental effort, such as to stabilize boundary conditions or to measure thermodynamic
data. For a given setup of a nucleation experiment, the macroscopic solidification
speed has an important impact on the experimental precision, as do the temporal
characteristics of cavitation and nucleation.

Macroscopic solidification speed For subcooling of 5 K or more, typical solidification
speeds are in the order of mm/sec for all substances. When coming close to Tm, the
speeds slow down very much for all investigated samples. A slower crystal growth for
strong subcooling was not observed in the investigated temperature range, i.e. glass
forming effects are not expected to be of any relevance. The macroscopic structure of
the solidified sample was found to give clear indication of the crystallization speed:
larger crystallites were formed during slow crystal growth, while for fast grown solids,
the general appearance was more uniform and only small crystallites were formed.
This observation is helpful to understand what happens during the high pressure ex-
periments, where no direct visual observation was possible due to the opaque sample
container. In the pressure signal, an “instant” pressure drop was observed after nucle-
ation, i.e. the scanning rate of the sensor could not resolve the speed of the pressure
change. Similarly, the temperature signal did not resolve the temperature change
neither. After the experiment, the solid sample was examined outside the container.
The structure was similar to that of the quickly crystallized samples from the ambient
pressure test tube experiments. This observation suggests strongly that nucleation
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took place quickly and at large subcooling, i.e. it can be assumed that the sample was
completely solid after a few seconds at most.

In summary, for the investigated substances, crystal growth from the subcooled melt
is fast. There are no hints that the speed of solidification is substantially different at
high pressures or that the speed is reduced for very strong subcooling. One important
consequence is that a nucleation event happening unnoticed is practically out of the
question. A second consequence is that the time span between the very first nucleation
and the detection of it is very small. Thus, the detected (macroscopic) nucleation tem-
perature and pressure correspond well to the values during (microscopic) nucleation,
as long as at least a moderate scanning rate is used for the measurements. A high
experimental effort to precisely stabilize boundary conditions is therefore not required.
Of course, the situation is different for a cavitating liquid.

Cavitation and nucleation A second observation about time scales can be drawn from
the ultrasonic experiments. The time span observed between the start of insonication
and the first observation of cavitation was about 0.5 seconds or less in most cases, and
up to a few seconds in some few cases. As a tendency, the latter cavitation onset was
observed for low powers of the ultrasonic generator. Once cavitation developed in
the liquid, it was observed without interruption during the insonication. The general
impression was that the time span before cavitation onset is rather stochastic and no
systematic relation could be established. The time span between cavitation onset and
nucleation (in configurations where nucleation was observed at all) was very short in
all cases, i.e. instantaneous within the precision of measurement. A heating of the bulk
volume by the ultrasonic power is therefore not expected.

Sample composition

The uncertainty in the sample composition and its expected and observed impact on
nucleation is summarized and discussed in this part.

Uncertainty in sample composition The salt hydrates that were used in this study were
obtained from chemical companies and were sold as “analytical grade” materials. The
declared impurities of less than 0.01 % are mainly different salts. The nucleation activity
of those impurities is a priori unknown. Therefore, material from one lot of one supplier
was used throughout all experiments for each substance. In PCM literature, impurities
are usually not specified in detail. A comparison of the results to literature data can only
be a rough estimate. Water was used as tap water and purified tap water. The purified
water was obtained using an ion exchange and micro filter system. While ionic material,
i.e. dissolved salts, and dust particles are well removed, very small organic particles are
not as efficiently filtered. Biogenic nucleators as introduced in section 2.2.2 could be
present in the filtered water. For the salt hydrates, the existence of biogenic nucleators
is improbable and not documented. Dissolved gases from atmospheric air such as
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carbon-dioxide are not removed by the filtering and purification processes for either of
the sample substances.

While not strictly an impurity, a non-stoichiometric water content is a prominent
problem for salt hydrates. Most salt hydrates are hygroscopic and tend to take up
water from surrounding air — with the exception of NaOAc ·3 H2O, which tends to lose
water — and need to be stored well sealed. In this work, the initial water content of
the materials as acquired from the chemicals supplier was successfully verified by Carl
Fisher titration. During long time experiments, glass test tubes were used preferably,
but had to be substituted with PP containers in some cases. This is due to the very quick
volume change, that takes place when a sample is significantly subcooled and suddenly
crystallizes. Particularly for the water samples with their large, positive ∆v , glass test
tubes could not be used. In the high pressure experiments, glass test tubes could also
not be used. Here, the effect of water uptake or loss is assumed to be negligible, due to
short time of the experiment and the surrounding oily medium in the pressure cell.

Impact on nucleation A possible change in the sample composition should be re-
flected in the temporal evolution of nucleation temperatures during repeated experi-
ments. For the normal pressure experiments, in general, irregular fluctuations around
a mean nucleation temperature without any trend are observed. Only for one sample
of KF ·4 H2O, a distinct change in the nucleation temperature was observed within the
first few freezing cycles, as shown in figure 4.7.
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Figure 4.7.: Sample 2 of KF ·4 H2O showed a distinct initial change in nucleation temperature.

During the later cycles, this sample shows a significantly higher nucleation tem-
perature than the other samples of the same material. The deviation from the mean
nucleation temperature is about 10 K. This behavior is probably due to an initial activa-
tion of a nucleation seed; the nature of this nucleation could however not be identified.
A slowly but steadily changing nucleation temperature, that would be caused by contin-
uous change in composition, was not observed in any case. When looking at the time
line graph of CaCl2 ·6 H2O shown in figure 3.13b, a strong scattering of the nucleation
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temperature for each sample is observed particularly during the cycles 14–23. This
varied nucleation temperature could be a sign of a temporary phase separation.

Interfaces

In figure 4.8, the sample and its surrounding surfaces are sketched for the various
setups. The sample was in direct contact to the sample container in all setups. In the
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Figure 4.8.: Different surfaces are in direct contact with the sample in the normal pressure (a),
high pressure (b), and ultrasonic experiments (c).

normal pressure and ultrasonic setups, an interface with surrounding air was present,
while in the high pressure experiments, the tube plug sealed the sample on the top.
Here, the temperature sensor provided an additional interface with the sample. This
setup was not variable. In the ultrasonic experiments, an additional interface was
created by the ultrasonic horn dipped in the sample.

The additional interfaces in the high pressure and ultrasonic experiments are po-
tential nucleation sites. Their actual nucleation activity was assessed by running the
experiments at normal pressure or without ultrasonic operation respectively. The
reference nucleation temperatures of the three types of experiments (normal pressure,
high pressure, ultrasonic) are shown in table 4.1.

Judging from the available data, the influence of the different interfaces on the nucle-
ation temperature is very small. The largest deviation of 4 K is found for CaCl2 ·6 H2O
at high and normal pressure. For comparison, the standard deviation of the high pres-
sure nucleation curve is 7.2 K and the range of nucleation temperature in the normal
pressure experiments is typically ±3K. The difference between nucleation and melting
temperatures is in the smallest case 12 K for tap water, and Tn is increased by at least
10 K by the ultrasonic treatment. The influence of the interfaces is thus small enough
to allow a clear detection of improved nucleation by pressure or ultrasound.
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Table 4.1.: The reference nucleation temperatures T 0
n as determined in the different setups.

Normal pressure: 50% nucleation frequency as read from the histograms; high pressure:
nucleation curve extrapolated to normal pressure; ultrasonic: horn dipped in sample without
vibrating; missing data: no experiments; t : tap water; p: purified water.

H2O KF·4H2O CaCl2·6H2O NaOAc·3H2O

normal pressure 261t /258p 268 272 253
high pressure − 265 268 253
ultrasonic 261p − 271 −

Sample mass

The sample mass was similar in all setups. Two sizes of test tubes were used, glass test
tubes of about 10 ml for the ambient and ultrasonic experiments, and PP test tubes of
about 3 ml for the high pressure experiments. Some ultrasonic experiments were also
carried out with the smaller PP test tubes.

For the normal pressure setup, where the large number of experiments should
minimize statistical effects, an exemplary evaluation is shown in figure 4.9.
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Figure 4.9.: Nucleation temperatures of the individual water samples versus the sample mass.
The nucleation temperatures of tap water and purified water are indicated for 50% frequency
as read from the histograms.

The nucleation temperatures of the twelve water samples are plotted over the sample
mass. A systematic relation between nucleation temperature and sample mass was not
detected. Some of the purified water samples show similar nucleation temperatures as
some of the tap water samples. The general trend is however that the purified water
can be cooled to lower temperatures than the tap water before nucleation occurs, as
expected from nucleation theory. This implies that, at least for tap water, the nucleation
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sites are part of the sample materials and not the container walls. For both water
substances, the general shape of the histograms and thus the nucleation statistics are
similar.

Experimental statistics in literature

In figure 4.10, so-called “survival curves” for water are shown from nucleation experi-
ments reported by Vali and Heneghan et al. [55, 59]. The curves indicate the percentage
of non-nucleated subcooled water samples in a cooling experiment, corresponding to
1−x where x is the value of the histogram curves determined in the ambient pressure
experiments of this work.
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(a) graph based on data from Vali [55]

ids [17], and proteins [18]. To coat the inside of the

NMR tube used to hold our sample, we filled the tube
with a piranha solution (a 2:1 mixture of conc. H2SO4

and 30% H2O2 solution) and let it stand for one hour.

After thoroughly rinsing with distilled water and etha-

nol, the tube was filled with hexadecane and two drops

of n-octadecyltriethoxysilane and allowed to stand for

one hour. It was then washed with dry hexanes and al-

lowed to dry in air. Prior to coating, data were collected

for pure water and for pure water with the AgI substrate
present. After coating, data were collected for the same

two scenarios, leading to a consistent group of four data

sets from the same sample container.

3. Results for four experimental conditions

Fig. 1 shows the data obtained from these nucleation
experiments in which a single sample of pure water

(200 lL) is placed in an NMR tube and cooled linearly

in our ALTA below the freezing point of water until it

nucleates heterogeneously. In these studies, the tem-

perature is decreased linearly via a feedback mechanism

as described above at the rate a ¼ 1:08 K/min. The data

collected are the lag-time s until nucleation and the su-

percooled temperature DT at which nucleation occurs
for each run, and they are plotted in Fig. 1, both for a

single sample of pure water and for the same sample

with a single crystal of insoluble AgI added. The thin

line is the actual recorded temperature of run 75 for pure

water, which shows the linearity of cooling. A total of

239 and 128 runs were collected in the SAM-coated tube

for pure water without and with the AgI crystal added,

respectively. These data illustrate the stochastic nature

of the observed nucleation. Elsewhere, we show that

these data for pure water can be collected reproducibly

over more than an order of magnitude of cooling rates
[13], but here we use the slowest cooling rate from our

previous work for simplicity.

In all of these experiments, we used EM Science Omni

Solve reagent grade water filtered through a 0.2 micron

filter. When the solution contains nucleators, either in-

soluble particles such as the AgI crystal utilized here, or

apparent molecular nucleators such as in Antarctic fish

blood and Norwegian insect haemolymph discussed
elsewhere [6], the measured supercooling point is inde-

pendent of which NMR tube is used. Once all of the

nucleators are removed, for example in a pure water

sample, we measure heterogeneous nucleation on the

glass NMR tube surface. Hence, there can be a depen-

dence of the supercooling point for aqueous samples on

the particular glass surface employed. All experiments

presented here used the same NMR tube, coded
20010701 in our laboratory.

We define the �survival probability� as the number of

samples unfrozen after time �t�, Nt, divided by the total

number of samples, N0. The four survival curves are

shown in Fig. 3 and reveal a remarkable story regarding

the location of nucleation in our sample cell. The mid-

points of the curves shift as described above, leading to

an explanation consistent with the heterogeneous nu-
cleation scenario described above. Furthermore, there is

an inherent and reproducible width to each survival
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Fig. 3. Survival probability as a function of supercooling temperature

for four samples of pure water in the same container under the fol-

lowing conditions: SAM-coated container with AgI crystal (left solid

line), uncoated container with same AgI crystal (left dashed line);

uncoated container, no crystal (right dashed line); SAM-coated con-

tainer, no crystal (right solid line).
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Fig. 2. Preparation of SAM-coated sample container.

A.F. Heneghan et al. / Chemical Physics Letters 385 (2004) 441–445 443

(b) graph from Heneghan [59]

Figure 4.10.: Survival curve for subcooled water in literature. Vali investigated repeatability of
heterogeneous freezing in water with soil samples. Heneghan et al. investigated the effect of
coatings; the right dashed line refers to an uncoated glass container.

In table 4.2, the results of Vali and Heneghan et al. are compared to the results of this
study.

Table 4.2.: Survival curves of subcooled water, comparison to literature data.

nucleation temperature /K at . . . survival rate
10% 40% 60% 90%

this study (tap water) 259.8 260.8 261.5 264
this study (purified water) 254.5 257.5 258 260
Vali 254.5 257 258.5 263.5
Heneghan et al. 263 263.2 263.4 264
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4.2. Discussion of new experimental data from this work

The experiments from Heneghan et al. show a steeper survival curve than observed
in this study. This is probably due to the very clean and well-defined crucible surface
which was the main object of research in their study. The sample volume was about
200µl. Vali’s experiments were carried out on smaller drops of 10µl. They are not
so steep and resemble more the curves of the experiments carried out in this study,
although the maximum observed subcooling is significantly larger in Vali’s data, which
is most probably due to the small sample size. In summary, it seems that the sample
size has rather an impact on the maximum subcooling than on the steepness of the
survival curves.

For the salt hydrates, survival curves or more generally statistical evaluation of
nucleation experiments were not found in literature. In lack of this data, values of the
survival curves at 50% from this study are compared to literature data as shown in
table 4.3.

Table 4.3.: Nucleation temperatures of salt hydrates. Comparison of results of this work to
literature data from Lane [12]. The range in Tn from this work is given as the values of the
histogram curves at 20% to 80% frequency.

nucleation temperature /K
KF ·4 H2O CaCl2 ·6 H2O NaOAc ·3 H2O

this study 269±3 272±1.5 253±3
Lane 272±4.5 278±5 251±3.5

The results agree with the literature data within the stated accuracy.

4.2.2. Nucleation by static pressure

An elevation of the melting temperature with increaseing pressure should lead to an
elevation in the nucleation temperature. If the maximum degree of subcooling is
constant, both curves are parallel. Then, isothermal nucleation by pressure should be
possible.

However, this idea is based on two rough assumptions: First, extrapolating the
melting curve from 0.1 MPa (normal pressure) to 800 MPa is not very trustworthy.
Second, the assumption of the nucleation curve being parallel to the melting curve
is also not very trustworthy. Therefore, an experimental verification was carried out
for the salt hydrates used in this work as described in section 3.3. The results of the
experiments are discussed and compared to the theoretic data and literature values in
this section.

The results of the high pressure experiments on the three salt hydrates are shown in
figure 4.11. Melting and nucleation temperatures were determined for pressures up to
800 MPa.
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Figure 4.11.: Results of the high pressure experiments on salt hydrates. Interpolated melting
(——) and nucleation (– – –) temperatures are shown for NaOAc ·3 H2O, CaCl2 ·6 H2O and
KF ·4 H2O.

The melting and nucleation curves are parametrized by

Tm,n(p) = Tm,n(p = p0)+a p −b p2 (4.3)

The coefficients of these fits are listed for the three sample substances in table 4.4.

Table 4.4.: Values of the fit parameters used to interpolate the experimental results of the
high pressure experiments by equation (4.3). Values indicated by m refer to melting, n to
nucleating curves.

a b
/10−2 KMPa−1 /10−5 KMPa−2

KF ·4 H2O m −1.0 −1.4
n 0.062 −3.2

CaCl2 ·6 H2O m 11.9 −4.5
n 9.2 −5.0

NaOAc ·3 H2O m 10.4 −3.4
11 −5.4

Analysis of uncertainty

The uncertainty of the extrapolations from room pressure data is determined according
to propagation of errors. Experimental melting and nucleation curves are determined
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4.2. Discussion of new experimental data from this work

as parametric fit to the second order polynomial equation (4.3). From this, the standard
deviation of the measurement is determined. The evaluation procedure is presented in
detail in section B.3. The results are shown in table 4.5.

Table 4.5.: Uncertainties of interpolated melting and nucleation curves (measurement) and
extraplated melting curves (theory). σ denotes the standard deviation of the measured data
with respect to the interpolation (of the melting m and nucleation n curves), δ∆Tm(400MPa)
denotes the theoretic uncertainty of the melting temperature at 400 MPa.

σm σn δ∆Tm(400MPa)
/K /K /K

KF ·4 H2O 0.74 2.6 0.4
CaCl2 ·6 H2O 1.1 7.2 4

NaOAc ·3 H2O 3.8 2.6 4

Measurement vs. theory The curves of the melting temperatures are shown together
with extrapolations from normal pressure data according to equation (2.8b) in fig-
ure 4.12. This comparison shows that the extrapolation overestimates the pressure de-
pendency of the melting temperature considerably. For CaCl2 ·6 H2O and NaOAc ·3 H2O,
there is a similar gap of about 20 K at 400 MPa. This gap is about 10 K for KF ·4 H2O.
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Figure 4.12.: Comparison of interpolated melting curves from high pressure measurement
to extrapolations from normal pressure data. Data from table 3.2 was used together with
equation (2.8b) for the extrapolations.

Considering the uncertainties of experimental and theoretic curves presented in
table 4.5, this observed difference is significant. What could be the reason for this
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discrepancy?
Equations 2.8 and 2.9 assume a constant ∆v/∆h in the integration. For very large

pressures, the compressibility of a liquid is not constant. For water, it decreases by
about 50% from 0.1 MPa to 800 MPa as discussed in section B.4. It can be assumed that
the compressibility of the solid is less sensible to pressure than that of the liquid, i.e.
∆v decreases with pressure. As to ∆h, from equation (2.4) its dependency on the phase
change temperature goes with the slope of Tm ·∆s(Tm). The change in entropy between
liquid and solid states ∆s should be rather insensitive to or rising with temperature,
because the entropy of the solid is less variable with T than the entropy of the liquid.
Thus, for increased melting temperature,∆h increases and the tendency of∆h/∆v with
increasing melting temperature is positive. Then, in equation (2.8a) the right side of
the equation is underestimated and the real pressure curve should have a steeper slope
than that of the simplified case. In the same way, the melting curve in equation (2.8b)
should have a less steep form than predicted based on the simplification. This tendency
is confirmed by the experimental results. The simple extrapolation used in the work of
Rogerson and Cardoso [30] considerably overestimates the pressure dependency of the
melting temperature.

Measurement vs. literature data A comparison of the experimental results from this
work to available literature data is shown in figure 4.13. Here, only the melting curves
are plotted, because there is no literature data for the nucleation curves available.
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Figure 4.13.: Comparison of measured melting curves (——) to literature data (· · · · · ·). Experi-
mental data (thick lines) and suggested extrapolations (− − −−) from Barrett and Tammann
[47, 46] are shown together with the results from measurement.

Barrett and Tammann [47, 46] report experimental data up to 250 MPa and sug-
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4.2. Discussion of new experimental data from this work

gest extrapolations to higher pressures. It can be seen that the results from the high
pressure experiments of this study agree very well within the measured range of the
reported works. It is remarkable that, in the extended pressure range investigated in
this work, the results are fairly well described by the extrapolations from literature.
Contrary to the extrapolations from normal pressure only, here the extrapolated curves
slightly underestimate the pressure dependency of the melting temperatures. The su-
perior agreement of measured data compared to theoretic data is obvious and implies
that high pressure melting of the salt hydrates is not well described by the simplified
thermodynamic relations.

Practical consequences

From the experimental results, a first set of practical conclusions regarding nucleation
by high pressure can be drawn.

B The situation for CaCl2 ·6 H2O is quite clear. A compression of the subcooled liq-
uid leads to nucleation. The nucleation pressure depends on the initial degree of
subcooling. Considering a tolerable subcooling of for example 1 K, a compression
of about 500 MPa is necessary to suppress subcooling. This can be considered
good conditions for an application of a high pressure nucleation mechanism.

B For NaOAc ·3 H2O, a nucleation at the normal pressure melting temperature was
not observed. This is due to the limited maximum accessible pressure of 800 MPa.
The observed steepness of the nucleation curve is decreasing with increasing
pressure, so a further extrapolation until the nucleation curve reaches the normal
pressure melting temperature seems not recommendable. Still, nucleation by
pressure could be interesting for NaOAc ·3 H2O, because this method works very
well at room temperature. Nucleation at room temperature would be a strong
improvement for NaOAc ·3 H2O, because the nucleation temperature at ambient
pressure at about 253 K(−20 ◦C) is not readily accessible. In an application, one
could implement a cold finger technique where only part of the PCM volume is
cooled to room temperature and used for nucleation. The pressure needed to
nucleate at 25 ◦C is about 600 MPa.

B The experiments on KF ·4 H2O clearly showed that a nucleation by isothermal
compression is not possible for pressures smaller than 600 MPa. The presence of a
solid phase above the normal pressure melting temperature of 291 K is highly im-
probable for pressures smaller than 1 GPa. Although this result is not encouraging
with regard to the potential of a nucleation by pressure method, it is very useful
in the context of this work. Due to the insensitivity of the subcooled KF ·4 H2O to
high pressures, it can be used as a counter sample in the other experiments.

117



4. Discussion

Nucleation at T > T 0
m

For CaCl2 ·6 H2O, several data points were recorded where Tn > T 0
m, i.e. where the

nucleation temperature is larger than the melting temperature at ambient pressure.
This is very interesting, because it allows some deductions about the speed of pressure
stabilization in the setup.

Once the solidification is triggered, the sample volume decreases and the high
pressure cell has to react in order to stabilize the set pressure. If this does not happen
quickly, it could be that a region above the melting curve is reached in the temperature
vs. pressure plane, i.e. a point (T, p) with T > Tm(p). In that case, the solid could melt
again, and the phase change is “aborted”, which should be visible in the temperature
signal. The peak form is however regular, and thus an aborted phase change does
apparently not happen. In principle, the solid could be prevented from melting during
decompression by adiabatic cooling. However, as latent heat set free by the phase
change counteracts external cooling, and only a small volume change and thus little
expansion work occurs, this option can be ruled out. This means that the pressure is
well stabilized in this apparatus even during the solidification of the sample.

4.2.3. Nucleation under ultrasonic irradiation

In this section, the results of the ultrasonic experiments are discussed. A change in
the nucleation temperature was observed for water, but not for the salt hydrates. The
impact on the nucleation temperature is therefore discussed for water only.

Effects of ultrasound without cavitation on nucleation

Comparing the length and pressure scales of ultrasonic waves in liquids with the length
scales of critical nuclei and the pressure dependency of the nucleation temperature,
two first important conclusions can be drawn.

The length scale of critical nuclei is in the range of fractions of micrometers ([30],
section B.2), while the length scale of an ultrasonic wave in water or liquids with similar
speed of sound is in the range of several centimeters (section 2.2.3). Considering
a sinusoidal wave, a variation of roughly 10−5 of its amplitude is found along the
diameter of a nucleus. The pressure amplitude of an ultrasonic wave without cavitation
is limited by the cavitation threshold. As lined out in section 2.2.3, the cavitation
threshold is at most 30 MPa. The pressure variation along the diameter of a nucleus is
thus at most 300 Pa, corresponding to a very small shear force. Ultrasonic disruption
of liquid droplets is a common technique to produce micro-emulsions, which show
in fact droplet sizes in the micrometer range. In this case, the emulsification process
is commonly agreed to rely on cavitation [95, 149], i.e. this is not a counter-example
that significant shear forces act in the ultrasonic field on the micrometer length scale.
A rupture of nuclei and thus an anti-nucleation effect of the pressure variation in an
ultrasonic field can therefore be ruled out.
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4.2. Discussion of new experimental data from this work

Considering the pressure dependency of the nucleation curve of about 0.1 K/MPa as
determined in section 4.2.2, the nucleation temperature is changed in the ultrasonic
field by about 3 Kat most. This is a noticeable change, but a small value compared
to the difference between melting and nucleation temperature in untreated samples
which ranges from about 11 K for tap water to 78 K for NaOAc ·3 H2O. In particular, the
nucleation of water under ultrasonic treatment was observed at about 272 K, i.e. the
nucleation temperature was in fact changed by almost 10 K. A direct nucleating effect
of the pressure variation in the ultrasonic field can be ruled out as well.

In summary, the effect of ultrasonic treatment on nucleation has to be dominated by
cavitation processes.

Parameters of the cavitation threshold

Cavitation as such is a nucleation problem, and it only occurs if the cavitation threshold
is overcome. From theory, the cavitation threshold is hard to quantify, again because it
is highly sensible to impurities.

Liquid properties In theory, material properties of the liquids such as viscosity could
have a large impact on the cavitation threshold. This impact is hard to quantify, and
exact material data is not available for the salt hydrates.

The maximum pressures obtained in a cavitating liquid depends on the maximum
bubble size and its content, as shown in section 2.2.3. Both variables are sensitive to
the material. Also, the viscosity of the liquid plays an important role for the collapse
kinetics, a larger viscosity damping the oscillation and reducing pressure peaks [26].
The impact on the maximum of the first peak of the bubble collapse is however less
strong. As a general rule, the viscosity is large for salt hydrates, and a function of
temperature and pressure. Precise experimental values of the subcooled melt are
unknown.

In the experiments, no difference in cavitation threshold was visible between the
four sample substances. However, in degassed water samples, the cavitation threshold
was increased significantly. Thus, dissolved gases apparently play a more important
role for the cavitation threshold than the bulk liquid properties.

Pressure At normal pressure, cavitation was observed in all insonication experiments
for all ultrasonic amplitudes. After degassing and operating the ultrasound at its
minimum amplitude, a situation was created where the ultrasound did not cause
cavitation. The degassing was carried out only for water, because for the salt hydrates, a
constant chemical composition of the sample could not be guaranteed after degassing.

The pressure levels are sketched for four situations in figure 4.14.
In the reference case, i.e. insonication at normal pressure, cavitation occurs already

at the smallest ultrasonic amplitude. When the sample is degassed, the cavitation
threshold is reduced. Then, insonication at normal pressure operating the ultrasound

119



4. Discussion

pressure p0

p0pcav

pressure p0

p0pcav

pressure p0

p0pcav

pressure p0

p0pcav

(a) reference case, p0 = normal pressure pressure p0

p0pcav

pressure p0

p0pcav

pressure p0

p0pcav

pressure p0

p0pcav

(b) cavitation threshold lowered by degassing

pressure p0

p0pcav

pressure p0

p0pcav

pressure p0

p0pcav

pressure p0

p0pcav(c) cavitation threshold lowered, ultrasonic amplitude increased

pressure p0

p0pcav

pressure p0

p0pcav

pressure p0

p0pcav

pressure p0

p0pcav

(d) cavitation threshold lowered, p0 < normal pressure

Figure 4.14.: Whether cavitation is generated by ultrasound or not depends on the cavitation
threshold pcav, the ambient pressure p0, and the amplitude of the ultrasound.

generator at its lower limit does not cause cavitation, as sketched in figure 4.14b. There
are two options to reactivate cavitation: Either the pressure amplitude is increased as
sketched in figure 4.14c, or the ambient pressure is reduced as sketched in figure 4.14d.
In experiment, both cases were observed.

Thus, when the cavitation threshold was lowered by degassing and the ultrasonic
generator was operated at minimum amplitude, the role of cavitation on the nucleation
could be observed directly. At a given temperature below the melting temperature
but above the nucleation temperature, in fact whenever cavitation was absent, no
nucleation was observed. Vice versa, whenever cavitation occurred in this temperature
range, sononucleation was observed. It can therefore be clearly stated that cavita-
tion is a necessary condition for sononucleation of water. This implies again that
sononucleation is not a direct effect of the ultrasonic field induced in the sample.

While a change in cavitation threshold of the degassed water samples could be
well observed, the sononucleation temperature was similar to that without degassing,
as discussed in the next section. Also, the nucleation temperature in low pressure
experiments without insonication was similar to the nucleation temperature at normal
pressure. The number of these experiments is small, and thus might not be a solid proof
considering the statistic nature of nucleation. The least that can be said is therefore
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4.2. Discussion of new experimental data from this work

that no evidence nor hint was found that dissolved gases in the liquid would play a
crucial role in nucleation of the solid, be it with or without ultrasonic treatment.

Impact of ultrasound on the nucleation temperature

An impact of ultrasound on the nucleation temperature could be clearly diagnosed for
water. In figure 4.15, the accumulated nucleation frequencies of water are compared
for the different experiments.
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Figure 4.15.: Nucleation probability for water in different setups.

B The lowest nucleation temperature of about 258 K (at 50% frequency) was ob-
served for purified water being cooled at normal pressure. Using tap water, the
nucleation was observed already at 261 K. Those two values are well established
due to the large number of experiments, namely over 170. For the reference
measurements in a low pressure atmosphere with the ultrasonic horn dipped in
the sample, nucleation was observed at 261 K as well. In that case, only a small
number of experiments were carried out (namely 3), and the significance of this
value is therefore lower.

B Ultrasonic treatment resulted in very good nucleation enhancement, indepen-
dent from the static pressure of the setup. Over 90% of the sononucleation ex-
periments resulted in a nucleation temperature above 271 K, i.e. subcooling was
reduced to 2 K. The curve of the experiments on degassed water seems to be
a bit flatter, but this is due to the different modes of operation: In all dynamic
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experiments with irradiation, nucleation was observed at temperatures higher
than 271 K. In all isothermal experiments, nucleation was observed as soon as
the ultrasound was applied in the temperature range 268 K to 271 K.

As to the salt hydrates, an effect of the ultrasonic treatment on the nucleation temper-
ature was not observed as described in section 3.4.2. Cavitation was however observed
readily in all three salt hydrates. Nucleation of the irradiated samples was only triggered
when cooling them to about the nucleation temperature as determined previously
without the ultrasonic treatment. Considering the large difference between melting
and nucleation temperatures at normal pressure, namely 22 K for KF ·4 H2O, 31 K for
CaCl2 ·6 H2O and 78 K for NaOAc ·3 H2O, even a moderate improvement of nucleation
should have been clearly observed.
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4.3. New insights in sononucleation

In this work, new experimental data on sononucleation of inorganic PCM was acquired.
Pressure dependent melting and nucleation temperatures as well as temperature de-
pendent crystal growth speeds were determined for three salt hydrates. Nucleation
under ultrasonic treatment was investigated for the three salt hydrates and water. Suc-
cessful sononucleation was observed for water only. In this section, based on the new
facts, different possible nucleation mechanisms of water are analyzed, and a possible
transfer to inorganic PCM is discussed in this section.

In table 4.6, a qualitative overview of data is given for the four investigated materials,
and additionally for solutions. The list includes both own and literature data and serves
as a reference for the further discussion.

Table 4.6.: Summary of data relevant for sononucleation. A qualitative scale is used where
−−/−/◦/+/++ denote no / weak / some / strong / very strong subcooling or cavitation,
no / slow / medium / fast / very fast solidification, not / a little / some / much / very much
improved nucleation. Own data (•) and literature data (◦); “n.a.”: no data available.

water KF CaCl2 NaOAc solutions
·4 H2O ·6 H2O ·3 H2O

Subcooling −• ◦• +• ++ • n.a.
Speed of solidification ++ ◦ ++ • +• +• −− ◦
Cavitation by sonication +• +• +• +• +◦

Nucleation by static pressure −− ◦ −− • ++ • +• n.a.
Nucleation by ultrasound ++ • −• −• −• +◦

4.3.1. Statistics in static nucleation and sononucleation

Statistics plays a prominent role in all nucleation problems, and particularly in sononu-
cleation where two nucleation phenomena, namely cavitation and solidification, are
relevant. The activity of nucleation sites and the active sample volume are discussed in
the following.

Activity of nucleation sites

One main parameter that determines the nucleation barrier and thus the nucleation
temperature is the surface tension σ. Whenever a sample is in contact with a container
surface or with a surface of impurities, at this place the surface tension is changed
compared to its bulk value and these surfaces can act as nucleation sites. Further-
more, it has been shown that sononucleation is always associated with cavitation in
section 4.2.3. In the direct vicinity of the cavitation bubbles, pressure and temperature
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are changed dynamically which is believed to cause sononucleation. The cavitation
bubbles provide additional surfaces in the subcooled sample, which are potential
nucleation sites, too.

The measurements at static pressure were intended to evaluate if the conditions
next to a collapsing cavitation bubble favor nucleation in the ultrasonic experiments.
However, only when the same kind of nucleation sites are active in two experimental
setups, the nucleation barrier is necessarily comparable. Considering this, can the
static pressure experiments be used to study the sononucleation experiments?

There are in fact three possible options:

1. Nucleation sites are active (or inactive) both in static and sononucleation experi-
ments: the nucleation barrier in the two setups is similar.

2. Nucleation sites are active in static experiments, but not in sononucleation exper-
iments: the nucleation barrier is higher for sononucleation.

3. Nucleation sites are active in sononucleation experiments, but not in static exper-
iments: the nucleation barrier is lower for sononucleation.

Only in the first case, a direct transfer of the nucleation temperature determined in
static experiments to sononucleation experiments can be valid. Two possible configu-
rations of this situation are illustrated in figure 4.16.

(a) homogeneous (b) heterogeneous

Figure 4.16.: If the activity of nucleation sites is similar for static nucleation and sononucleation
depends on the local distribution of nucleation agents (�) and cavitation bubbles (◦); see
text.

If there are no seeds, i.e. in a case of homogeneous nucleation as sketched in fig-
ure 4.16a, the nucleation temperature in static and ultrasonic experiments is similar
only if the cavitation bubbles don’t change it. If there are seeds, i.e. in a case of hetero-
geneous nucleation as sketched in figure 4.16b, the same seeds are present in the static
and sononucleation experiments. Supposing that the cavitation bubbles are formed at
the same place where the seeds are, and that the seeds’ activity is much higher than
that of the bubble surface, again, a comparable nucleation temperature is expected. If
the seeds act at the same time as nucleation sites for cavitation, this scenario is well
possible.

The two other options are however possible, too. If the seeds do not have any
impact on cavitation, and if they occupy a small fraction of the sample volume, the
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number of seeds that locally coincide with a cavitation bubble is very low and the
nucleation activity is reduced (case 2). If instead there are seeds that are only active in
sononucleation, e.g. the cavitation bubbles as such, the nucleation activity is higher in
the insonicated sample than in a static experiment (case 3).

In summary, based on the activity of nucleation sites, enhanced as well as inhibited
nucleation is possible in sononucleation. A direct transfer of experimental data from
static nucleation experiments is valid only under the following two assumptions:

B the nucleation activity of the cavitation bubbles is low compared to that of the
seeds

B there are no seeds in the static experiments or the cavitation bubbles are nucle-
ated at the location of the seeds

This is however not the whole picture, as nucleation theory suggests that not only the
activity of the nucleation sites determines the macroscopic nucleation temperature,
but also the active sample volume. This is discussed next.

Active sample volume

A second important parameter of nucleation theory is the sample volume. While in
static setups the whole sample takes part in a nucleation experiment, in highly dynamic
setups as in sononucleation, only a part of the sample volume is actually active. In
fact, the whole sample is insonicated, but only in a small part of the sample cavitation
bubbles develop, which are necessary for sononucleation. The nucleation rate being
defined as number of nucleation events per time and volume, a reduced active volume
may change the nucleation rate such that it is not observed in an experiment designed
for larger volume and thus higher rates.

In the case of homogeneous nucleation, the active sample volume is clearly reduced
in sononucleation to the immediate vicinity of the cavitation bubbles. For heteroge-
neous nucleation, the situation is more complicated. The numbers of particles that are
in the vicinity of a seed is small compared to the whole sample volume anyway. Now,
the seed activity determines the overall nucleation statistics. Figure 4.17 illustrates the
following thoughts.

(a) uniform conditions (b) monoactive seeds (c) biactive seeds

Figure 4.17.: The active sample volume (dark areas) depends on the local distribution of seed
sites (�) and bubbles (◦); see text.
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Under static conditions, i.e. isobaric isothermal nucleation experiments, the same
thermodynamic conditions apply for the whole sample volume, and all seeds can act
as center of nucleation for the solid phase figure 4.17a. In figure 4.17b, there are spatial
variations of the thermodynamic conditions, such as small gas bubbles, here indicated
by circles. Chances that the bubbles are found at the same spot as the seeds are low, if
the density of the two types of inhomogeneities is low. This is different if the seeds are
biactive as sketched in figure 4.17c, i.e. they act as center of nucleation both for the gas
and the solid phase.

In addition, if the active volume around a bubble is in fact very small, nucleation
could be prevented completely. Each bubble surrounding has to be considered as a
single nucleation experiment in an isolated small volume. If this volume is smaller
than the supercritical nucleus, sononucleation cannot occur at all, even if the overall
active volume is large. The diameter of a cavitation bubble is typically in the range
0.01 mm to 1 mm, and the critical radius is rather in the range of 0.01µm to 0.1µm.
However, the peak pressure in a cavitating liquid is created by the bubble collapse, and
the activated volume could be thus much smaller than the maximum bubble volume.

In summary, after a close look on nucleation sites and active sample volume, quan-
titative comparisons between static and sononucleation experiments are based on a
number of arguable assumptions. Both under- and overestimated nucleation probabil-
ity can be well explained. Very different, microscopic experiments would be required
to clarify these issues.

4.3.2. Theory of nucleation by a direct pressure mechanism

A pressure mechanism was believed to be effective in sononucleation, i.e. a nucleation
mechanism which is fairly independent from specific material properties and can be
applied to a wide range of inorganic PCM. This assumption is discussed in the light of
the new data in this section.

Nucleation by high pressure

In contrast to the static high pressure experiments, the only successful sononucleation
observed in this work was found for water. The equilibrium thermodynamic properties
of water are well documented, and no own static pressure experiments were carried
out. In general, literature data is precise and well established, with some limitations as
described in section 4.1.3. The interpretation of this data with respect to high pressure
nucleation is however not so straightforward.

In the basic study on sononucleation published by Hickling [103], experiments are
reported also for a number of different materials, namely bismuth, germanium, silicon
and gallium, which all have initially falling and later rising melting temperatures, as has
water. If this shape of the melting curve is decisive for sononucleation, these materials
should behave similarly as water does. In fact, failed sononucleation was observed in
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all cases. Hickling argues that this is due to the fact that the melting curves of these
materials reach their respective atmospheric melting temperature only at far higher
pressures than water does. However, at a closer look, this cannot be the whole story.

Judging from the melting curves, a high pressure solid phase of water exists for
temperatures above 273 K at pressures larger than 630 MPa, but this is not sufficient to
permit nucleation by compression, as lined out in the following.

There is much less data available for the nucleation curve than for the melting curve,
particularly at high pressures. Ice III was found to have similar subcooling than ice Ih,
the stable solid at normal pressure, both from theoretic [150] and experimental works
[144] as shown in figure 4.18.
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7. Discussion of the Dynamic Properties of 
Supercooled Water 

The discussion of the static and dynamic properties of li- 
quid water shows that water at elevated pressures reveals 
the behavior of a normal viscous liquid['721. The isobaric 
temperature-dependence of the dynamic properties of 
many viscous liquids is described quantitatively by the Vo- 
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erges on approaching the temperature To. In viscous li- 
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Fig. 12. p-?'-Projection of the phase diagram of HzO and DzO, including: 
T, = temperature of singularity, To= ideal glass transition temperature. A ,  
A: H,O; 0, e '  DzO. T5 was obtained by fitting the r2 data to the Speedy- 
Angel1 equation. 
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in good agreement with published To-data[1761. Comparison 
of the results obtained in light and in heavy water reveals a 
significant isotope effect. In D20, To is higher by about 
= 6 K than in H 2 0 ,  in accordance with the lower zero point 
energy of heavy water. The two other parameters of the 
VTF-equation also reveal an isotope effect. It appears in- 
teresting to compare the dependence of the pre-exponen- 
tial factors to on the isotopic composition. The reciprocal 
values to have the dimension of a frequency and corre- 
spond in the energy spectrum of liquid water to the libra- 
tions of the molecules, originating from the hydrogen 
bonding interaction with its neighbors. This interaction 
confines a molecule for a short period in its orientation 
and forces it to oscillate about the equilibrium position. In 
accordance with the isotope-dependence of the librational 
bands, one finds a ratio 

equal to the square root of the mean moments of inertia I 
of the molecules. Sceats et interpreted the librational 

Table 1. Parameters of the VTF-equation (10). obtained from the least squares fitting of rz to this equation @=standard deviation). 

P [MPal 7i*2 [K] E f u  [K] (ro?u)x lO-'"[sl Corr.-coeff. 
DzO HIO D 2 0  HzO DzO H,O D,O HzO 

150 137 131 633rt3 6 5 2 t 5  6.6k0.3 4.6t0.3 0.9998 0.9996 
200 139 134 604k3 623f7 6.1k0.5 4.6f0.5 0.9997 0.9992 
250 143 135 563+3 581+5 7.0f0.6 5.9k0.3 0.9997 0.9986 

Angew. Chem. Int. Ed. Engl. 21 (1982) 315-329 325 

(a) Graph from Lang [150] (b) Graph from Hobbs [144]

Figure 4.18.: Melting temperature TM and homogeneous nucleation temperature TH are
shown for ordinary (——) and heavy water (− − −−) in (a). Experimental values of the
melting (——) and nucleation (− − −−) curves of ordinary water are shown in (b).

In Lang’s graph in figure 4.18a, the homogeneous nucleation temperature TH for
water and heavy water is shown. It is falling even steeper than the melting tempera-
ture TM , i.e. maximum subcooling increases for high pressures. In Hobbs’ graph in
figure 4.18b, the melting and nucleation temperatures of the high pressure solid phases
of water as observed experimentally and are basically parallel.

If the basically parallel melting and nucleation curves are extended over a wider
pressure range, this results in a graph like figure 4.19. Using this extended nucleation
curve, nucleation of ice VI is expected at 273 K and about 900 MPa. Fast compression
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Figure 4.19.: Melting (——) and suggested nucleation (− − −−) curves of water, together with
a path of nucleation by compression (· · · · · ·). Data for the melting curve from IAPWS [151].

as in cavitation is rather adiabatic than isothermal and the temperature rises by about
5 K as explained in detail in section B.4. Considering that the room pressure nucleation
temperature of 258 K is due to nucleating substances, it is not clear whether these or
other substances nucleate the high pressure phases similarly. In addition, homoge-
neous nucleation of ice VI can be much different and could occur at lower subcooling
than that of ice Ih. This is because surface and volume energies of the transition from
liquid to ice VI are different than those of the transition from liquid to ice Ih. The
simple extension using a constant subcooling for all phases is thus for sure a rough
idea, but it should do to show an essential problem that is illustrated by the dotted line
in figure 4.19.

If the nucleation curve is crossed by compression, and the solidification starts,
latent heat of the phase change is set free. The temperature rises up to the melting
temperature. When the sample is now decompressed, the sample enters a region in
the phase diagram, where the liquid is the stable phase, and the solid nucleus would
melt again. Even assuming that the decompression is fast and the solid has grown large
enough to survive the crossing of the liquid region, in the end, a point in the phase
diagram is reached which lies above the initial temperature before compression. If the
initial temperature was at low subcooling, the final temperature is possibly above the
room pressure melting temperature. To put it the other way round, in order to reach
after compression, nucleation and decompression a point in the phase diagram where
ice Ih is stable, the initial temperature has to be significantly lower than 273 K.

In the most favorable case, assuming that a small volume of solid ice VI is formed,
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survives decompression, and ends at 0.1 MPa and something like 272 K, what happens
next? A successful high pressure nucleation mechanism would require now a solid /
solid phase conversion from ice VI to ice Ih. So again, nucleation of a new phase is
necessary, now starting from a solid phase.

If ice VI is a nucleating agent for ice Ih, the pressure pulse would in fact have a
positive impact on nucleation. Taking account of the fact that sononucleation was
observed already at very small subcooling of less than 0.5 K in experiment, ice VI has to
be very effective as nucleating agent. In figure 4.20, the crystal structure of the room
pressure stable phase ice Ih and the high pressure phase ice VI are shown.

(a) ice Ih (b) ice VI

Figure 4.20.: The crystal structures of ice Ih (a) and ice VI (b) are not similar.

Decompressed ice VI should change its crystal shape to a small extend, i.e. the length
of the unit cell probably increases. Therefore, it is very hard to judge whether ice VI can
act as a nucleator for ice Ih. A theoretic prediction of the nucleating capabilities of two
crystal structures is not yet reliably possible, as lined out in section 2.2.2.

To sum it up, a combination of several improbable assumptions is required for a
high pressure nucleation mechanism that explains sononucleation of water:

B A peak pressure beyond about 900 MPa is reached.

B The high pressure is present long enough to allow the growth of a larger nucleus,
that survives the liquid region during decompression.

B In spite of the latent heat set free during the growth of the solid, the temperature
after decompression is below the melting temperature.

B Finally, ice VI acts as very effective nucleating agent for ice Ih.

While this process cannot be considered strictly impossible, it is extremely improbable.
Regardless of all the difficulties in analyzing the situation for water, if a high pressure

mechanism explains the sononucleation of water, the situation for salt hydrates is much
less complicated and in favor for nucleation. In the case of salt hydrates, there are no
hints that the high pressure solid phase is different from the room pressure solid phase.
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4. Discussion

The pressure needed for the nucleation of CaCl2 ·6 H2O is moderate compared to that
of water. Similar cavitation was observed for all samples in the ultrasonic experiments,
so in principle similar peak pressures should be reached in the salt hydrates as in water.
Altogether, to put it the other way round, the fact that sononucleation does not occur
in salt hydrates, but does occur readily in water, cannot be explained by the a high
pressure mechanism only.

Nucleation by a low pressure mechanism

In the case of water – or other materials with a falling melting curve – nucleation
by applying high pressures has been ruled out in the previous section because the
solid phase which is stable at normal pressure is not accessible like this. But then,
naturally, a reduction of the pressure could directly generate the correct solid phase
and thus have a positive effect on nucleation. Is this nucleation by low pressure the
cause for sononucleation of water? To judge on this issue, attainable low pressures are
confronted with their impact on the degree of subcooling of water.

In a macroscopic, static setup, the lower limit of attainable pressure is given by the
cavitation threshold as introduced in section 2.1.4. The value of the cavitation threshold
in water is dependent on the boundary conditions, as discussed in section 2.2.3. Its
theoretical limit is supposed to be at -120 MPa, and the largest reported values from
experiments are -30 MPa.

In figure 4.21a, the melting and nucleating curves are linearly extrapolated to nega-
tive pressures.
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Figure 4.21.: Linearly extrapolated melting and nucleation temperatures at low and negative
pressure (a) and equilibrium phase change temperatures of water for low pressure (b). Data
for the equilibrium curves from IAPWS [151].

The melting temperature rises by about 3 K by a decompression of 30 MPa. Com-
pared to the subcooling of at least 10 K observed at atmospheric pressure, this is not
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much. Taking the theoretic limit of tension, in the best case, a nucleation by decom-
pression is possible for slightly subcooled water at about 271 K. This does not agree
with the experimental observation of almost complete suppression of subcooling and
strong sononucleation at 272.5 K already.

The difference is however not very large. Postulating that, in a highly dynamic
setup, pressures of about -170 MPa are indeed reached in the liquid, if a new phase is
nucleated in such a situation, is it the solid or the gaseous phase? This is in a region
of the phase diagram far beyond the triple point, as shown in figure 4.21b. Instead
of being a subcooled liquid, the liquid is now rather superheated with respect to the
gaseous phase. As lined out in section 2.1.4, nucleation of the gaseous phase is much
less complicated than nucleation of the solid phase. Therefore, if nucleation occurs,
the gaseous phase will nucleate preferably. Then, the pressure increases rapidly due
to the volume expansion during evaporation. Strong evaporative cooling takes place,
and a region in the phase diagram at positive pressures but below the nucleation curve
could be reached, where then nucleation of the solid phase is possible. This is then
however not a direct pressure mechanism anymore.

Failed sononucleation for CaCl2 ·6 H2O and NaOAc ·3 H2O

For CaCl2 ·6 H2O and NaOAc ·3 H2O, the melting and nucleation curves rise with pres-
sure, and the reasons that prohibit sononucleation by pressure in water do not apply.
However, an improved nucleation by insonication was not observed for these sub-
stances. There are basically three options to explain this:

1. pressure is too low

2. temperature is too high

3. time of pulse is too short

Unfortunately, the sononucleation in water not being a pressure mechanism, direct
deductions as to the form of the pressure pulse are not possible. An analysis of the
failed sononucleation in CaCl2 ·6 H2O and NaOAc ·3 H2O therefore can only be based
on assumptions and estimations. In fact, too many open questions remain to allow an
identification of the failing parameter.

The form of the cavitation pressure pulse and the temperature during the pulse are
object to controversy as lined out in section 2.2.3. The range of discussed values is huge,
namely 0-5000 K for the temperature rise and 10-30000 MPa for the pressure maximum.
It is obvious that for the most favorable case, i.e. high pressure and low temperature,
the equilibrium conditions for high-pressure nucleation are easily fulfilled for both
substances. In the unfavorable high temperature and low pressure case, nucleation is
not possible. In reality, high temperatures are caused by quick and strong compression,
i.e. temperature and pressure maximums are interconnected. From this point of
view, an identification of too high temperature or too low pressure as cause for failing
sononucleation is not possible.
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The assessment of the third parameter, time, is even more difficult. The speed of
solidification was determined for the salt hydrates at different degrees of subcool-
ing. Based on this data, the time span required for the growth of a supercritical nu-
cleus should be estimated and confronted with the available time during the pulse.
The available time span is in fact unknown, because information about the pres-
sure/temperature pulse is too blurry as lined out above. Even for the required time
span, there are many open questions:

B Is the microscopic growth of a nucleus well described by the measured macro-
scopic growth speed?

B What is the influence of pressure on speed of growth?

B What is the initial situation, i.e. the start of the growing process?

B Is there any time delay in the reaction of the system to changed boundary condi-
tions?

In lack of basically all key parameters, it does not even seem to be helpful to set
up a best case and worst case scenario. The only substantial conclusions are that the
pressure pulse would need to be known much more precisely to allow an analysis.

4.3.3. Other mechanisms that could explain sononucleation

As shown in the previous sections, a pure pressure mechanism cannot explain sononu-
cleation in water. However, as shown in the experimental part of this work, water can
reliably be nucleated at very low subcooling by ultrasonic treatment. Similar results are
reported for a number of solutions in literature. In this section, possible explanations
for these observations are suggested that do not rely on a pressure mechanism and do
not conflict with the failed sononucleation of the three investigated salt hydrates.

Nucleation by evaporative cooling

When a cavitation bubble grows in the ultrasonic field, evaporation from the surround-
ing liquid into the bubble volume can occur. The heat required for this evaporation
could lead to a cooling of the liquid in the immediate vicinity of the bubble. Can
this effect be large enough to cause nucleation by cooling? Two questions need to be
answered: How much cooling is required for nucleation? And how much cooling can
be expected from evaporation?

The temperature required for nucleation was determined experimentally, but in
a cavitating liquid different boundary conditions could apply, such as deactivation
of seeds or generation of new seeds, as lined out above in section 4.3.1. In order to
see if nucleation could be a purely evaporative cooling effect, let’s consider the lowest
possible temperature, i.e. nucleation temperature of homogeneous nucleation, and the
actually determined experimental value. For water, this is 233 K and 261 K, respective.
The cooling effect depends on the amount of evaporated water and the liquid volume
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that provides the required thermal energy, i.e. that is cooled. The specific heat of
evaporation is well known, and the maximum bubble radius as well as the saturation
pressure are known within an order of magnitude at least. However, the liquid volume
from which this energy is extracted is unknown. An estimation of the cooling effect
is presented in section B.5, but the results are vague. When gases are solved in the
liquid, cavitation bubbles are nucleated preferably close to microbubbles of the gas,
and thus the bubble content is rather gas than vapor. Gas inside the cavities hinders
evaporation and thus reduces evaporative cooling, but at the same time, degassing
also has an energetic effect. The ultrasonic experiments with degassed samples would
show if nucleation occurs more readily when evaporation is favored. Unfortunately,
sononucleation at atmospheric pressure with non-degassed water is so effective, that a
further improvement could not be observed in any case.

Nucleation by induced surfaces

Irrespective of thermal or pressure effects which are hard to quantify as lined out above,
the cavitation bubbles clearly create a large, strongly curved surface in the insonicated
liquid. Could this induced surface be of any relevance for sononucleation? If so, why
does it apparently not work in the salt hydrates?

Those are no trivial questions, and there is not much evidence to answer them. How-
ever, there are indeed some hints, and none of them contradicts with the experimental
data.

Molecules on surfaces are known to arrange in a different way than in the bulk liquid
[152], and in fact preferred nucleation of water at the liquid-air interface is reported
[60]. A simple explanation why this surface induced nucleation could work in some
substances, while it does not in others, is based on the chemical composition of the
surface layer. For different substances, the chemical composition of the liquid surface
layer that surrounds a cavitation bubble is different, as skteched in figure 4.22.

bulk water

water vapor

surface layer

(a) water

bulk solution

solvent vapor
solute enriched
surface layer

(b) solution

bulk salt hydrate

water vapor
water depleted
surface layer

(c) salt hydrate

Figure 4.22.: The composition of the surface layer between bubble and bulk volume is expected
to be different in different systems.

If the surface somehow favors nucleation of the solid phase, be it by cooling or by
providing a suitable template for the crystal, this is more or less effective depending on
the composition of the liquid surface layer.
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(a) For a pure substance such as water, the chemical composition of the liquid sur-
rounding the bubble is similar to the bulk composition, or possibly even purified
from solved gases. A nucleation of the solid on the surface layer is unhindered.

(b) For a solution, the surface layer can be particularly advantageous for nucleation.
The solvent will evaporate preferably into the bubble, that is, the surface layer
is enriched with the soluted substance. The supersaturation is increased, less
solvent molecules interfere with the formation of the solid, and nucleation is
favored.

(c) For salt hydrates, a similiar process is expected as for solutions: the water will
preferably evaporate into the bubble, but in this case, this is counterproductive for
nucleation. The depletion of water from the surface layer inhibits the formation
of a stoichiometric salt hydrate solid.

The proposed “nucleation by induced surfaces” mechanism would thus agree with
the experimental observation of successful sononucleation in water and solutions and
failed sononucleation in salt hydrates.

Nucleation by disruption of “wrong” nuclei

A nucleation mechanism that profits from the disruption of wrong nuclei, i.e. nuclei that
cannot grow to a macroscopic solid phase, is a third option to explain sononucleation
without a direct pressure mechanism. There are some parallels to the case of “apparent
sononucleation” discussed above in section 4.1.3.

A wrong solid phase could be present in materials that form two solid phases such as
erythritol. If a metastable different solid phase is formed, a solid-solid phase transition
is required to access the stable solid configuration. It is probable that this solid-solid
transition is more difficult to nucleate than a liquid-solid transition, because of the
stronger bonds between the particles. In such a situation, the disruption of solid
particles might favor the formation of the stable solid phase. However, in order to really
improve nucleation, the whole volume has to be solidified to the metastable phase first.
This would have been noticed in a nucleation experiment, except if the wrong solid is
not macroscopically visible.

For example, if subcritical clusters of the wrong solid bind the majority the particles,
a macroscopic liquid appearance is still given, but the particles are not free to form su-
percritical clusters of the correct solid. The kind of situation could be possible in water.
In water, clusters that are different in its molecular structure from the crystal phase
are found [153]. The size of those clusters ranges up to several hundred molecules; an
example of a water cluster is shown in figure 4.23.

These water clusters are highly ordered, but the molecules are not arranged in an
extensible pattern such as in a crystal. Therefore, a water cluster cannot “grow”, it can
just dissolve and the molecules can then rearrange to a larger cluster with a different
structure. If these clusters prevail in the liquid, their presence could in fact hinder the
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Figure 4.23.: A water cluster of 280 molecules.

forming of a crystalline solid. In that case, a destruction of the clusters by ultrasonic
cavitation could “liberate” water molecules which then were free to arrange in the
crystal pattern of the solid phase.

In order to judge on this issue, several difficult questions need clarification: What
is the fraction of “free” water molecules compared to molecules that are part of a
cluster in water at 273 K? Is the nucleation barrier for the formation of the solid indeed
larger when starting from a cluster than from the liquid? Can indeed ultrasound or
ultrasonic cavitation disrupt the clusters? Could this mechanism quantitatively explain
or contribute to the observed effective sononucleation of water at very low subcooling?
To answer these questions is beyond the scope of this work.
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4.4. Conclusions and outlook

4.4.1. Conclusions

The scope of this work was to investigate sononucleation in inorganic phase change
materials. The overall conclusions from analysis of theoretic work, literature review
and own experiments as presented and discussed in the previous chapters are the
following:

Nucleation of some salt hydrates can be triggered by high static pressure. It has been ex-
perimentally proved that the solidification of subcooled CaCl2 ·6 H2O and NaOAc ·3 H2O
can be triggered by applying static pressures in the range of several 100 MPa. For the
third sample substance, KF ·4 H2O, the melting and nucleation temperatures are falling
with pressure and a high pressure nucleation does not work. This is a behavior similar
to that of water with its pressure anomaly, as known from literature.

Sononucleation is observed only in combination with cavitation. Ultrasonic irradiation
of liquids leads to cavitation, if the amplitude of the wave exceeds the cavitation
threshold. In the reviewed literature, successful sononucleation is always associated
with cavitation. This was also observed in the experiments, where sononucleation by
ultrasonic treatment could in fact be suppressed when cavitation was avoided.

Sononucleation is a robust mechanism. Water can be sononucleated no matter if pure
or with impurities, degassed or not, weakly or strongly subcooled. Also, the frequency
and amplitude of the ultrasound does not influence whether sononucleation occurs or
not, as long as cavitation is assured. For solutions, where more boundary conditions
can be varied, sononucleation was stable even under a change of the solvent and the
pH-value.

Ultrasonic nucleation of salt hydrates was not observed. Contrary to ultrasonic nu-
cleation experiments on organic liquids, inorganic solutions and water, ultrasonic
nucleation experiments on salt hydrates performed in this work were not successful.
This failure of sononucleation is not due to missing cavitation, which was observed in
all samples already at low insonication intensity.

Sononucleation is not a pressure mechanism The initial concept of a purely pressure
based mechanism conflicts with the overall available data on nucleation and sononu-
cleation. Instead, three possible other mechanisms, namely evaporative cooling, nucle-
ation at induced surfaces and disruption of wrong nuclei, would provide satisfactory
explanations for sononucleation in water and solutions and failed sononucleation in
the investigated salt hydrates.

136



4.4. Conclusions and outlook

4.4.2. Outlook

As to possible future work, the following recommendations can be given from this
investigation:

Is sononucleation of PCM to be expected in a different experimental setup? Judging
from general properties of ultrasound and cavitation, combined with the presented
analysis of the water phase diagram, it is extremely improbable that sononucleation is
a pressure or thermal effect. It could be that in the investigated salt hydrates, high pres-
sures are obtained during the bubble collapse, but probably at too high temperatures,
and possibly during too short times. In any case, the thermodynamic conditions in an
insonicated liquid cannot be controlled externally, because the peak values obtained
during cavitation bubble collapse are primarily governed by the liquid’s material prop-
erties. Therefore, while it cannot be excluded strictly that sononucleation occurs in
other salt hydrates, chances for nucleation by ultrasonic irradiation of PCM are low
independent from the experimental setup.

Is a different nucleation mechanism based on the pressure effect possible? The static
high pressure experiments are a solid prove that a variation of pressure instead of
temperature can in fact be used to trigger nucleation in some inorganic PCM. To profit
from this effect, the most promising approach apparently is to use static pressure. While
the large pressure cell used in this work is for sure not suitable in PCM applications,
different high pressure generators such as an anvil cell setup could be a realistic option.
Particularly for PCM melting below ambient temperature, where seeding with own
crystals is troublesome, a pressure method could offer a way to make PCM usable
which are not yet applied due to their subcooling.

What issues worthwhile future research have been identified? On the one hand, the
supposed surface effect of sononucleation in water seems worth future research. A
comparative study on the solidification of water in microscopic droplets with different
surfaces, such as water in small pores, levitated droplets, or in emulsions, could shed
more light on this issue. On the other hand, the nucleation and crystal growth kinetics
of salt hydrates is yet poorly understood and could be object of future research. Material
parameters of salt hydrates such as viscosity and surface energy as functions of tem-
perature and pressure would be required for a deeper understanding and optimization
of a pressure based nucleation mechanism. The cluster size distribution in subcooled
melts, which determines the time span required for high pressure nucleation, could be
investigated experimentally e.g. using neutron scattering technique.
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5. Summary

Phase change materials (PCM) are used as storage materials in thermal energy storage
technology. The main advantage of PCM compared to other thermal energy storage
materials is their high storage density in narrow temperature intervals around the
phase change temperature. In particular inorganic PCM are considered promising,
but many of them suffer from considerable subcooling. The main current approach to
reduce subcooling is to add nucleation seeds to the PCM, but suitable seeds are known
only for some PCM. Inspired by reports of sononucleation in water, a new method to
trigger solidification based on a pressure effect was investigated in this study.

Phase changes occur as a reaction to a change in boundary conditions of a ther-
modynamic system. The equilibrium transition temperature is a function of pressure
due to the difference in specific volume of the two phases. The very first formation
of a new phase amidst the old phase is associated with a large endothermic surface
energy that hinders the phase change. Statistic thermal fluctuations allow to surpass
this nucleation barrier, and determine the nucleation rate. Nucleation effects are found
in many different fields of science, and thus a broad literature review was carried out to
identify the current state of knowledge. In particular, investigations of sononucleation
(nucleation by acoustic irradiation) were found for water, solutions, metals and organic
materials, as well as for some inorganic PCM. While sononucleation is considered
an established method to trigger solidification in water, some metals and solutions,
for PCM there are only few and contradictory studies. A pressure effect is believed to
cause sononucleation, but this approach is not shared by all authors and the exact
mechanism is object of controversy.

Due to the many limitations and unknown input parameters of nucleation theory,
a set of experiments was designed and carried out in order to establish a consistent
data basis for selected PCM. The experiments were carried out on three salt hydrates
(KF ·4 H2O, CaCl2 ·6 H2O, NaOAc ·3 H2O) and water. First, the melting and nucleation
temperatures were determined at normal pressure and at high pressure up to 800 MPa.
Compared to a linear extrapolation of normal pressure data, the pressure effect is
considerably smaller than predicted. The nucleation curve is roughly parallel to the
melting curve. Second, the effect of ultrasonic treatment on the samples was observed.
While cavitation was readily obtained in all samples, a raised nucleation temperature
was observed only in water. Third, the speed of solidification at different temperatures
was determined. The speed increases as the temperature is lowered. The results of
the new experiments have improved the data basis with respect to sononucleation
of inorganic PCM. The same substances and similar setups were used for ambient
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5. Summary

pressure, high pressure and ultrasonic experiments, such that the results can be directly
compared.

A careful analysis of nucleation theory and experiments identified many doubtful
assumptions and interpretations. Subcritical clusters are decisive in dynamic nucle-
ation, because their properties and size distribution determine the time required for a
pressure pulse to cause nucleation. They are however not well described by theory, and
their properties cannot be extrapolated from macroscopic values. The solidification of
inorganic PCM, liquids composed of water molecules, ions and hydrated ions, is not
described by standard diffusion or condensation models. Real homogeneous nucle-
ation as considered in theory is in fact not achievable in experiment. In sononucleation
experiments on substances with slow crystal growth, such as solutions and highly
viscous melts, primary nucleation is hard to identify. It is not possible to study the
effect of pressure shocks in a cavitating liquid while suppressing the cavitation itself,
and it is thus impossible to cross-check the postulated pressure mechanism directly.

As a consequence of the density anomaly of water, sononucleation of water cannot
be a direct pressure effect. The physical conditions in the vicinity of cavitation bubbles
can therefore not be deduced using water nucleation as calibration method. One
possible explanation for the failed sononucleation in the materials that have shown
nucleation under static high pressures is therefore that the required pressure and
temperature is not reached by the ultrasonic treatment. However, failed sononucleation
of salt hydrates could also be due to a reduced active volume. While in experiments
with slowly changing temperature or pressure, the whole sample takes part in the
experiment, the cavitation bubbles have an impact only on their direct vicinity, which
reduces the active sample volume and thus the nucleation probability tremendously.
Successful sononucleation in water could be due to the interface with the cavitation
bubbles rather than the pressure peaks during their collapse. A bubble surface does
not act similarly on the salt hydrates, because the liquid surrounding the bubble can
have an altered chemical composition that prevents nucleation of the salt hydrate solid.
Another possible sononucleation mechanism could be a disruption of clusters. If the
particles of the subcooled liquid are bound to clusters which are unable to grow, an
ultrasonic disruption of these clusters could promote solidification.

Contrary to the initial assumption, sononucleation in water is not a high pressure
mechanism that can be transferred to salt hydrates. Instead, specific material proper-
ties play a key role in the sononucleation process, which, as a tendency, favor nucleation
in pure substances and solutions, but hinder nucleation in salt hydrates. These mate-
rial properties cannot be altered without degrading the thermal storage performance
of inorganic PCM. As a consequence, nucleation by ultrasound has to be discarded for
this group of materials. However, nucleation by static pressure was proved successful
for two out of three investigated salt hydrates. This could be a starting point for future
work and the development of a new pressure based trigger mechanism.
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[4] İ. Dinçer and M. A. Rosen, eds. Thermal Energy Storage – Systems and Applica-
tions. Wiley (2002). ISBN 978-0-471-49573-4

[5] A. Sharma, V. Tyagi, C. Chen and D. Buddhi Renewable and Sustainable Energy
Reviews 13:318–345 (2009)

[6] FP7. 7th research framework programme of the European Union – activity en-
ergy.4: Renewables for heating and cooling, http://cordis.europa.eu/fp7/
energy/about4_en.html

[7] Ice Energy Corporation. Colorado, USA, http://www.ice-energy.com

[8] ZIEGRA-Eismaschinen GmbH. Germany, http://www.ziegra.com

[9] CALMAC Manufacturing Corporation. New Jersey, USA, http://www.calmac.
com

[10] H. Mehling and L. F. Cabeza. Heat and cold storage with PCM – An up to date
introduction into basics and applications. Springer (2008). ISBN 978-3-540-
68556-2

[11] G. A. Lane. Solar Heat Storage: Latent Heat Material, vol. I: Background and
Scientific Principles. CRC Press, Inc., Boca Raton, Florida (1983). ISBN 0-8493-
6585-6

[12] G. A. Lane. Solar Heat Storage: Latent Heat Material, vol. II: Technology. CRC
Press, Inc., Boca Raton, Florida (1983). ISBN 0-8493-6585-4

[13] B. Zalba, J. M. Marín, L. F. Cabeza and H. Mehling Appl. Therm. Eng. 23(3):251–
283 (2003)

[14] E. Günther, H. Mehling and S. Hiebler Modelling Simul. Mater. Sci. Eng. 15:879–
892 (2007)

A-5

http://www.bmwi.de/BMWi/Navigation/Energie/energiestatistiken,did=176656.html
http://www.bmwi.de/BMWi/Navigation/Energie/energiestatistiken,did=176656.html
http://dx.doi.org/10.1016/j.rser.2007.10.005
http://dx.doi.org/10.1016/j.rser.2007.10.005
http://cordis.europa.eu/fp7/energy/about4_en.html
http://cordis.europa.eu/fp7/energy/about4_en.html
http://www.ice-energy.com
http://www.ziegra.com
http://www.calmac.com
http://www.calmac.com
http://dx.doi.org/10.1016/S1359-4311(02)00192-8
http://dx.doi.org/10.1016/S1359-4311(02)00192-8
http://dx.doi.org/10.1088/0965-0393/15/8/005
http://dx.doi.org/10.1088/0965-0393/15/8/005


A.3. Bibliography

[15] B. Zalba, J. M. Marín, L. F. Cabeza and H. Mehling Int. J. Refrigeration 27:839–849
(2004)

[16] E. Günther, H. Mehling and S. Hiebler. In Effstock 2009 – 11th International
Conference on Energy Storage. Stockholm, Sweden (2009)

[17] C. Rudolph. Entwicklung einer Methode zur Suche nach Kristallisatoinsinitia-
toren für Salzhydratschmelzen mittels High-Throughput-Screening. Ph.D. thesis,
Fakultät für Chemie und Physik, Technische Universität Bergakademie Freiberg
(2002)

[18] J. W. Gibbs. Elementary Principles in Statistical Mechanics. C. Scribner’s sons
(1902)

[19] L. Boltzmann. Entropie und Wahrscheinlichkeit. Verlag Harri Deutsch (1872-
1905). ISBN 978-3817132867

[20] P. Atkins and J. de Paula. Physical Chemistry. Oxford University Press, 7th ed.
(2002). ISBN 978-0-716-73539-7

[21] H. Vogel, ed. Gerthsen Physik. Springer, 19. ed. (1997). ISBN 3-540-62988-2

[22] V. P. Skripov. Metastable Liquids. Halsted Press (1974). ISBN 0-470-79546-8

[23] W. Kurz and D. Fisher. Fundamentals of Solidification. Trans Tech Publications,
3rd ed. (1992). ISBN 0-87849-522-3

[24] D. Kashchiev. Nucleation – Basic Theory with Applications. Butterworth Heine-
mann (2000). ISBN 0-7506-4682-9

[25] J. Schmelzer Mater. Phys. Mech. 6:21–33 (2003)

[26] C. E. Brennen. Cavitation and Bubble Dynamics. Oxford University Press (1995).
ISBN 978-0195094091

[27] R. C. Tolman J. Chem. Phys. 17(3):333–337 (1949)

[28] M. A. Larson and J. Garside J. Cryst. Growth 76(1):88–92 (1986)

[29] V. M. Fokin, N. S. Yuritsyn, E. D. Zanotto, J. W. Schmelzer and A. A. Cabral Journal
of Non-Crystalline Solids 354:3785–3792 (2008)

[30] M. A. Rogerson and S. S. S. Cardoso AIChE J. 49(2):505–515 (2003)

[31] D. Sette and F. Wanderlingh Phys. Rev. 125(2):409–417 (1962)

[32] 12th ISSP – International Symposium on Solubility Phenomena and Related
Equilibrium Processes. TU Bergakademie Freiberg, Germany (2006)

A-6

http://dx.doi.org/10.1016/j.ijrefrig.2004.03.015
http://dx.doi.org/http://www.ipme.ru/e-journals/MPM/no_1603/schmelzer/schmelzer.html
http://dx.doi.org/10.1063/1.1747247
http://dx.doi.org/10.1016/0022-0248(86)90013-8
http://dx.doi.org/10.1016/j.jnoncrysol.2008.05.011
http://dx.doi.org/10.1016/j.jnoncrysol.2008.05.011
http://dx.doi.org/10.1002/aic.690490220
http://dx.doi.org/10.1103/PhysRev.125.409


A.3. Bibliography

[33] D. R. Lide, ed. CRC Handbook of Chemistry and Physics: A Ready-reference Book
of Chemical and Physical Data. Chemical Rubber Publishing, 88th ed. (2008).
ISBN 0-8493-0487-3

[34] National institute of standards and technology. NIST chemistry webbook, http:
//webbook.nist.gov/chemistry/ (2008)

[35] Journal of physical and chemical reference data:, http://scitation.aip.org/
jpcrd/

[36] P. W. Bridgman The Physical Review 3:126–141 (1914)

[37] P. W. Bridgman The Physical Review 6(1):1–33 (1915)

[38] P. W. Bridgman Phys. Rev. 6(2):94 (1915)

[39] R. Feistel and W. Wagner. In 14th International Conference on the Properties of
Water and Steam in Kyoto, pp. 751–756. Kyoto (2004)

[40] W. Wagner and A. Pruss J. Phys. Chem. Ref. Data 31(2):387–535 (2002)

[41] T. Sano, H. Mori, O. Sakata, E. Ohmura, I. Miyamoto, A. Hirose and K. F. Kobayashi
Appl. Surf. Sci. 247:571–576 (2005)
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B. Appendix

B.1. Are quantum effects relevant?

In nucleation theory, an energetic distribtion function is introduced to describe the
energetic fluctuations in the thermodynamic system. Here, the Boltzmann function
is used, while e.g. the description of the electron gas in metals or phonons in solids
requires a different approach [158]. In this section, a justification is given why the
classical formulation can be used for nucleation theory of salt hydrates and water.

The validity of classical formulations in physics in general and in statistical thermo-
dynamics in this case is limited by the Heisenberg uncertainty principle. This principle
states that a simultaneous specification of place x and momentum p ′ (denoted here by
p ′ to avoid confusion with the pressure p) of a particle is limited in precision by

δx δp ′ ≤ h

2π
(B.1a)

where h is Planck’s constant, h = 6.6256 ·10−34 Js.
In another formulation, the de Broglie wavelength λdB = h/p of the particle is con-

fronted with the mean separation of the particles dx (which limits the mean free path),
and the condition for the validity of the classical formulation is

dx ÀλdB (B.1b)

Particle masses involved in this work are all greater than the mass of the water
molecule, so the following calculation is done for water.

Considering the density ρ of liquid water and its molar mass M

ρ = 1g/cm3 (B.2a)

M = 18g/mol (B.2b)

the mass of one particle is, using Avogadro’s constant NA = 6.022 ·1023 mol−1,

m = M/NA

≈ 3 ·10−23 g (B.2c)

and the particle density ρ′ is given by

ρ′ = ρ/M ·NA (B.2d)

= 1/18 ·6.022 ·1023 cm−3

= 3.3 ·1022 cm−3
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corresponding to an intermolecular distance (with respect to their center of masses) of

dx = 3
√

1/ρ′ (B.2e)

= 3.1 ·10−8 cm

In fact, the molecules of a liquid are far closer than the molecules in an [ideal] gas,
such that the mean intermolecular distance with respect to the center of mass is not
exactly the mean free path. In lack of a more precise formulation, we’ll keep this
limitation in mind and carry on with the de Broglie wavelength:

Using the ideal gas formulation for the determination of the mean momentum

p ≈
√

3mkBT (B.3a)

the de Broglie wavelength becomes at 273 K (equilibrium melting temperature of water)

λdB = h/p (B.3b)

= 6.6 ·10−34 Js ·
√

3 ·3 ·10−23 g ·1.4 ·10−23 JK−1 ·273K
−1

= 1.1 ·10−12 Js
(

g JK−1 K
)−1/2

= 1.1 ·10−12 kgm2 sec−1((
10−3 kg

)2 m2 sec−2
)1/2

= 1.1 ·10−9 cm

and thus indeed
3.1 ·10−8 cm = dx ÀλdB = 1.1 ·10−9 cm (B.4)

This inequality is however based on two rough assumptions: the formula for an ideal
gas was applied to determine λdB in a liquid, and the finite size of the particles was
neglected in the estimation of dx.

For comparison, the critical radius of water is about 10−6 cm, as lined out in sec-
tion B.2, which is already three orders of magnitude larger than the de Broglie wave-
length1 of a single particle.

1At 10 K subcooling, the de Broglie wavelength is only slightly increased with respect to the equilibrium
melting temperature used here.
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B.2. Pressure dependency of the critical radius

The critical radius as a function of temperature and pressure is given by

rcrit(p,T ) = 2σo

∆h ρcm

(
T

T o
m

(
1+∆v/∆h

(
p −p0

m
)) −1

)−1

(B.5a)

The radius is thus proportional to

rcrit(p,T ) ∝
(

T

T o
m

(
1+∆v/∆h

(
p −p0

m
)) −1

)−1

(B.5b)

For this equation, all parameters are available for the three investigated salt hydrates
and water, as listed in table 3.2.

In the following, the critical radius in arbitrary units (a.u.) as a function of tem-
perature is plotted for several isobars, using semi-logarithmic plots and covering the
temperature range T 0

m −30K ≤ T ≤ T 0
m.
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Figure B.1.: Isobars of the critical radius in arbitrary units as function of temperature for H2O
and KF ·4 H2O.

In general, the critical radius is sensible to pressure particuarly near the melting
temperature at normal pressure T 0

m. Comparing the materials, KF ·4 H2O stands out
with its very small ∆v and therefore its almost insensible rcrit. The expected specific
reduction of the critical radius at T = T 0

m −10K for different pressures is summarized
in table B.1.
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Figure B.2.: Isobars of the critical radius in arbitrary units as function of temperature for
CaCl2 ·6 H2O and NaOAc ·3 H2O.

For water, the surface tension is known, and equation (B.5a) can be evaluated directly.
At normal pressure, the critical radius as a function of temperature is

r 0
crit(T ) = 2σ0

∆h ρcm

(
T

T o
m
−1

)−1

(B.6)

At 10 K subcooling, i.e. at T = 265K, using σ0 =−0.077Jm−2 (extrapolated to 265 K,
data from [82]) we get as a typical size of the critical radius of water

r 0
crit = 16nm (B.7)

Table B.1.: Expected sensitivity of the critical radius to a change in pressure.

T 0
m −10K / K r 0

crit / AU rcrit(p)/r 0
crit

at 0.1MPa at 100MPa at 600MPa at 900MPa

H2O 263 0.16 1.5 – –
KF ·4 H2O 281 0.25 0.95 0.78 0.70
CaCl2 ·6 H2O 293 0.32 0.45 0.14 0.11
NaOAc ·3 H2O 321 0.29 0.45 0.14 0.11
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B.3. Analysis of high pressure melting and nucleation curves

For the analysis of the high pressure melting and nucleation curves, the uncertainty
of measurement data and theoretic curves is required. In this section, first the basics
of error calculus are summarized, which are then applied to the high pressure curves.
The interpretation of the results is given in the main text in section 4.2.2.

Error calculus

Uncertainty in interpolations

The standard derivation σ is used as a measure of the quality of an interpolation.
The deviation of one datapoint yi from the mean value < y > is given by

δyi =
∣∣yi−< y >∣∣ (B.8a)

If not a mean value, but a fitted curve is regarded, the deviation of a data point (xi , yi )
from the curve f (x) is given by

δyi =
∣∣yi − f (xi )

∣∣ (B.8b)

The squared mean deviation of all measurement points in one series is then given by
the sum of the squared errors of each point

σ2 = 1

n

n∑
i=1

(
yi − f (xi )

)2 (B.9)

Uncertainty in functions

When a value f is determined as a function of uncertain parameters~x, the error in the
parameters propagate.

The general formula for error propagation is

δ f (~x)2 =∑
i

(
∂ f

∂xi

)2

· δxi
2 (B.10)

where all xi are independent variables.
If f is a linear combination of~x, the summands are equal to the relative errors and

∂ f

∂xi
·δxi = f (~x) · δx j

x j
(B.11)

and thus
δ f (~x)

f (~x)

2

=∑
j

(
δx j

x j

)2

(B.12)

The absolute error is then

δ f (~x) = f (~x) ·
√√√√∑

j

δx j

x j

2

(B.13)
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Analysis of uncertainty of high pressure data

In this section, the uncertainty of the extrapolations from normal pressure data and
the variance of the interpolated high pressure measurement data are determined.

Uncertainty of extrapolations from room data

The linearized Clausisus-Clapeyron as given in equation (2.9b) is used for the extrapo-
lation. Considering the temperature lift only, equation (2.9b) is reduced to

∆Tm(p) = T 0
m
∆v

∆h
·p (B.14)

The uncertainty of the melting curve is deduced by error propagation as described
in section B.3. While Tm is known to a fraction of a degree for salt hydrate PCM, an
uncertainty of at least 5% has to be assumed for both ∆h and ∆v . The pressure p is the
free variable here and is assumed without error. The relative error in Tm is determined
using equation (B.12).

For NaOAc ·3 H2O, the calculation reads

δ∆Tm(p)

∆Tm(p)
=

√√√√ δT 0
m

T 0
m

2

+ δ∆v

∆v

2

+ δ∆h

∆h

2

(B.15a)

=
√

0.2

330

2

+0.052 +0.052

≈ 7%

The uncertainty of the extrapolated rise in the melting temperature is thus about 7% of
its value. The contribution of the relative uncertainty in T 0

m is very small compared to
the uncertainties in ∆v and ∆h. At p = 400MPa, the absolute error is

δ∆Tm(400MPa) = 0.07 ·57K = 4K (B.15b)

For CaCl2 ·6 H2O, the calculation is very similar and we get with∆Tm(400MPa) = 54K
again

δ∆Tm(400MPa) = 0.07 ·54K = 4K (B.16)

For KF ·4 H2O, the situation is a bit different. Considering that the volume change
for KF ·4 H2O is very small, a larger uncertainty of at least 20% in room pressure data
for ∆v seems more realistic. The relative error as in equation (B.12) is then dominated
by the term δ∆v/∆v and sums up to 21%. In contrast to the other substances, the
total change in melting temperature with pressure is very small for KF ·4 H2O, i.e.
∆Tm(400MPa) = 1.9K. The absolute uncertainty in the rise of the melting temperature
for KF ·4 H2O is then

δ∆Tm(400MPa) = 0.21 ·1.9K = 0.4K (B.17)
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Uncertainty of interpolations of high pressure data

As to the uncertainty of the measured curves, the uncertainties of the single data points
are indicated in the measurement plots in figure 3.21 to figure 3.24. The experimental
results do not lie on a linear curve (as supposed by the extrapolation) and are therefore
interpolated by a cubic function of the form

Tm(p) = Tm(p = p0)+a p −b p2 (B.18)

The uncertainty of the slope of the curve is determined by statistical analysis as
described in section B.3. The coefficients for both melting and nucleation curves of the
three sample materials are shown together with the standard deviations in table B.2.

Table B.2.: Values of the fit parameters used to interpolate the experimental results of the
high pressure experiments by equation (4.3). Values indicated by m refer to melting, n to
nucleating curves. σ denotes the standard derivation of the measured data with respect to
the interpolation.

a b σ

/10−2 KMPa−1 /10−5 KMPa−2 /K

KF ·4 H2O m −1.0 −1.4 0.74
n 0.062 −3.2 2.6

CaCl2 ·6 H2O m 11.9 −4.5 1.1
n 9.2 −5.0 7.2

NaOAc ·3 H2O m 10.4 −3.4 3.8
n 11 −5.4 2.6
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B.4. Effect of variable compressibility on adiabatic heating

In this section, an estimation of adiabatic heating in a material with variable compress-
ibility κ is given based on [103, 159].

For constant κ, adiabatic heating by compression ∆T =∆Tcompression is given by

∆T (p) = κ2p3

ρcp
(B.19)

For a large change in pressure, assuming invariable κ could introduce a significant
error. In order to consider κ as a function of p [160, 161], a lengthy calculation is
required as lined out in the following.

The derivative of equation (B.19) with respect to pressure is

∂

∂p
∆T (p) = 3

κ2p2

ρcp
(B.20a)

i. e. a function of the form
∂

∂p
∆T (p) = c κ2p2 (B.20b)

where c = 3
ρcp

. c is thus proportional to the thermal mass ρcp . Postulating an invariance

of the thermal mass with pressure, the integral can be evaluated.
The temperature lift caused by adiabatic compression is then given by

∆T (p) = c
∫ p

0
κ(p ′)2p ′2dp ′ (B.21)

The compressibility is approximated by an exponential decay [161] of the form

κ(p) = a ·exp(b p)+κo (B.22)

as shown in figure B.3.
Then, the temperature lift due to adiabatic compression as a function of pressure

can be written as

∆T (p) = c
∫ p

0

[
a2 ·exp(2b p ′)+κ2

0 +2κ0 a ·exp(b p ′)
]

p ′2dp ′ (B.23a)

= τ0 +
κ2

0 c

3
p3 +ac κ0

∫ p

0
p ′2 exp(2b p ′)dp ′ (B.23b)

+a2c
∫ p

0
p ′2 exp(b p ′)dp ′

τ0 is an integration constant to be determined later.
To evaluate this integral, integrals of the form∫

xα eβxd x (B.24)
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Figure B.3.: Compressibility of water using data from [161] and extrapolation to higher pres-
sures.

have to be solved. For α ∈ (1,2), this is done by applying the integration by parts
method, which results in∫

xα eβxd x = xα · 1

β
·eβx −

∫
1

β
·eβxα xα−1dx (B.25)

The exponent of x in the integral can thus be decremented stepwise until a simple
exponential integral remains to be solved.

Using

α1,2 = 2,1 (B.26a)

β1,2 = b,2b (B.26b)

x = p (B.26c)

after two iterations and integration of a simple exponential term, the integral is

∆T (p) = ac κ0

[
p2 · 1

2b
·e2bp − 2

2b

(
p · 1

2b
·e2bp − 1

4b2
·e2bp

)]
(B.27a)

+a2c

[
p2 · 1

b
·ebp − 2

b

(
p · 1

b
·ebp − 1

b2
·ebp

)]
+ κ2

0 c

3
p3 +τ1

Introducing simple coefficients, this is

∆T (p) = a1p3 +a2 +a3
(
a4p2 +a5p +a6

)
ea7p (B.27b)

+a8
(
a9p2 +a10p +a11

)
ea12p

The coefficients are listed in table B.3.
τ1 is the overall integration constant, and has to fulfill the following relation

∆T (p = 0)
!= 0 (B.28a)
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Table B.3.: Coefficients in equation (B.27b).

a1 =
κ2

0 c
3 a5 = − 1

2b2 a9 = 1
b

a2 = τ1 a6 = 1
4b3 a10 = − 2

b2

a3 = ac κ0 a7 = 2b a11 = 2
b3

a4 = 1
2b a8 = a2c a12 = b

such that

τ1 = −acκ0

4b3
− a2c

b3
(B.28b)

= −ac

b3 (κ0/4+a)

The values for the constants in equation (B.27a) are for water

ρcp ≈ 4.2 ·10−6 Jm−3 K−1 (B.29a)

c ≈ 7.1 ·105 J−1 m3 K (B.29b)

κ0 = 1.40 ·10−4 MPa−1 (B.29c)

a = 3.18 ·10−4 MPa−1 (B.29d)

b = −1/278MPa (B.29e)

This results in the coefficients as listed in table B.4.

Table B.4.: Values of coefficients in equation (B.27b). for water

a1 = 4.6 ·10−3 KMPa−1 a5 = −3.8 ·104 MPa2 a9 = −278MPa
a2 = 3.3K a6 = −5.4 ·106 MPa3 a10 = −1.5 ·105 MPa2

a3 = 3.2 ·10−4 KMPa−1 a7 = −7.2 ·10−3 MPa−1 a11 = −4.3 ·107 MPa3

a4 = −139MPa a8 = 7.2 ·10−4 KMPa−1 a12 = −3.6 ·10−3 MPa−1

Substituting in equation (B.27b), and with π= p/MPa, we finally get

∆T (π) = 4.6 ·103 Kπ3 +3.3K (B.30)

+3.2 ·102 K
(
139π2 −3.8 ·104 π−5.4 ·106)e−7.2·10−3 π

−7.2 ·102 K
(
278π2 +1.5 ·105 π+4.3 ·107)e−3.6·10−3π
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This is plotted together with the results without taking account of variable compres-
sivity in figure B.4.

0 2 0 0 4 0 0 6 0 0 8 0 00

5

1 0
∆T

 / K

p  /  M P a

 ( a )
 ( b )
 ( c )

Figure B.4.: Adiabatic heating using constant (a,b) or variable (c) compressibility.

The value for the constant compressibility curves is taken as the compressiblity at
normal pressure (a) and as the average value in the drawn range (b). In case (a), the
heating is overestimated. In case (b), the heating is underestimated for low pressures
and overestimated for high pressures. Although pressure dependent compressibility
data for salt hydrates is missing, the results are probably in a similar order of magnitude.
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B.5. Effect of evaporative cooling during cavitation

In this section, an estimate of the effect of evaporative cooling in a cavitation bubble
is presented. The obtainable cooling effect is estimated for a simplified situation as
sketched in figure B.5.

bulk liquid

cavity vapor

surface layer

(a) stage 1

bulk liquid

cavity vapor

surface layer

(b) stage 2

bulk liquid

cavity vapor

surface layer

(c) stage 3

Figure B.5.: The cooling effect is estimated in two steps: a cavity (a) is filled with vapor from
the bulk liquid (b). This evaporation cools the surface layer (c).

An empty cavity of radius r in water at 273 K is assumed. For simplicity, the surface
is treated as planar2. Water from the surface evaporates into the cavity until the vapor
pressure [162] is reached.

The energy required to evaporate enough water to fill the cavitation is given by

∆H =∆hρvap · 4

3
πr 3 (B.31)

This heat is extracted from the bubble surface layer. The surface layer experiences a
mean change in temperature ∆T

∆T = ∆H

cp,liqmliq
(B.32)

where the surface layer mass mliq is for a layer of thickness ∆x

mliq = 4

3
π

[
(r +∆x)3 − r 3] ·ρliq (B.33)

In order to reach a mean temperature T , the evaporative cooling should penetrate
the liquid at most to

∆x =
(

3mliq

4πρliq
+ r 3

) 1
3 − r (B.34)

=
(

3

4π
· ∆hρvap · 4

3πr 3

cp,liqρliq∆T
+ r 3

) 1
3

− r

= r ·
(
1+ ∆h

cp∆T
· ρvap

ρliq

) 1
3 − r

2As lined out in section 2.1.2, this simplification is valid for water droplets larger than µm.
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which, using the input paramaters

ρvap(273K) = 4.847kg/m3 (B.35a)

ρliq = 1 ·103 kg/m3 (B.35b)

∆h = 334J/g (B.35c)

cp,liq = 4.2J/gK (B.35d)

∆T = 40K (B.35e)

results in

∆x

r
=

(
1+ 334

168
·4.847 ·10−3

) 1
3 −1 (B.36)

= 3.2 ·10−3

Considering the size of the critical radius, which is supposed to in the range of some
nm at this temperature according to equation (B.6), a bubble size of about r ≥ 5µm
would be large enough to deliver enough evaporative cooling.

The presented calculation considers only the energy balance. The required cav-
ity sizes should be easily obtainable in ultrasonic cavitation. Therefore, the critical
question is in fact rather about dynamics and heat transport.
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B.6. Details of the observations of solidifying salt hydrates

In this section, details of the observations of the solidifying salt hydrates are presented.
The speed of solidification was determined by evaluation of the movement of the
phase boundary, which is clearly visible as a strong contrast in the graphs. Still images
from the films that were recorded with the IR camera and the evaluated speeds of
solidification are shown. A comparison to literature values is done for NaOAc ·3 H2O,
the only substance where published data was available.

KF ·4 H2O
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B.6. Details of the observations of solidifying salt hydrates
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KF4H2O_Probe01_every8frame.avi 

     

    

     

Figure B.6.: Stills from the IR camera recording of solidifying KF ·4 H2O, sample 1, T ≈ 283K.
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KF4H2O_Probe02_every8frame.avi 

     
 

     
 

     
 

Figure B.7.: Stills from the IR camera recording of solidifying KF ·4 H2O, sample 2, T ≈ 292K.
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Figure B.8.: Stills from the IR camera recording of solidifying KF ·4 H2O, sample 2 continued,
T ≈ 292K.
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B. Appendix

In figure B.9, the results are presented in a graph.
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Figure B.9.: Speed of solidification of KF ·4 H2O as determined by the IR measurements.

Different needle tips were evaluated for each temperature level. The speeds of the
individual needles show significant difference. The overall speed of solidification is fast
compared to the other salt hydrates.
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CaCl2_Probe01_every8frame.avi – bei T = 20°C (?) 

    

   

    

 
 

Figure B.10.: Stills from the IR camera recording of solidifying CaCl2 ·6 H2O, sample 1, T ≈
293K.
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CaCl2_Probe03_every8frame.avi – bei T=10°C 

     

     

   
 

Figure B.11.: Stills from the IR camera recording of solidifying CaCl2 ·6 H2O, sample 3, T ≈
283K.

B-20
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CaCl2_Probe04_every8frame.avi – bei etwa 15°C 

   

   

   

Figure B.12.: Stills from the IR camera recording of solidifying CaCl2 ·6 H2O, sample 4, T ≈
288K.
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CaCl2_Probe05_every8frame.avi – bei etwa 24°C 
 

   

   

 
 

Figure B.13.: Stills from the IR camera recording of solidifying CaCl2 ·6 H2O, sample 5, T ≈
297K.
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Mikroskop-Aufnahme: “Micro5x_every4frames_10Celsius_02.avi” 
 
Bei den Aufnahmen mit dem Mikroskop-Objektiv kam es zu mehreren Schwierigkeiten: 

• Es gelang es nicht sofort, einen wachsenden Kristall im Bild festzuhalten (Verschiebung des 
Bildausschnitts nach den ersten beiden Standbildern).  

• Die Apparatur ist für diese Aufnahme auch nicht gut genug gegen Erschütterungen isoliert.  
• Außerdem ist die geringe Tiefenschärfe ein Problem.  

 
Leider konnte nur diese eine Aufnahme gemacht werden. Potentiellerweise ist die Infrarot-Kamera zur 
Beobachtung von Kristallwachstum aber gut geeignet und sicher sehr interessant. 
 
Es konnte das Breiten-Wachstum einer Kristallnadel aufgezeichnet werden.  

Die Zeit ist 19031 und 65782 ms  ∆t = 46715 ms 
Die Breite wächst von 65 auf 113 Pixel  ∆s = 48 px 

Die Auflösung ist hier etwa 0,014 Pixel/mm (vgl. Uwe’s Mail: 4mm auf 288 pixel – wohl eher eine 
grobe Schätzung). 
 

 Breitenwachstum etwa 48*0,014/47 mm/s = 0,015 mm/s. 
 
Nach etwa 47 s Film beginnt links unter der Nadel ein weiterer Kristall zu wachsen. 
 

       
 

   

Figure B.14.: Stills from the IR camera recording of solidifying CaCl2 ·6 H2O, using a micro-
scopic lens, part 1, T ≈ 283K.
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Abbildung 2: Die Geschwindigkeit des Breitenwachstums ist im Vergleich zum Längenwachs-
tum der Kristalle sehr gering. 

Figure B.15.: Stills from the IR camera recording of solidifying CaCl2 ·6 H2O, using a micro-
scopic lens, part 2, T ≈ 283K.
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B. Appendix

In figure B.16, the results are presented in a graph.
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Figure B.16.: Speed of solidification of CaCl2 ·6 H2O.

The speed of solidification was evaluated for the direction of needle growth (“paral-
lel”) and perpendicular to the needle growth (“transversal”), as shown in figure B.14
and B.15. The recordings using the microscopic lens were difficult to carry out and
evaluate, because the needles move in the solidifying liquid and thus move out of focus
continuously.
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NaOAc ·3 H2O
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 4

Auswertung der Versuche 
NaOAc·3H2O, Probe 1 
 

   
 

  
 
 

 
NaOAc·3H2O, Probe 2 

    

 
 

Figure B.17.: Stills from the IR camera recording of solidifying NaOAc ·3 H2O, sample 1, T ≈
313K. Here, two seed crystals in asymmetric position were dropped in the subcooled sample.
It can be observed in the last image, that the “grain boundary” is linear. This is a clear
indication of a constant speed from both seed locations.
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Auswertung der Versuche 
NaOAc·3H2O, Probe 1 
 

   
 

  
 
 

 
NaOAc·3H2O, Probe 2 

    

 
 

Figure B.18.: Stills from the IR camera recording of solidifying NaOAc ·3 H2O, sample 2, T ≈
313K.
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NaOAc·3H2O, Probe 3 
 

    
 

    
 

 

 
 Figure B.19.: Stills from the IR camera recording of solidifying NaOAc ·3 H2O, sample 3, T ≈

313K.
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NaOAc·3H2O, Probe 4 
 

  
 
 
 

Figure B.20.: Stills from the IR camera recording of solidifying NaOAc ·3 H2O, sample 4, T ≈
313K.
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NaOAc·3H2O, Probe 5 

    

   

  

  

  
 

Figure B.21.: Stills from the IR camera recording of solidifying NaOAc ·3 H2O, sample 5, T ≈
328K.
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B.6. Details of the observations of solidifying salt hydrates

LWSNet – PN 101205 – AP2.5.1                   LWSnet_IR-Kamera_ZAE3_1-NaOAc.doc 
28.9.2007  11:03  

 8

NaOAc·3H2O, Probe 6 

   
 

  
 

  
 

  
 
 
 
 

Figure B.22.: Stills from the IR camera recording of solidifying NaOAc ·3 H2O, sample 6, T ≈
328K.
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B. Appendix

In figure B.23, the results are compared to literature data and preliminary measure-
ments. Data from the presented IR measurements (line 1) is compared to preliminary
measurments using a different IR camera (line 2) and a video camera (line 3), and to
literature data from Wada et al. [163] and Rogerson and Cardoso [75].
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Figure B.23.: Speed of solidification of NaOAc ·3 H2O as determined in this study and literature
data from Wada et al. [163] and Rogerson and Cardoso [75]; see text below.

In the work of Rogerson, the speed of crystal growth was measured on diluted
NaOAc ·3 H2O (lines 1,2 in the graph) and the data for the stoichiometric trihydrate was
determined by extrapolation (line 3 in the graph). The data of Rogerson does not show
a reduced speed of crystallization for temperatures close to the melting temperature.
This is due to the extrapolation from only two temperatures far away from the melting
temperature. The extrapolation with respect to the water content is however rather
successful.

The preliminary measurements using a video camera were very difficult to evaluate
because of low contrast and difficult location of the phase front. This is particularly
a problem for NaOAc ·3 H2O which tends to form an opaque layer of dehydrated salt
on the sample surface. Therefore, an IR camera available at the chair of Prof. Voigt
[76] was tested for better contrast. These test were successful and another IR camera
available at ZAE division 3 in Erlangen could be used for the following experiments.
The data acquired in this final setup are in good agreement with data by Wada.
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