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1. Introduction 

1.1 Background 

The worldwide demand for energy is increasing rapidly as a result of the 
growth of the population and economy: total final energy consumption and 
CO2 emissions roughly doubled during the years 1973-2014. At the same time, 
the energy consumption and greenhouse gas emissions should be substantially 
reduced in order to combat climate change. Almost 90% of the energy con-
sumed worldwide is still produced using fossil fuels; the share of biofuels and 
waste is 10% and the share of solar, wind and geothermal energy is only ~1%. 
[1-4] The European Commission has set a target of increasing the share of re-
newables in the EU to 20% by 2020 in order to restrict global warming. The 
national target in Finland is 38%. One important goal in reaching the energy 
and climate objectives is to improve the energy efficiency of industry and 
buildings. [5]  

 
Figure 1. Total primary energy supply by fuel (in Mtoe) from 1971 to 2014. In the graph, peat 
and oil shale are included in Coal. Other includes solar, wind, geothermal energy etc. Repro-
duced with permission from [1]. 

The intermittency of solar and wind energy limits their use on a large-scale: 
the variable energy supply cannot always meet the demand. The seasonal vari-
ability of solar energy is extreme in cold-climate countries: in Finland, the so-
lar insolation is 21 times greater in summer than in December [6]. Solar en-
ergy is overproduced in the summer season, but very little insolation is avail-
able in the winter, when the energy demand is highest. Flexibility increasing 
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solutions are needed to tackle this mismatch between energy production and 
the consumption of renewables. One of the most important flexibility increas-
ing solutions is energy storages that are able to store the surplus energy and 
provide it on demand. [2,3,7-11]  

Figure 2. The total daily extraterrestrial irradiation (MJm-2) at the top of the atmosphere as a 
function of latitude. Reproduced with permission from [7]. 

Heating, ventilation and air conditioning (HVAC) accounts for a large part of 
the total energy demand. In Finland, the share of HVAC is 22% of the total 
energy use and 70% of the energy use of buildings. [2,4] To this end, efficient 
heat transfer fluids (HTFs) and thermal energy storage (TES) materials are 
focused on in this thesis. An application example of the studied heat transfer 
and storage materials is presented in Figure 3.  

 
Figure 3. Application example of the heat transfer and heat storage materials researched in this 
thesis. This thesis focuses on the development of novel HTFs, nanofluids, for heat transfer 
applications (Publications I,II), and thermal energy storage (TES) materials (Publications III, IV).  
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Publications I and II research novel HTFs, phase changing nanofluids, for heat 
transfer purposes. One potential application of nanofluids is condensers, in 
which the external HTF limits the heat transfer efficiency. Condensers are 
used for instance in combined heat and power (CHP) plants (Figure 3). Publi-
cations III and IV study new TES materials. The novel materials developed in 
this work are able to store e.g. thermal energy from solar thermal collectors 
long-term and almost losslessly. The stored thermal energy can be used for 
residential heating in the winter season, when the energy demand is highest. 
Chapters 1.1.1 and 1.1.2 give brief introductions to nanofluids and TES materi-
als, respectively.   

 
1.1.1.  Nanofluids for efficient heat transfer 

Efficient heat transfer is essential in many industrial sectors, such as energy 
and transportation. The most effective heat transfer mechanism is forced con-
vection, in which external surface forces, e.g. a pump or a fan, enhance the 
movement of the heat transfer fluid (HTF). The thermal and kinetic properties 
of the HTF play an essential role in the efficiency and the size of the heat trans-
fer system. An efficient HTF should have high thermal conductivity and spe-
cific heat, but low viscosity. [2,4,12] 

Many publications have reported that suspensions of nanosized particles, or 
nanofluids, have substantially higher thermal conductivity ( ) and improved 
heat transfer performance in comparison to conventional HTFs. [13-26] The 
most commonly nanofluids consist are metal [13-16], inorganic oxide [17-
20,27,28] or carbon nanotube (CNT) [21,22] nanoparticles (NPs) dispersed in 
water, oil or ethylene glycol (EG). Recent publications have also demonstrated 
that the convective heat transfer performance of nanofluids can be character-
ized solely by the well-known Nusselt correlations if the changed thermophysi-
cal properties of the fluids ( , specific heat, , density, , and viscosity, ) are 
properly taken into account [27,28-33]. Comparison of the results regarding 
nanofluids is a challenging task as numerous factors, such as particle chemis-
try, size, shape, concentration and colloidal stability, affect the nanofluid prop-
erties substantially. Nanofluids should always be prepared carefully, character-
ized thoroughly and analyzed in depth because of their complexity.  

Novel type of HTF is phase changing fluids, in which PCM particles or drop-
lets are dispersed in a base fluid. Both the sensitive heat of the suspension and 
latent heat of the PCM are utilized for the heat transfer in PCM suspensions. 
Typically, phase changing fluids have been prepared by emulsifying microscale 
PCM droplets or by dispersing previously prepared microencapsulated PCMs 
into a base fluid. The studied PCMs are nonpolar, non-supercooling PCMs, 
such as paraffins or fatty acids. Microscale PCM particles have been observed 
to increase the energy density and the convective heat transfer performance of 
HTFs. However, the viscosity of phase changing fluids is also often high, re-
sulting in high pressure losses. [34-37] 
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1.1.2. Thermal energy storage materials 

Efficient heat storages would substantially enhance the flexibility of solar 
thermal collectors and improve the energy efficiency of buildings and indus-
trial processes. In residential heating, short-term TES typically balances the 
daily variation in the environmental temperature. Current short-term TES are 
based on sensible or latent heat storages. In sensible heat storages, thermal 
energy is stored by changing the temperature of the storage medium (typically 
water, masonry or ground) without phase changes. Commercial sensible heat 
hot water heaters are typically able to store thermal energy for a few days. La-
tent heat storages utilize phase change heat for storing thermal energy. Gener-
ally, melting and solidification of phase change materials (PCMs) are utilized, 
although some storages also exploit solid-solid phase changes of PCMs. Latent 
heat storages typically have higher energy storage densities (heat storing ca-
pacity per unit volume) in comparison to sensible heat storages. Unlike sensi-
ble heat storages, latent heat storages absorb and release the heat at a nearly 
constant temperature that is beneficial for short-term TES. By far the most 
studied PCMs are organic alkanes, paraffins and fatty acids that release the 
stored thermal energy by solidification at or slightly below their thermody-
namic equilibrium phase change temperature  [8-11,39-42]  

Efficient long-term TES (LTES) is able to store thermal energy for several 
months or even for years. LTES would be particularly beneficial in cold-
climate countries, where the heating demands are high and vary greatly during 
the season. Despite its importance, the development of LTES is still in its in-
fancy: currently only sensible heat technologies, e.g. borehole storages and 
aquifers, are used for the seasonal storing of thermal energy. The manufactur-
ing of sensible heat storages is simple and their costs are often low. However, 
sensible heat storages require huge storage volumes and efficient insulation 
for long-term storing of heat because of to their low energy storage density and 
high energy losses. The need for large, well-insulated storage limits the feasi-
bility of sensible heat LTES, particularly in distributed, small-scale energy sys-
tems. In addition, the temperature level obtained from sensible heat storages 
is often too low for space heating or for the production of domestic water dur-
ing the cold season. Because of these issues, it would be highly beneficial to 
have a novel LTES technology with higher energy storage potential and mini-
mal losses. [41-45] 

Many PCMs supercool, i.e. remain in a liquid state at temperatures lower 
than . Conventionally, the supercooling of PCMs is considered a major dis-
advantage in short-term TES [8-11,38]. However, supercooling may also be 
exploited in LTES. In this case, the heat is stored almost losslessly in the su-
percooled melt PCM at temperatures substantially below , and released on 
demand by crystallization. The utilization of supercooling PCMs on a large 
scale has hitherto been impeded by the metastability of the supercooled state: 
supercooled melts are always prone to spontaneous crystallization that causes 
the dissipation of the thermal energy that is stored. The likelihood of sponta-
neous crystallization increases with the sample volume as the probability of 
nucleation sites increases. The lack of efficient crystallization trigger methods 
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is also a major problem with supercooling PCMs: conventional crystallization 
trigger methods (the addition of seed crystals and intense mixing) are not effi-
cient on a large scale. [43-51] 

1.2 Objectives and scope 

This thesis focuses on the development of novel heat storage and transfer ma-
terials for efficient energy systems. This dissertation concentrates particularly 
on the material development of nanofluids, which are interesting alternatives 
to conventional HTFs, and supercooling PCMs, which are promising for LTES. 
Both nanofluids and supercooling PCMs suffer from severe technical obstacles 
that have to be resolved before the materials can be applied in practice. 

1.2.1 Nanofluids for efficient heat transfer 

Nanofluids have been reported to exhibit enhanced thermal conductivity and 
convective heat transfer performance as in comparison to conventional HTFs. 
However, recent studies indicate that the conventional heat transfer correla-
tions are able to predict the heat transfer performance of nanofluids, if the 
changed material properties are taken into account in the analysis. The com-
parison of experimental results is difficult as a result of the inadequate charac-
terization and poor quality of the nanofluids as well as the unsuitability of the 
equipment and analysis methods used. [27,28-33] 

Publications I and II focus on novel type of HTF: suspensions of PCM 
nanoparticles. In phase changing fluids, both the sensible heat of the suspen-
sion and the latent heat of PCM are utilized for heat transfer. In publication I, 
stable aqueous suspensions consisting nanosized PCM particles are developed 
by emulsification methods. High-energy ultrasound mixing and low-energy 
phase inversion composition (PIC) methods are tested for the preparation of 
paraffin and fatty acid nanofluids, respectively. Publication II studies the con-
vective heat transfer of paraffin nanofluids prepared by the method developed 
in Publication I. Publication II aims at determining whether paraffin PCM 
nanoparticles can improve the heat transfer of HTFs more than conventional 
solid NPs and what the overall efficiency of the PCM suspensions is by taking 
into account both the heat transfer and power required to pump the PCM sus-
pensions.   

1.2.2 Supercooling PCMs for LTES 

There are three main factors preventing the use of supercooling of PCMs in 
large-scale heat storages: i) the metastability of the supercooled state, ii) the 
low degree of supercooling (  and iii) the slow crystallization 
rate. Salt hydrates, such as sodium acetate trihydrate (SAT) and disodium 
phosphate (DSP), are the most studied supercooling PCMs. The primary prob-
lem of salt hydrates is the metastability of the supercooled state: supercooled 
PCM is always prone to crystallization. Upon spontaneous crystallization, the 
stored thermal energy is dissipated. The spontaneous crystallization of many 
salt hydrates is easily initiated by heterogeneous nucleation centres, such as 
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impurities or crystallization surface roughness. The probability of spontaneous 
crystallization increases with the sample volume and storage time. The super-
cooled melt may also already crystallize on cooling, before the PCM reaches 
the desired storage temperature. In this case, the supercooling tendency of 
PCM is too low for practical applications. The third possible problem of certain 
readily supercooling PCMs, such as polyols, is their slow speed of crystalliza-
tion, or the slow heat release rate. [43-51] 

The aim of the latter part of this thesis is to develop novel PCMs with modi-
fied supercooling and crystallization properties in order to resolve the three 
above mentioned problems. Two new LTES materials based on a supercooling 
polyol and a polymer additive are proposed in this thesis. A new microstruc-
tured polyol-polystyrene composite is developed and studied in Publication 
III. The microscale engineering substantially enhances the supercooling ten-
dency and heat release properties of erythritol PCM. Publication IV proposes a 
novel supercooling polyol-polyelectrolyte mixture that is able to store signifi-
cant amounts of thermal energy long-term at as low temperature as desired. 
Instead of crystallization, the novel material supercools and eventually vitrifies 
on cooling without the release of the latent heat. The material releases the 
stored thermal energy in subsequent heating by cold-crystallization. In this 
thesis, vitrification and cold-crystallization is exploited for storing of thermal 
energy for the first time. 

1.3 Outline 

Chapter 2 provides a technology and literature review on nanofluids and TES 
technologies. Chapter 2.1. presents an overview of nanofluids for heat transfer 
applications: the colloidal stability, preparation methods and convective heat 
transfer performance of nanofluids are covered in this section. Chapter 2.2. 
focuses on thermal energy storage (TES) technologies. The emphasis is placed 
on supercooling PCMs and their use in the long-term storing of thermal ener-
gy. Supercooling and crystallization theories are discussed briefly in Chapter 
2.3. Chapter 3 describes the synthesis and analysis methods used in this thesis. 
Chapter 4 summarizes the main results and Chapter 5 concludes the research 
and highlights the scientific and technological significance of this dissertation.  
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2. Technology and Literature Review 

2.1 Nanofluids  

Nanofluids are a new class of heat transfer fluids consisting of nanoscale parti-
cles (typically 10-100 nm in size) dispersed in a base fluid, such as water 
[15,16,19,23,24,32], oil [23-25] or ethylene glycol (EG) [13,18,23,24]. The most 
common nanoparticles (NPs) are noble metals [14,15,23,24,25,33], inorganic 
oxides (e.g. SiO2, TiO2, Al2O3, Fe3O4, MgO, CuO) [18-20,23,24,32,33] and car-
bon nanotubes (CNTs) [21,22]. In addition to solid NPs, nanoemulsions [52] 
and suspensions of microscale PCM particles [34-38,53] have also been stud-
ied. The NP concentration of solid particle nanofluids is typically 0.1-10 vol-% 
[13-33], whereas those of microparticle PCM slurries are typically substantially 
higher (5-30 vol-%) [34-37].  

The thermophysical properties and heat transfer performance of nanofluids 
and PCM slurries are affected by numerous factors, the most important of 
which are the nanoparticle material, size, shape, concentration and the stabil-
ity of the dispersion [19,23,24,32,33]. Comparison of the results is thus ex-
tremely challenging, and is often complicated further by poor and insufficient 
characterization. For heat transfer applications, it would be advantageous to 
have a fluid with high thermal conductivity ( ), high specific heat ( ) and low 
viscosity ( ). This dissertation examines novel type of nanofluids, phase 
changing nanofluids, in which both sensitive heat of the suspension and latent 
heat of PCM are utilized for heat transfer. The PCM improves the heat transfer 
of the base fluid in the phase change temperature range [34-37]. However, at 
the same time, the PCM particles (or solid NPs) increase the  and friction 
factor of the base fluid, resulting in nanofluids possessing higher pumping 
powers in comparison to conventional HTFs [19,20,23,24,32,34]. Nanofluids 
should also remain stable at elevated temperatures for a long time: aggrega-
tion of the NPs increases the viscosity of the fluid and eventually causes phase 
separation and clogging of the equipment.  

The fundamentals of colloidal stability and the stabilization mechanisms of 
nanofluids are discussed in Chapter 2.1.1. The preparation methods of phase 
changing fluids are introduced in Chapter 2.1.2 and Chapter 2.1.3 focuses on 
the convective heat transfer performance of nanofluids. 



Technology and Literature Review 

8 
 

2.1.1 Colloidal stability 

A critical feature of nanofluids is their propensity for aggregation and sedi-
mentation. In order to prevent aggregation, the nanoparticles should be small 
and well dispersed. The aggregation tendency can be suppressed either by suf-
ficient repulsive interactions between the NPs or by steric hindrances that 
physically prevent their contact.   

2.1.1.1 Electrostatic repulsion and surface active agents 
Electrostatic repulsion of colloidal particles in polar solutions originates from 
the inherent surface charge of the particles. Most of the stabilization mecha-
nisms of colloids are based on the formation or strengthening of the surface 
charge by i) ionization of the surface groups of the particles, ii) charge adsorp-
tion, iii) dissolution of ionic solids or iv) isomorphous substitution. The stabi-
lization mechanisms of nanofluids are based on the first two mechanisms. In-
organic oxide NPs are often stabilized by surface protonation or deprotonation 
via pH adjustment below or above the isoelectric point of the NP. For instance, 
the isoelectric point of titania is 5.8. At pH > 5.8, titania exists as positively 
charged Ti-OH2+, whereas at pH < 5.8 titania exists as Ti-O-. If the particle 
material cannot be ionized, electrostatic repulsion can be created by charge 
adsorption with the aid of amphiphilic surface-active agents or surfactants. In 
polar solvents, the hydrophobic tail of the surfactant adsorbs onto the particle 
surfaces and the hydrophilic head group orientates towards the liquid. In non-
polar solvents, the stabilization mechanism is steric hindrance (the polar head 
and nonpolar tail are orientated towards the particle and solvent, respectively). 
Steric stabilization is discussed in Chapter 2.1.1.2. Surfactants are generally 
classified as non-ionic or ionic (anionic, cationic or zwitterionics) on the basis 
of their head group chemistry. The tail group is typically hydrocarbon, alt-
hough a few surfactants also have fluorocarbon or siloxane tails. The tail may 
be a single or double chain, straight or branched. In the case of ionic surfac-
tants, the surface charge formation is thus based on ion adsorption, whereas 
the operation principle of non-ionic surfactants is based on the polarity of 
their head group, as well as on stericity of the large head groups. Hydrophilic-
lipophilic balance (HLB) is used to describe the overall polarity of particularly 
the non-ionic surfactants. Typical HLB values of non-ionic surfactants vary 
between 1 and 20. The water-in-oil (W/O) type dispersions stabilizing surfac-
tants have a HLB value of roughly 3-6 and those used to stabilize oil-in-water 
emulsions (O/W) have an HLB of roughly 8-16. Typical surfactant chemistries 
are presented in Figure 4. [54-58] 
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Figure 4. Typical chemicals used for colloidal stabilization: ionic surfactants (SDS, CTAB, sodi-
um lauroamphoacetate), nonionic surfactants (Tween20, Span80,Triton X-100), and polymeric 
stabilizers (PVA, PVP). 

The surface charge of a colloidal particle creates an electric field that results in 
the accumulation of counter-charge close to the particle surfaces. Together, the 
surface charge and oppositely charged counter-ions form an electrical double 
layer around the colloidal particles. The existence of electrical double layer was 
first proposed by Helmholtz in 1853 [64]. In the Helmholtz model, the oppo-
sitely charged ions form a dense layer on the charged surface. Later on, the 
Helmholtz model was developed further in order to take into account the dif-
fusion and mixing in the solution, the possibility of absorption and the interac-
tion between the dipole moments of the solvent and the charged surface. The 
ionic distribution close to the charged surface composed of both adhere and 
mobile ions can be described by the diffuse double layer, depicted in Figure 5. 
[54-57] 

 
Figure 5. Electrical double layer A) according to the Helmholtz model, B) the diffuse double 
layer. Reproduced with permission from [54]. Copyright 1988 the Royal Society of Chemistry. 
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The thickness of the diffuse layer consisting of mobile ions (Figure 5) can be 
defined as the distance of the ionic environment that is different from that of 
the bulk solution from the particle surface. The thickness of the diffuse layer 
can be characterized by the Debye length (1/ ): the rate of decay of the electri-
cal potential at the diffuse layer is governed by the reciprocal of the Debye 
length or the Debye-Hückel parameter, : 

                    (1) 

where  is the bulk ionic concentration (molarity or molality),  is the valence 
of the counterions,  is the electron charge,  and  are the electrical permit-
tivity of a vacuum and dielectric constant, respectively,  is the Boltzmann 
constant and  is the absolute temperature.  

The Debye length plays a key role in the colloidal stability as it reflects the 
electrostatic repulsion between the particles. The Debye length is inversely 
proportional to the ionic strength of the solution: the decay of the electrostatic 
potential is sharper when the electrolyte concentration increases as illustrated 
in Figure 6. In an aqueous solution of a 1:1 electrolyte, the Debye length is ~1 
nm for a 1 M concentration, whereas the length is ~10 nm for a 1 mM concen-
tration. Therefore, colloids are very sensitive to the addition of salt, particu-
larly to addition of high valence counterions. [54-57] 

 
Figure 6. Effect of ionic concentration on the Debye length (1/ ): i) low, ii) medium, iii) high 
electrolyte concentration. Reproduced with permission from [54]. Copyright 1988 the Royal 
Society of Chemistry. 

The electrostatic repulsion between the colloidal particles originates from the 
electrical double layer: when two colloidal particles approach each other, their 
similarly charged ionic atmospheres overlap and repel. In practice, the exper-
imentally accessible zeta-potential ( -potential) is used as the magnitude of 
the electrokinetic potential or the electrochemical stability of colloidal disper-
sions. The -potential is determined by electrophoresis by measuring the ve-
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locity at which the charged particle moves in a voltage field. The mobility ( ) 
is related to the -potential according to Henry’s formula:  

                    (2) 

where is the dielectric constant of the dispersant,  is the Henry func-
tion and  is the dynamic viscosity. Simpler forms of Henry’s formula are the 
Smoluchowski and Hückel equations, in which  =1.5 and  =1.0, re-
spectively. The Smoluchowski approximation is used in polar media colloids 
where the double layer is thin in comparison with the particle radius, whereas 
the Hückel approximation is used for particles in non-polar media where the 
double layer is thick. [54-57] 

2.1.1.2 Steric stabilization 
The protection mechanism of adsorbed or chemically bonded large-sized mol-
ecules, such as polymers or specific surfactants, is called steric stabilization. 
Steric stabilization is based on the formation of a protective sheet around dis-
persed particles that prevents direct particle-particle contact.  

Steric stabilizers interact via two mechanisms: i) interpenetration, in which 
two layers of approaching steric stabilizers intercalate, doubling the local sta-
bilizer concentration and ii) compression, in which the flexible tails of ap-
proaching surfactant or polymer chains are compressed. High surface coverage 
is essential for efficient steric stabilization: low surface coverage may even re-
sult in bridging reactions, accelerating the aggregation of the colloidal parti-
cles. The stabilizer molecules should adsorb strongly on the particle surface. 
Strong adherence between the stabilizer and the particle can also be obtained 
by grafting the polymer or surfactant chemically onto the particle surface. In 
addition, the dispersion medium should be a good solvent for the stabilizer: in 
a good solvent, an increase in the concentration of the stabilizer causes repul-
sion between the approaching colloidal particles, whereas in a poor solvent, 
the chain interactions are dominant and aggregation occurs. 

Steric stabilization is the only stabilization mechanism in a nonpolar solvent, 
where both polymer stabilizers and surfactants can be used as stabilizers. The 
polymers used for colloidal stabilization are typically copolymers, in which at 
least one monomer adsorbs well onto the particle surface, whereas the other(s) 
dissolve well into the solvent. The best stabilizer polymers are generally block 
copolymers that are able to produce a dense protective layer on the particle 
surfaces. In the case of surfactants, the polar head group of the surfactant ad-
sorbs onto the particle surface and the nonpolar (hydrocarbon) tail orientates 
into the solvent. The use of non-ionic surfactants and polymers in polar sol-
vents is based on both steric and electrostatic stabilization, although the effect 
of electrostatic repulsion may often be more pronounced. [54-56] 

2.1.1.3 A few remarks on the stabilization of nanofluids 
The stabilizers used should always be determined on the basis of the applica-
tion of the fluid. In the case of nanofluids, the wide range of operation temper-
atures and often frequent impurities set high standards for the colloidal stabi-
lization. Typically, the nanofluids should be stable at high temperatures long-
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term. In addition, possible impurities may cause deterioration of the colloidal 
stability, particularly in the case of electrostatically stabilized colloids.  

In addition to the stability issues caused by the operating conditions of the 
nanofluids, it is important to consider how stabilizers affect the thermophysi-
cal properties of the nanofluids. Stabilizers may form insulating layers be-
tween the NPs, in which case the heat may not transfer as efficiently as in bare 
NPs. In addition, stabilizers often increase the viscosity of the suspension. This 
increase is particularly pronounced in the case of dispersions stabilized with 
polymers, where dissolved chains increase the fluid viscosity even in small 
concentrations. The high viscosity of nanofluids increases the pressure losses 
of the HTF. Thus, polymeric stabilizers cannot be recommended for typical 
convective heat transfer applications. Surfactants with smaller dissolving head 
groups provide good stabilization efficiency with a smaller increase in the fluid 
viscosity.  

2.1.2 Preparation methods of phase changing fluids 

Conventional nanofluids consisted of solid metal or metal oxide nanofluids are 
often prepared by one-step synthesis methods, in which the NPs are synthe-
sized directly in the base fluid or two-step methods, in which the NPs are first 
synthesized and afterwards re-dispersed in the base fluid. [13-33] Contrary to 
the one- and two-step methods of conventional nanofluids, the preparation 
methods of phase changing fluids are based on a top-down approach, in which 
the melt PCM is dispersed into an immiscible base fluid with the aid of stabi-
lizers. After the emulsification, the PCM particles are often encapsulated in 
order to enhance the stability of the suspension. Both PCM emulsions [34,53] 
and PCM core-shell microcapsules [35-37,53] have been studied for heat 
transfer purposes. Prior to the research of this thesis, nanoscale PCM particles 
had not been studied in real scale convection heat transfer applications.  
   PCM emulsions can be prepared via high-energy mixing and low-energy 
phase inversion methods. A high-energy process is a robust method in which 
the melt PCM is mechanically dispersed into the base fluid with the aid of suit-
able stabilizers. The efficient mixing of PCM can be achieved by the use of e.g. 
a homogenizer or an ultrasonicator. Low-energy phase inversion methods are 
based on controlling the surfactant properties in order to obtain phase inver-
sion resulting in the formation of nanoemulsions. In the phase inversion com-
position method, either the aqueous or the oil phase is added dropwise to the 
system in such a way that the spontaneous curvature of the surfactants chang-
es, resulting in inversion. Other changes can also be used for the inversion to 
occur, such as temperature change or progressive chemical reaction. [34,53] 

The advantages of phase changing emulsions are their lower viscosity and of-
ten higher energy density in comparison to the microencapsulated PCM sus-
pensions. However, the long-term stability of the PCM emulsions may be poor 
as a result of the tendency of droplets to coalesce, particularly if the PCM frac-
tion is large.  

Microencapsulated PCMs are often prepared by spray-drying techniques, in 
which the core PCM is dispersed into a concentrated solution of the encapsula-
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tion material reagent. The emulsion of the core and shell material is sprayed 
into a hot chamber, where the encapsulation material forms the shell and the 
used solvent evaporates. After spray drying, the dry product can be dispersed 
into the base fluid. Another method is coarcevation and coalescence, in which 
the core material is dispersed into an immiscible fluid containing a shell-
forming polymeric solute. The polymeric solute separates from the solvent and 
deposits onto the surface of the core material (coacervate). The small polymer 
droplets unite slowly (coalescence), forming a thin and continuous shell on the 
core.  The third common preparation method of encapsulated PCMs is interfa-
cial polymerization, in which the PCM is first emulsified into the immiscible 
fluid, after which the core is polymerized in the PCM-solvent interface utilizing 
two monomers, the one being hydrophobic and the other hydrophilic. Micro-
encapsulation enhances the stability of the phase changing fluids, as droplets 
cannot coalesce because of the protective solid shell. However, shell material is 
often needed in large fractions, which reduces the energy density of the disper-
sion. Moreover, the viscosity of the fluid may be high as a reuslt of the solid, 
often rigid shell.  [35-37,53 ] 

2.1.3 Convective heat transfer 

Nanofluids have been reported to improve the convective heat transfer per-
formance of the base fluid even beyond the enhanced [21-26]. However, the 
results of research groups are often contradictory and in some publications, 
this anomalous convective heat transfer behaviour that is claimed is not ob-
served at all [27-33]. Moreover, in spite of the large number of publications, no 
theory has been able to provide a well-established explanation of the physical 
basis of the heat transfer enhancement of nanofluids. The heat transfer coeffi-
cient of nanofluids is determined from the Nusselt number ( ), which is the 
ratio of convective to conductive heat transfer: 

                    (3) 

where  is the heat transfer coefficient ( Δ , where Q is the heat flux 
and Δ  is the temperature difference),  is the thermal conductivity and  is 
the characteristic length [59]. 

In the turbulent flow region,  can be determined from experimental corre-
lations. Several publications report that the heat transfer behaviour of nan-
ofluids does not follow the conventional heat transfer correlations, but higher 

are achieved instead [19,23-25,32]. In practice, the convective heat trans-
fer efficiency is influenced both by the  and by the power required to pump 
the HTF. The pressure loss ( ) of an HTF in a straight pipe is typically de-
scribed with the Darcy-Weisbach equation: 

                   (4) 

where  is the hydraulic diameter and  is the density [59]. The pressure loss 
is affected by the fluid velocity ( ), density ( ), viscosity ( ) and the surface 
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roughness ( ). Nanofluids often have higher  in comparison to that of a 
base fluid, primarily caused by their higher  and . A higher  increase the 
required pumping power and thus, reduces the convective heat transfer effi-
ciency of the HTF. The convective heat transfer efficiency ( ) of nanofluids is 
often determined as: 

Φ

Φ
                                             (5) 

where Φ and  ( ) are the heat transfer power and ideal pumping 
power, respectively,  is the volumetric flow rate and the subscripts  and  
refer to the nanofluid and base fluid, respectively [19,60]. 
   The problem with the efficiency analysis is the choice of the comparison 
method. The commonly used comparison of  vs. the Reynolds number 

 (  is the kinematic viscosity, m2/s), leads to a risk of comparing 
different . The efficiency of heat transfer fluids can also be evaluated by com-
paring either their heat transfer coefficient or heat transfer power as a function 
of pumping power [19,30,33,52]. Another option is to compare the nanofluids 
only on the basis of dimensionless numbers in order to obtain more general 
information that holds true for different heat exchanger geometries. 

Even low fractions of NPs (  = 1-5 vol-%) have been observed to increase the 
 or heat transfer coefficient by tens of percents when compared on the basis 

of equal  [19,20,22,23,30,31]. However, this typically used comparison 
completely disregards the effect of the Prandtl number, , and 
cannot explain whether the convective heat transfer of nanofluids follows con-
ventional correlations. Thus, the overall efficiency should always be evaluated 
in order to obtain a reliable indicator of the performance of nanofluids. Typi-
cally, the best performance is achieved with rather low NP fractions as a result 
of the high viscosity of nanofluids with high . The majority of the results 
seem to indicate that a small NP size is beneficial for convective heat transfer 
[19,61] but other results also exist [62]. A fair comparison of the shape of the 
NPs is difficult, as NPs with different shape are also different in size. The con-
vective heat transfer performance of rod-shaped particles has been reported to 
be better than that of spherical ones, but the pressure losses of high aspect 
ratio NPs are also higher than those of spherical ones. [60,63] In many cases, 
the claimed anomalous enhancement of nanofluids can be explained with con-
ventional correlations, if the changed material properties (primarily  and ) 
are taken properly into account. However, the comparison of different results 
is extremely challenging because of the often inadequate characterization of 
the nanofluids, variation in the analysis procedures and the lack of theoretical 
understanding. [27-33] 

2.2 Thermal energy storage materials  

2.2.1 Sensible heat, latent heat and thermochemical storages  

Thermal energy can be stored by means of sensible, latent or thermochemical 
heat storage technologies. The operation principles of the three TES technolo-
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gies are presented in Figure 7 and typical energy storage densities (MJ/m3) of 
the  technologies are compared in Figure 8.  

 
Figure 7. Four thermal energy storage technologies: A) sensible heat, B) latent heat, C) sorp-
tion and D) chemical reaction heat storage.   

 
Figure 8. Comparison of typical energy storage densities of sensible, latent (PCMs) and ther-
mochemical (sorption and chemical reactions) storage technologies. Reproduced with permis-
sion from [41]. Copyright 2005 Servei de Publicacions de la Universitat de Lleida. 

Sensible heat storages utilize the specific heat of a heat storage medium for 
storing thermal energy (Figure 7A). Typical heat storage media are water, ma-
sonry or rock. The operation principle of sensible heat storages is well known 
and robust, but their energy storage density is relatively low. Sensible heat 
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storages are used for storing thermal energy on both a short- and long-term 
basis. Small-scale hot water tanks are able to store thermal energy for a few 
days, whereas underground TES technologies, such as aquifers and borehole 
storages are used for the long-term or seasonal storing of heat. Long-term sen-
sible heat technologies require huge storage volumes and efficient insulation. 
The underground TES technologies may be feasible in large-scale applications, 
but their efficiency decreases if the heating need is lower (e.g. in smaller, rural 
communities). In addition, the temperature level produced by seasonal sensi-
ble heat storages is often too low for residential heating or for the production 
of domestic hot water. [8,39,41,42] 

Thermochemical heat storages (TCS) utilize sorption or reversible chemical 
reactions for TES (Figure 7C+D). TCS is particularly interesting for long-term 
or seasonal TES as it enables the long-term and almost lossless storing of heat: 
the reaction heat is not lost as long as the reactant materials are kept intact. 
Furthermore, the theoretical energy storage density of many TCS systems is 
high. The most studied TCSs are based on the sorption of steam into salts or 
salt hydrates (absorption-based TCS) or ceramics, such as zeolites or silica 
(adsorption-based TCS). Many sorption based TCSs have high heat storage 
potential, but the kinetics and the repeatability of charging-discharging are 
often poor due to the structural changes occurring in the sorption/desorption 
cycles. In addition, the regeneration step of sorption TCS typically requires 
large amounts of energy as the bound sorbate has to be vapourized from the 
sorbent in the charging. Another promising TCS technology exploits the high 
dilution heat of NaOH(aq) for storing thermal energy. The concentrations of 
strong and dilute lye are typically 70 wt-% and 45-60 wt-%, respectively, 
resulting in 200 J/g dilution heat available for heating purposes. The major 
problems of NaOH(aq) based TCSs are the corrosivity of NaOH and NaOH 
precipitation from the strong solution: at room temperature, the lye precipi-
tates above concentrations of 52 wt-%. The concentrated lye has to be pre-
heated before the material can be pumped between the tanks and heat ex-
changer, weakening the usability of NaOH(aq) storage in many heat storage 
applications. [8,39,64,65] 

Latent heat storages typically utilize the melting and crystallization of phase 
PCMs for storing and releasing thermal energy; however, solid-solid phase 
transitions of certain PCMs can also be exploited (Figure 7B). The energy stor-
age density of typical PCMs falls between those of sensible heat storage and 
TCS technologies. The most studied PCMs are non-polar, non-supercooling 
paraffins, alkanes and fatty acids that have moderate energy storage densities 
(~200-250 MJ/m3). Nonpolar PCMs are typically used for short-term TESs, 
e.g. for balancing the daily variation in the environmental temperature. In this 
case, the thermal energy stored is released by solidification close to the ther-
modynamic phase change temperature ( ). Many PCMs, such as polyols and 
salt hydrates supercool i.e. have a large supercooling degree ( , 
where  is the supercooling degree and  is the crystallization tempera-
ture). Conventionally, supercooling is reduced by the addition of nucleating 
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agents for short-term TES. However, supercooling can also be utilized in long-
term TES as discussed in more detail in the next chapters. [8-11,38] 

2.2.2 Phase change materials 

Phase change materials are often classified as organic, inorganic and eutectic 
materials. The most studied PCMs are nonpolar, organic PCMs, such as paraf-
fins, alkanes and fatty acids. Typical inorganic PCMs are salts or salt hydrates, 
whereas the most common eutectic PCMs are salt hydrates, fatty acids or poly-
ols. The most important properties of PCMs are i) suitable phase change tem-
peratures, ii) high latent heat, iii) sufficient thermal conductivity, iv) long-
term stability and operational capability, v) sufficient crystallization rate, vii) 
good repeatability of charging and discharging, vii) non-toxicity and viii) af-
fordability. In short-term TES, an additional requirement is a low supercooling 
degree of the PCM, as the operation temperature range of a short-term TES is 
narrow. Unlike short-term TES, a high supercooling degree of the PCM is a 
desirable feature in LTES. [8-11,38-40] 

2.2.2.1 Non-supercooling phase change materials 
The majority of the research concerning latent heat storages focuses on short-
term TES, such as the cooling of electronics, smart textiles and balancing the 
daily variation of buildings on the environmental temperature. Nonpolar par-
affins, alkanes and fatty acids are the most studied PCMs for short-term TES. 
These PCMs have moderate phase change temperatures (~20-100 °C), phase 
change enthalpies (~150-250 kJ/kg) and they supercool only a little. The melt-
ing temperature of alkanes increases with increasing carbon chain length, 
which facilitates the selection of the PCMs for different applications. Paraffins 
are relatively cheap, but their melting range is relatively wide, whereas pure 
alkanes that change phase over a narrow temperature range are more expen-
sive. [8-11,38-40] Supercooling PCMs, e.g. salts, salt hydrates and polyols, 
have also been studied for short-term TES applications. In these cases, the 
supercooling is reduced by the addition of nucleating agents, such as borax [11] 
or graphite [40].  

2.2.2.2 Eutectics  
Eutectics are a homogeneous mixture of two or more components with a cer-
tain molar fraction of each component. Eutectic PCMs melt as a whole at a 
specific minimum melting temperature because of their superlattice structure. 
The most studied eutectic PCMs are salt hydrates [8], fatty acids [66] or poly-
ols [67,68]. Eutectic mixtures have a lower melting temperature than its con-
stituents, and have been reported to display better cyclic, thermal and chemi-
cal stability in comparison to their individual components [66-68]. However, 
eutectics often have lower phase change enthalpies as compared to the pure 
constituents because of the weaker crystal superlattice forces, manifested in a 
lower melting temperature. Furthermore, the crystallization rates of eutectics 
may be substantially lower in comparison to their pure components. [67] 
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2.2.2.3 Supercooling phase change materials 
Many polar PCMs supercool readily. Supercooling means that the substance 
exists as a liquid under conditions where its stable state is a solid. In this case, 
a liquid is said to be metastable with respect to its stable, crystalline state. Su-
percooling of PCMs can be utilized in LTES applications, as a supercooled liq-
uid is able to retain its fusion heat well below   on a long-term basis. The 
thermal energy is released on demand by crystallization, as illustrated in Fig-
ure 9. [43-51,55,69] 

 
Figure 9. Cooling and solidification after melting. A) Solidification without supercooling: 1. Melt 
cools from  to equilibrium phase change temperature . 2. Solidification starts at . 3. Solid 
cools to the environment temperature ∞. B) Supercooling and solidification: 1. Melt supercools 
from  to ∞ without solidification. 2. Solidification is triggered: temperature rises to . 3. Tem-
perature remains at  during the solidification. 4. Solid cools to ∞. Adapted from [47].  

Polar, supercooling PCMs have higher energy storage densities (~200-500 
MJ/m3) in comparison to the non-polar PCMs because of their stronger inter-
molecular bonding and higher densities. Salt hydrates and polyols have mod-
erate phase change temperatures (Tm ≈ 20-150 °C) that are suitable for many 
heating applications, whereas salts are studied mainly for high-temperature 
applications because of their higher melting temperature (Tm ≈ 200-500 °C). 
[8-10] 

The most studied supercooling PCM is sodium acetate trihydrate (SAT), the 
supercooling tendency of which was recognized as early as in 1895 [70]. Cur-
rently, SAT is used in commercial small-scale heat pads and glove heaters 
[49,71]. SAT has also been studied for larger-scale LTES [43-45,51]. The fore-
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most problem of conventional supercooling PCMs is the metastability of the 
supercooled state: supercooled liquids are always prone to crystallization. So 
far, supercooling PCMs have not been operated reliably enough on a large 
scale. Indeed, at its best a large-scale SAT storage (~200 kg SAT mixture con-
taining 1 wt-% of carboxymethylcellulose, CMC) was observed to crystallize 
spontaneously in 33% of the heating-cooling cycles [453whereas in most cases 
the reliability of large-scale SAT storages has been less than 40% (PCM crystal-
lized spontaneously in 60-100% of the cooling cycles) [44,45,51]. The stability 
of the LTES depends substantially on the PCM composition and the design of 
the storage. Salt hydrates also suffer from incongruent melting that may cause 
phase separation of the salt and crystal water. The salt and crystal water may 
separate even during a few heating-cooling cycles, resulting in a rapid decrease 
in the thermal energy stored and released. The phase separation can be pre-
vented e.g. by mechanical mixing or the use of excess water or thickening 
agents. [8-10] The addition of a thickening agent, such as CMC [43-45,51] or a 
bentonite clay [11], is the most common method due to its simplicity. The 
small amount of additive needed does not significantly reduce the energy stor-
age potential of the PCM [43-45]. However, the efficiency of the thickening 
agents in long-term use should be studied in more detail.  

In addition to salt hydrates, many polyols supercool readily and have moder-
ate melting temperatures and high phase change enthalpies. Despite their po-
tential, polyols are little studied as PCMs: only a few studies consider polyols 
for short-term [72-74] and long-term TES [48,50,67]. The supercooling ten-
dency of polyols originates from their strong hydrogen bonding and flexible 
carbon chain structure. [67,75-77] The supercooling of polyols is discussed in 
more detail in Chapter 2.3.2. 

Another critical aspect of latent heat LTES is an efficient crystallization trig-
ger method. Conventionally, intense mixing and insertion of seed crystals are 
used for initiating the crystallization of supercooled liquids. Commercial SAT 
heat pads consist of the PCM and a crystallization activator, which is typically 
a metallic disc containing small slits. The operation of heat pads is based on 
the preservation of a small number of seed crystals in the activator. The seed 
crystals do not melt during the charging because of the high local pressure in 
the slits, which elevates the melting temperature of the seeds. The heat pad 
does not work if the trigger is flipped during the charging process (the seed 
crystals melt when exposed to the environment). [49,71] Conventional crystal-
lization trigger methods, seeding and mixing, are not efficient in large-scale 
heat storages. Another alternative for the initiation of crystallization is ma-
nipulation of the temperature levels of the heat storage: the PCM may be 
cooled locally, resulting in nucleation [43-45].   

2.3 Supercooling and crystallization 

2.3.1 Metastable liquids 

Many materials supercool, or exist as a liquid below their . The supercooled 
melt is metastable with respect to the thermodynamically stable crystal phase. 
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The further away the supercooled liquid is from its , the more precautions 
are needed in order to avoid crystallization or the formation of a stable phase. 
The stability of the supercooled state is influenced by numerous factors, the 
most important of which are: i) the chemistry and thermophysical properties 
of the supercooling substance, ii) the sample size, iii) the impurities, iv) the 
duration of the supercooled state, v) the degree of supercooling (both Teq and 
T∞ have an influence), vi) the contact surface and vii) mechanical shocks, such 
as vibration, sound waves and shear stress. [47,69,78-80] 

The heterogeneous crystallization of the supercooled melt may be induced by 
minor external disturbances, such as vibrations or phase boundaries between 
the metastable liquid and another phase. Typically, impurities and the walls of 
a container act as such phase boundaries. Complete elimination of these fac-
tors is extremely difficult, if not impossible. A metastable melt may also crys-
tallize without any external disturbances, in which case the nucleation is in-
duced only by the spontaneous molecular motion of the liquid. When the nu-
cleation of a supercooled melt begins, the solidification front proceeds through 
the whole volume of the sample and the thermal energy is dissipated. 
[47,48,69,78-80] This chapter gives a brief scientific background to the novel 
supercooling PCMs developed in this thesis. The supercooling of polyols, mi-
croscale engineering of PCMs and vitrification mechanisms are discussed. 

2.3.2 Supercooling of polyols 

Viscosity substantially influences the supercooling tendency of glass-forming 
liquids, such as polyols. Molecular re-arrangement is always needed for crys-
tallization to occur. Supercooling is favoured if the viscosity of the melt in-
creases rapidly upon cooling: the further away the substance is from its Teq the 
higher the thermodynamic crystallization tendency, but at the same time the 
kinetics are retarded, favouring supercooling and eventual vitrification. The 
high viscosity of supercooled liquids is often caused by the large molecule size, 
as in the case of polymers, or by the strong intermolecular bonding of the su-
percooled molecules, as in the case of hydrogen bonded polyols. Indeed, there 
is no obvious correlation between the melting temperature and the molecule 
size of polyols. [48,67,69,78-82]   

Thus, the intrinsic supercooling tendency of polyols is primarily caused by 
their strong intra- and intermolecular hydrogen bonding and flexible carbon 
chain. These properties result in the proliferation of the low-energy conforma-
tions the PCM molecules can take and polymorphism. The supercooling of 
polyols becomes more likely (and crystallization becomes more difficult), if the 
ground state conformations of the liquid and crystalline polyol differ substan-
tially from each other. This effect is easily observed in the case of two di-
astereomers of 1,2,3,4-butanetetraol, erythritol and L-threitol. The gas, solu-
tion and solid conformations of these two diastereomers are presented in Fig-
ure 10. [76,77] 
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Figure 10. A) The most stable polymorphs of two diastereomers: erythritol and L-threitol in 
gaseous, solution and crystalline states. The italics  (gauche+), ´ (gauche-) and  (trans) refer 
to the orientation of the carbon backbone. Reproduced with permission from [76]. Copyright 
InTech Open 2013. 

The conformations of erythritol in solution and crystal resemble each other, 
whereas those of L-threitol differ notably from each other: the conformation of 
melt L-threitol is bent as a result of the dominating intramolecular hydrogen 
bonding of the terminal hydroxyl groups, whereas the conformation is planar 
zig-zag in the crystalline state. These differences are manifested in the thermal 
properties of the two polyols: erythritol crystallizes easily from melt or a su-
persaturated solution, whereas L-threitol is much more difficult to crystallize. 
[76,77] 

The proliferation of low-energy configurations leads to polymorphism, or the 
multiplicity of crystal forms of polyols. Erythritol has two monotropically re-
lated conformations in crystal that may co-exist: the stable form I with a 
higher Tm 119 °C and the metastable form II with lower a  of 104 °C. [78,83] 
Some polyols possess several polymorphs in the crystalline state. Indeed, D-
mannitol has six polymorphs: , , ,   and ´. The most stable polymorph 
of D-mannitol is , whereas quick melting and cooling of the polyol frequently 
results in the crystallization of the  polymorph. At moderate heating and 
cooling rates, the  and  forms may coexist. Quench cooling may also result 
in the crystallization of the metastable  polymorph. [77,83,84] 
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2.3.3 Microscale engineering as a supercooling stabilization mechanism  

The stability of the supercooled state can be improved by dividing the sample 
volume into smaller-scale units [48,50] and by minimizing the phase bounda-
ries that favour nucleation, such as rigid surfaces containing possible cracks 
[43.45,47,69]. These development steps may be achieved by microscale engi-
neering of the supercooling liquid.  

Microencapsulation of non-polar PCMs has been studied actively for short-
term TES applications: microencapsulation enhances the heat transfer of the 
TES and prevents leakages during the melting of the PCM. The preparation 
methods used for microencapsulation of non-polar PCMs were discussed 
briefly in Chapter 2.1.2.2. There are only a few publications that consider the 
micro- or nanoscale engineering of polar, supercooling PCMs [50,73,85,86]. 
Makuta et al. [50] and Salaün et al. [85] studied the microencapsulation of 
xylitol, whereas Nakano et al. [73] investigated the phase change properties of 
shape-stabilized erythritol in two-dimensional hexagonal silica. Salaün et al. 
[86] also developed a method to microencapsulate sodium hydrogenphosphate 
dodecahydrate (DSP) salt hydrate.  

Both DSP and xylitol microcapsules were prepared by i) emulsification of the 
melt PCM in an organic solvent with the aid of stabilizers and ii) interfacial 
polymerization of the microcapsule shell on the PCM droplets. In the case of 
xylitol microcapsules, polyurea-urethane and cyanoacrylate were used as the 
shell materials and toluene and silicone oil as the solvents [50,85]. Salaün et 
al. [86] also prepared DSP microcapsules using toluene and chloroform as the 
solvent, and methylene diisocyanate cross-linked cellulose acetate butyrate as 
the shell material. The sizes of the microcapsules varied between 1 and 40 μm, 
depending on e.g. the core and shell material, stirring rate and solvent. Na-
kano et al. [73] studied the thermal properties of erythritol confined in the 
nanoscale pores of hexagonal silica. The fraction of erythritol was 50-57 wt-% 
and the pore size of the silica was ~7-10 nm depending on the ageing tempera-
ture.  

The phase change enthalpy of the microencapsulated PCM is often substan-
tially lower than that of the bulk: the fraction of the shell material has to be 
high in order to encapsulate the small PCM droplets thoroughly. Indeed, the 
melting heats ( ) of the xylitol microcapsules were 100-180 J/g, being 40-
70% of the  of bulk xylitol [50,85], whereas the of the erythritol con-
fined inside the silica nanopores was 170-185 J/g (3.5 and 4 mg erythritol) 
[73]. However, the latent heat of the erythritol-silica as a whole was only 80-
110 J/g, being 25-35% of the  of bulk erythritol, as a result of the confined 
effects and small weight fraction of the PCM in the composite.  

Another problem of nano- and microscale engineered is that the conven-
tional crystallization trigger methods (the addition of seed crystals and intense 
mixing) do not work in the case of micro- or nanoscale engineered PCMs. Ma-
kuta et al. [50] used a homogenizer for the crystallization of xylitol microcap-
sules and observed that some capsules were occasionally broken as a result of 
the intense mixing. In some cases, supercooled PCMs may be initiated by ad-
justment of the temperature levels of the melt. Confined erythritol in 
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mesoporous silica did not crystallize on cooling as a result of the strong PCM-
silica interactions. Instead, the PCM cold-crystallized in the subsequent heat-
ing in the first few heating-cooling cycles. Upon sequential heating and cool-
ing, the melting and crystallization of erythritol shifted to lower and higher 
temperatures, respectively, resulting in eventual overlapping of the phase 
changes. Erythritol crystallized in a reproducible manner without supercooling 
when the PCM was not melted completely in the preceding heating cycle. [73] 

2.3.4 Vitrification and strong-fragile nature of glasses 

Upon cooling, the molecular motion of liquid becomes increasingly slow. At 
sufficiently low temperatures, a supercooled melt becomes structurally ar-
rested. In that case, the viscosity of the supercooled melt is so high that it acts 
like an amorphous solid, or glass. The cooling crystallization of readily crystal-
lizing substances is typically prevented only by rapid quench cooling. Certain 
glass-formers supercool and also vitrify on slow cooling, but typically possess a 
low crystallization rate and/or crystallization heat. Below the glass-transition 
temperature (Tg), the amorphous solid has fallen out of the thermodynamic 
equilibrium, and is not prone to crystallization. Glass transition is primarily a 
dynamic phenomenon that depends on the thermal history. Glass transition is 
typically observed as an apparent change in the specific heat capacity in a spe-
cific temperature range. Tg depends on the cooling rate, but the dependence is 
rather weak (typically, Tg changes by 3-5 °C when the cooling rate changes by 
an order of magnitude). Although glass is conventionally regarded as a disor-
dered solid, recent studies show that while glasses lack the long-range order 
characteristic of crystals, they exhibit medium-range ordered regions. The 
formation of these ordered clusters is driven by the minimization of the poten-
tial energy of the system, or locking the system to a local minimum in the ‘en-
ergy landscape’. [69,78,79,81,82,87-89] 

The ‘strong-fragile’ classification, proposed by Angell [81], conveniently de-
scribes the dynamics of the vitrification and structure of glass-forming liquids. 
The viscosity and relaxation times of strong liquids follow the Arrhenius law, 
whereas fragile liquids deviate from the Arrhenius behaviour, as presented in 
Figure 11. These differences can be depicted by an energy landscape that de-
scribes the number and depth of the potential energy minima a condensed 
phase has. The deepest energy minimum is always the thermodynamically 
stable crystalline phase, whereas the local minima are the possible configura-
tions of a glass. Strong liquids have a small number of deep potential energy 
minima because of their strong, covalently bond network, which has to be bro-
ken in molecular re-arrangement, whereas fragile liquids have a proliferation 
of low-energy configurations separated by shallower energy barriers as a result 
of their non-directional, dispersive intermolecular bonding. Hydrogen-bonded 
substances have a large number of potential energy minima, but the energy 
barriers separating the minima are high. Hydrogen-bonded liquids are com-
mon glass formers because of their unique energy landscape. [69, 
78,79,81,82,87,89] 
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Figure 11. Angell plot illustrating the dependence of viscosity on  for strong and fragile liquids. 
A few examples of glass-forming liquids are given in the legend. The change in  at is small 
for strong liquids and large for fragile liquids and hydrogen bonded substances. Adapted from 
[90]. Copyright AIP Publishing 2001. 

The fragility of a glass-forming substance can be estimated by calorimetric 
measurements. The kinetic fragility parameter (m) and activation energy for 
structural relaxation (ΔETg) can be determined by the dependence of  on the 
scan rate (q):  

Δ
                   (6) 

Δ
                  (7) 

where  is the universal gas constant and  is the characteristic relaxation time 
[87,88]. In addition to kinetic fragility, a thermodynamic fragility parameter 
can be determined from the ratio of the liquid and glassy state specific heats 
( ) near . Fragile glass-formers typically have large thermodynamic 
fragility parameters (  1.6), whereas the thermodynamic fragility of 
strong liquids is small (  1.1) as a result of their strong network struc-
ture, which resists structural changes. The kinetic fragility parameters of hy-
drogen-bonded glasses are typically very small similarly to strong liquids, 
whereas their thermodynamic fragility parameters are very large (  
1.8). [78,79,81,88,90,91] 

2.3.5 Crystallization  

Crystallization occurs in two stages: nucleation and crystal growth. Nucleation 
is a random process driven by fluctuations such as molecular motion and/or 
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mechanical shock. Nucleation results in the formation of nuclei of a critical 
size, after which crystal growth begins. [80] 

2.3.5.1 Nucleation 
Nucleation can be divided into primary nucleation, i.e. nucleation in the ab-
sence of formed crystals and secondary nucleation, which occurs only when 
crystals of crystallizing material are present. Thus, primary nucleation is the 
predominant mechanism for secondary nucleation. The preceding primary 
nucleation can be avoided by seeding, i.e. the addition of seed crystals into the 
melt or supersaturated system. Seeding is the most common crystallization 
method used e.g. in the pharmaceutical and food industries and small-scale 
heat packs [46,47,49,80].  

Primary nucleation can be further divided into homogeneous and heteroge-
neous nucleation. Homogeneous nucleation refers to nucleation in the absence 
of foreign phase. Most of the nucleation theories are based on the homogene-
ous nucleation because of the complexity of heterogeneous nucleation, despite 
the fact that homogeneous nucleation is rare in practice, as all foreign parti-
cles, such as container surfaces or impurities, may act as heterogeneous nu-
cleation centres.  
The equilibrium between a small cluster and liquid can be expressed as the 
sum of the surface energy of the cluster and the chemical potential of the com-
ponents. For a spherical cluster, the equilibrium can be expressed as: 

                   (8) 

where  is the free energy change of the transformation per unit volume 
( < 0),  is the cluster radius and  is the surface energy of a flat surface (  
> 0). Because of the different signs of the terms in Equation (14), the  has a 
maximum value in which we can define a nucleus of a critical size. * desribes 
the radius of a stable, critically sized cluster required for crystal growth: 

                                             (9) 

                     (10) 

The nucleation rate ( ) is given as a form of the Arrhenius equation: 

                      (11) 

In the homogeneous nucleation of supercooled melts,  and * can be ex-
pressed as: 

                  (12) 

                     (13) 

where  is the equilibrium phase change temperature,  is the degree of 
supercooling (  and  is the reduced temperature, defined as 
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 and  . For many substances, the critical homoge-
neous nucleation temperature (in Kelvins) is roughly 0.8-0.85 . [80] 
Thus, the nucleation has an energy barrier given by Equation (12), which de-
creases with increasing  and . However, kinetically crystallization be-
comes more difficult with increasing  because of the viscous retardation, 
as discussed in Chapters 2.3.2 and 2.3.4. Supercooled melts typically have a 
maximum nucleation rate at a specific  because of the increased viscosity 
upon cooling: 

´]                    (14) 

The first term of Equation (14) can be derived from Equations (9-13) and the 
´ in the second term describes the activation energy for molecular motion, 

which is typically very large for viscous liquids. Further cooling below the 
maximum  does not cause crystallization but eventual vitrification.   
Heterogeneous nucleation occurs when the system contains phase interfaces 
that may act as nucleation centres. In practice, heterogeneous nucleation is the 
dominant manner of nucleation as all real systems contain some phase inter-
faces, such as container surfaces or impurities. The critical Gibbs energy of 
heterogeneous nucleation is smaller in comparison to homogeneous nuclea-
tion and thus, heterogeneous nucleation is energetically more favourable: 

θ Δ                   (15) 

where θ  is the contact angle factor. 
The contact angle (θ) is the angle at which the fluid interface encounters the 

foreign phase. For a supercooled melt, the contact angle defines the wettabil-
ity, which depends on the material properties and surface roughness. The con-
tact angle may have an effect reaching tens of percents on the surface energy of 
a droplet. Thus, it is an important factor controlling the nucleation process. 
For polar substances, the contact angle may be 0-30° in the case of hydrophilic 
surfaces, whereas θ may even be 120° in the case of low wettability. [80] 

2.3.5.2 Crystal growth 
Once a critically sized nucleus has been formed, crystal growth begins. The 
rate of crystal growth is a complex phenomenon affected e.g. by the degree of 
supersaturation, mobility of atoms at the surface, imperfections of the growing 
crystal, impurities and surface roughness. [80] 

Most of the crystal growth theories are based on the adsorption of a solute 
onto a crystal surface. Volmer proposed the first adsorption crystal growth 
theory in 1939 [92]. In Volmer’s theory, the solute molecules diffuse onto the 
crystal surface and are able to migrate over the surface. Crystal grows from 
specific, active sites where the attractive forces are at a maximum. Many other 
models have been developed from Volmer’s theory. The widely used adsorp-
tion theories are Kossel’s model [93] and the Burton-Carbera-Frank (BCF) 
theory [94]. Kossel’s model defines three differing regions of crystal surface: i) 
flat surfaces called terraces, ii) steps that are the terminations of terraces and 
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iii) kinks, terminations of individual rows in the steps that are energetically 
favourable sites for crystal growth. Crystal growth occurs in two stages: the 
formation of the steps and their lateral movement. Kossel’s model assumes 
that crystal grows only from the imperfection sites one layer at a time. In real-
ity, numerous growing units interact with each other, resulting in a wide array 
of possible step structures. Figure 12 presents a crystal surface according to  
Kossel’s model. [80,93] 

 
Figure 12. Growing crystal surface according to Kossel’s model A) flat surfaces, B) steps, C) 
kinks, D) surface-adsorbed growth units, E) edge vacancies and F) surface vacancies. Repro-
duced with permission from [80]. Copyright 2001 Elsevier. 

BCF theory is a kinetic crystal growth theory based on migrating dislocations 
that determine the crystal growth. If the amount of dislocations is high 
enough, they may determine the crystal growth entirely. An important type of 
imperfection is a screw dislocation composed of a single step with a lower ter-
race next to it. The step next to determining dislocation may wind up into a 
steady-state spiral that provides a continuous source of crystal growth active 
edge positions. The curvature of the spiral determines its size and shape. Dif-
ferent possible crystal growth mechanisms are presented in Figure 13. [80,94] 

 
Figure 13.  Crystal growth mechanisms. A) Two-dimensional crystal growth on a flat surface, B) 
polynuclear growth manner, C) spiral growth mechanism. Adapted from [80]. Copyright 2001 
Elsevier.
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3. Experimental 

Chapter 3 presents the preparation and analysis methods of the materials de-
veloped in this thesis. Publications I and II focus on the development and re-
search of PCM nanofluids for heat transfer purposes. The preparation methods 
of fatty acid and paraffin nanofluids studied in Publication I are presented in 
Chapter 3.1.1. Publication II researched the convective heat transfer perform-
ance of paraffin nanofluids prepared by means of the high-energy method es-
tablished in Publication I. The convective heat exchanger used in the experi-
ments is presented in Chapter 3.3.4. Publications III and IV proposed two 
novel heat storage chemistries that are particularly promising for LTES. Both 
the innovations are composed of a supercooling polyol PCM and a polymer 
additive that alters the supercooling and crystallization properties of the PCM. 
The preparation method of the microstructured polyol-polystyrene composite 
developed in Publication III is presented in Chapter 3.1.2. Publication IV pro-
posed a novel cold-crystallizing polyol-polyelectrolyte mixture chemistry for 
LTES. The preparation method of the new heat storage material is presented 
in Chapter 3.1.3. 

The measurement methods used in this thesis are described in Chapters 3.2-
3.4. Chapter 3.2. presents the measurement methods of particle and pore sizes 
(Publications I-III), Chapter 3.3. describes the thermal and kinetic methods 
(Publications I-IV) and Chapter 3.4. presents the infrared spectroscopy 
equipment use d in Publication IV. 

3.1 Preparation methods 

3.1.1 Phase changing nanofluids 

Paraffin wax (VWR Prolabo), technical grade stearic acid (VWR Prolabo) and 
myristic acid (Alfa Aesar) were used as PCMs. Anionic SDS and nonionic 
sorbitan trioleate or Span85 (both Merck) were used as surfactants. Sodium 
hydroxide (NaOH, Sigma-Aldrich) was used as the neutralizing agent in the 
phase inversion composition (PIC) method. 

3.1.1.1 Phase inversion composition method 
Fatty acid nanoemulsions were prepared by a modified low-energy PIC meth-
od that is based on controlling the surfactant properties in order to obtain 
phase inversion resulting in nanoemulsion formation. In this method, either 
an oil or aqueous phase is added dropwise to the system in such a way that the 



Experimental 

29 
 

spontaneous curvature of the surfactant changes and inversion occurs [95,96]. 
In some of the samples, progressive neutralization of fatty acids was also uti-
lized to obtain the inversion.  

Anionic SDS, nonionic sorbitan trioleate (Span85) and a 1:1 mixture of them 
both were used as surfactants. In addition, sodium stearate and sodium 
myristate formed by the progressive neutralization of stearic acid and myristic 
acid, respectively, were used as the co-stabilizers. In the preparation, distilled 
water was mixed with NaOH if the progressive fatty acid neutralization was 
used for the PIC and stabilization of the emulsion. Fatty acid PCM (stearic acid 
or myristic acid) was mixed with the surfactants and heated under magnetic 
stirring to 80 °C, when the fatty acid melts. The aqueous phase was added 
dropwise to the fatty acid-surfactant solution (0.9 ml/min addition rate). The 
total dispersed phase content was 6 wt-% and the total sample mass was 100 g. 
After the formation of emulsion, the samples were diluted so that the final dis-
persed phase concentrations were 1, 3 and 5 wt-%. The compositions of stearic 
acid and myristic acid samples are presented in Table 1.  

The progressive neutralization of fatty acids, together with the slow addition 
of water, changes the spontaneous curvature of surfactants when phase inver-
sion occurs. At the phase inversion point, a bicontinuous system crosses the 
zero curvature point of the surfactant when the initial water-in-oil system 
changes quickly into an oil-in-water system and the generation of fine droplets 
is favoured.  

Table 1. Compositions of stearic acid (ST) and myristic acid (MY) samples prepared by a modi-
fied PIC method. O/S ratio: oil (PCM)- to-surfactant ratio (in weight fractions).  
Sample name O/S ratio Stabilizers 
ST1 60/40 SDS 
ST2 60/40 Span85 
ST3 60/40 SDS+Span85 (1:1) 
ST4 50/50 SDS+sodium stearate (1:1) 
ST5 60/40 SDS+sodium stearate (1:1) 
ST6 70/30 SDS+sodium stearate (1:1) 
ST7 60/40 Span85+sodium stearate (1:1) 
ST8 50/50 Span85+SDS+sodium stearate (1:1:1) 
ST9 60/40 Span85+SDS+sodium stearate (1:1:1) 
ST10 70/30 Span85+SDS+sodium stearate (1:1:1) 
MY1 60/40 SDS 
MY2 60/40 Span85 
MY3 60/40 SDS+Span85 (1:1) 
MY4 60/40 Span85+SDS+sodium myristate (1:1:1) 

3.1.1.2 High-energy ultrasound processing 
The paraffin nanofluids were prepared by a means of high-energy ultrasonic 
processing using a Hielscher UP400S (400W, 24 kHz). The paraffin PCM and 
water were first heated to 70 °C, after which anionic SDS surfactant was add-
ed. Then, the suspension was mixed for two hours with a Hielscher UP400S 
(400W, 24 kHz) ultrasonic processor. In Publications I and II, the surfac-
tant/paraffin weight fractions were 1/4 and 1/3, respectively. In Publication II, 
the paraffin weight fractions were 1, 3 and 4 wt-%, while the PCM weight frac-
tions were 5, 7.5 and 10 wt-% in the Publication II. A long mixing time of 120-
240 minutes was used in the preparation in order to obtain nanosized PCM 
droplets. The mass of the fluid was weighed at the end of the preparation and 
extra water was added upon vapourization. 
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3.1.2 Microstructured polyol-polystyrene composites 

Styrene (St, assay  99%) and divinylbenzene (DVB, 60-65 area%, 
ethylvinylbenzene 34-39 area%) were purchased from Merck and used without 
further purification. Sorbitan monooleate (SMO or Span80, Merck) was used 
as the surfactant. Potassium persulphate (KPS, VWR) and 
azobisisobutyronitrile (AIBN, Sigma-Aldrich) were used as initiators. 
Erythritol (food grade, Jungbunzlauer) and xylitol (food grage, Danisco) were 
studied as PCMs.  

The preparation method of microstructured polyol-polystyrene composites 
was based on the polymerization of high internal phase emulsions (HIPE). 
Previously, the polymerization of HIPE has been used for the preparation of 
polymer foams [97-99]. Typically, open microcellular foams are obtained, but 
closed-cell polymer foams can also be prepared by this method [97]. In the 
Publication III, the poly-HIPE was modified in order to encapsulate erythritol 
inside a closed microcellular PS matrix. The steps of the preparation method 
are presented in Figure 14. 
 

 
Figure 14. Schematic representation of the preparation of microstructured polyol-polystyrene 
composites based on the polymerization of high internal phase emulsion. 1. The aqueous phase 
consists of polyol PCM, KPS initator and water. The non-polar phase contains monomer St, the 
cross-linking agent DVB and SMO surfactant. The aqueous phase is added slowly to the non-
polar phase. 2. High internal phase emulsion: the non-polar phase forms the continuous phase 
and the aqueous phase with PCM forms the dispersed phase. 3. Polymerization of the continu-
ous phase at 60-70 °C in sealed glass bottles for 24 h. 4. Vapourization of the water from the 
internal phase at 70-80 °C, leaving only PCM in the microstructured PS matrix.  

The emulsion obtained after the addition of the aqueous phase was thick and 
homogeneous. Part of the emulsion was further mixed ultrasonically for 30 s 
or 1.5 min. During the ultrasonic processing (400 W, Hielscher UP400S) the 
emulsions were placed in a 10 °C water bath. The weight fractions of the 
erythritol and xylitol PCMs were 63 wt-% and 67 wt-% of the dry products, 
respectively. The non-polar phase contained 5 wt-% SMO, 30 wt-% DVB and 
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65 wt-% St.  The weight fraction of the KPS initiator was 0.15 wt-%. The total 
mass of the wet samples was 50 g.  

3.1.3 Cold-crystallizing polyol-sodium polyacrylate mixtures 

The chemicals used in the preparation of the polyol-sodium polyacrylate mix-
tures were D-mannitol (Sigma-Aldrich), erythritol (food grade, 
Jungbunzlayer), acrylic acid (Assay ≥ 99 %, Merck), KPS (VWR), ethylene gly-
col dimethacrylate (EGDMA) supplied by Merck (assay ≥ 97.5 %) and NaOH 
(Sigma-Aldrich). 

The mixtures of polyol and sodium polyelectrolyte (polyol-PAANa) were 
prepared by polymerizing the acrylic acid/sodium acrylate with varying molar 
neutralization degrees (X) in polyol(aq). First, the polyol (erythritol or D-
mannitol) was dissolved in de-ionized water at 60 °C (the mass of the 
polyol/mass of the water ≈ 1.5), after which the desired amount of NaOH was 
added to the polyol(aq) (X varied between 0 and 1). The monomer and EG-
DMA were mixed together at 25 °C. The weight fraction of EGDMA (WEGDMA = 
weight of the EGDMA/product weight) was varied between 0 and 2 wt-%. The 
monomer solution was slowly added to the basic polyol(aq) solution at ~60 °C 
before the polymerization. The polymerization was initiated by the dropwise 
addition of KPS(aq) (KPS + ~1 ml H2O) into a well-mixed monomer-polyol 
solution.  The weight fraction of KPS was ~0.1 wt-% in all samples. The cross-
linked polyol-PAANa gel was formed in 5-20 minutes, depending on the WEG-

DMA and the polyol fraction (Wpolyol = weight of the polyol / weight of the dried 
sample). Water was vapourized from the polyol-PAANa after the formation of 
a gel by keeping the sample in an oven at 150 °C for a few hours. Wpolyol varied 
between 65 wt-% and 90 wt-% in the dry product. 

3.2 Particle size  

Particle size and the size distribution of the phase changing nanofluids (Publi-
cations I and II) were studied with the Malvern Zetasizer Nano-ZS dynamic 
light scattering (DLS) apparatus. DLS was also used to assess the stability of 
the nanofluids by zeta-potential measurements and repetitive particle size 
measurements. 

The polyol-polystyrene composites of Publication IV were studied with opti-
cal microscopy (Leica Polarized Optical Microscope). The polystyrene foams 
(without polyol PCM) were imaged in the transmitting mode. The polyol-
polystyrene composites were imaged using incident light because of the opac-
ity of the composites. Thin pieces of the samples were cut with a sharp blade 
for the microscopy imaging. 

3.3 Thermal and kinetic measurements 

3.3.1 Differential scanning calorimetry 

The specific heats and melting, supercooling and crystallization properties of 
the PCMs were studied with differential scanning calorimetry (Netzsch 
DSC204F1 Phoenix DSC). Sapphire was used as the reference in the cp meas-
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urements of the Netzsch DSC204F1. The glass-transition of polyol-PAANa 
(Publication IV) was studied with Netzsch DSC204F1 Phoenix DSC and tem-
perature modulated DSC (TA 2920, TA Instruments). The specific heats of the 
Ag nanofluids were studied with the Netzsch DSC204F1 Phoenix DSC and the 
Setaram VII DSC. The DSC sample masses were 10-20 mg. In the cp and Tg 
measurements, larger samples of 30-40 mg were used. The accuracies of the 
onset temperatures and latent heats were ±0.5 K and <1%, respectively. 

3.3.2 Thermal conductivity  

The thermal conductivities of the paraffin nanofluids and polyol-polystyrene 
composites (Publications II and III) were studied with a C-Therm TCi 3-A 
thermal conductivity analyzer on the basis of a modified transient source plane 
technique (referred as TCi). C-Therm TCi analyzer employs a one-sided, inter-
facial heat reflectance sensor that applies a momentary constant heat source to 
the sample. Typically, the measurement heat pulse is between one to three 
seconds. Thermal effusivity is measured, and thermal conductivity is calcu-
lated from the effusivity data. 

3.3.3 Viscosity and density 

The viscosities of the paraffin nanofluids (Publication II) were studied with a  
cone and plate-type Brookefield DV3TLVCJ0 rotational rheometer connected 
to a temperature-controlled bath, and a Haake Type C falling ball viscometer 
in order to compare the suitability of the viscosity measurement methods in 
the case of nanofluids. The density of the paraffin nanofluids of Publication II 
was studied with VWR hydrometers. 

3.3.4 Convective heat transfer 

The convective heat transfer performance of the paraffin nanofluids (Publica-
tion II) was studied with an annular counter-flow heat exchanger. The 
nanofluid flowing in the inner tube was arranged to flow upwards in order to 
prevent natural convection in the vertically positioned heat exchanger, where-
as the hot water in the outer section was set to flow downwards. The meas-
urement section was 1.47 metres in length, with inner and outer tube diame-
ters of 6 mm and 13 mm. The wall separating the two fluids (the thickness of 
the inner pipe) was 1 mm. The tube material was stainless steel. 

The inlet and outlet temperatures of the nanofluid were 20-25 °C and 56-70 
°C, respectively. Before the measurement, the nanofluid was cooled below 15 
°C in order to ensure the solidification of the paraffin. The hot water in the 
outer section was cooled from 95-98 °C to 86-95 °C, depending on the meas-
urement point. The volumetric flow rates of the nanofluid and hot water were 
0.2-2.4 ml/min and 2.1-13.9 ml/min, respectively. The flow rates were meas-
ured with Optiflux 4000 electromagnetic flow sensors. 

The temperatures of both the nanofluid and hot water were measured with 
four thermometers: two at the inlet and two at the outlet. Before reaching the 
outlet thermocouples, both the nanofluid and hot water were constricted in a 
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narrow cap of 1 mm in order to ensure complete mixing of the fluids. The pres-
sure losses of the nanofluids were measured with a Yokogawa DP Hard pres-
sure transmitter. The uncertainties for the heat transfer coefficients and 
pumping powers were estimated to be 1% and 2%, respectively. 

3.4 Infrared spectroscopy measurements 

Polyol-sodium polyacrylate mixtures of Publication IV were characterized with 
attenuated total reflectance infrared spectroscopy (ATR-FTIR). The AT-FTIR 
measurements were conducted with a Unicam Mattson 3000 FTIR spectrome-
ter with a PIKE Technologies GladiATR and a diamond crystal plate. The spec-
tra were scanned in the 400-4000 cm-1 range with a resolution of 32 cm-1 and 
16 scans. 
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4. Results and Discussion 

4.1 Phase changing nanofluids 

4.1.1 Fatty acid nanofluids 

The preparation methods and sample compositions of the stearic acid (ST) and 
myristic acid (MY) nanofluids studied in Publication I are presented in Chap-
ter 3.1.1.1. The particle size of the fatty acid nanofluids was studied with DLS. 
The colloidal stability was assessed visually and by repeating DLS measure-
ments after one month’s storage at room temperature. The electrostatic repul-
sion of the nanofluids was assessed by zeta-potential ( -potential) measure-
ments at 60 °C. The particle size and stability of the fatty acid nanofluids are 
presented in Table 2. 

Table 2. Particle size (diameter) based on the number distribution, polydispersity indices (PdI) 
and stability of stearic acid (ST) and myristic acid (MY) nanofluids measured with DLS at 20 °C. 
The percentage values (1,3 and 5 %) denote the total dispersed phase content (in weight-%). 
The -potential of selected ST3, ST8, ST9 and ST10 fluids with 1% dispersed phase content 
was also measured at 60 °C. Reproduced with permission from Publication I. Copyright 2015 
Elsevier. 
Sample PdI/particle size ( , nm) Stability -potential 
 1% 3% 5%  (mV) 
ST1 0.30/19.8 0.44/23.4 0.41/21.1 Poor - 
ST2 - - - Poor - 
ST3 0.22/54.3 0.27/76.3 0.35/38.2 Satisfactory -71.5 (1%) 
ST4 0.20/37.2 0.27/29.5 0.49/38.1 Phase separation after few days - 
ST5 0.52/41.7 0.46/19.5 0.45/31.9 Phase separation after few days - 
ST6 0.34/40.4 0.82/27.9 0.47/35.2 Phase separation after 1 month - 
ST7 0.47/124.3 0.42/101.2 0.55/277.4 Poor - 
ST8 0.27/38.5 0.26/33.0 0.27/143.3 Satisfactory -68 (1%) 
ST9 0.25/64.7 0.26/107.6 0.24/71.2 Satisfactory -64.9 (1% ) 
ST10 0.29/82.2 0.42/68.4 0.31/194.9 Satisfactory -51.3 (1%) 
MY1 0.45/33.5 0.69/26.1 - Poor - 
MY2 - - - Poor - 
MY3 0.45/50.7 0.47/72.9 - Phase separation after few days - 
MY4 0.47/71.4 0.97/153.8 - Phase separation after few days - 

 
Anionic SDS alone produced ST emulsions with the smallest droplet sizes. 
However, the stability of the sample with only SDS (ST1) was poor, possibly 
because of the small molecule size of the anionic SDS molecules, which accel-
erated the phase separation. Sorbitan trioleate (Span85) together with SDS 
(ST3, ST8-ST10) produced the most stable ST nanofluids. Span85 has a low 
HLB of 1.8, meaning that the stabilizer is rather hydrophobic, whereas small 
ionic SDS is very hydrophilic. The stabilization of nonionic Span85 is based on 
steric hindrance, whereas the stabilization mechanism of hydrophilic SDS is 
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electrostatic repulsion. The combination of surfactants with different opera-
tion principles seems to result in the best stabilization of the fatty acid emul-
sions. 

 In the ST4-ST10 and MY4 samples, part of the fatty acid was neutralized in 
order to obtain phase inversion by progressive chemical reaction (and a 
change in the pH). The neutralized sodium stearate and sodium myristate 
form at the O/W interface, and act as co-stabilizers of the fatty acid droplets. 
However, sodium stearate + SDS (ST4-ST6 samples) is not a sufficient stabi-
lizer composition; hydrophobic Span85 with a large head group is needed for 
the efficient stabilization of the fatty acid emulsions. The average particle size 
of stable ST samples did not change much during the one month storage pe-
riod as shown in Figure 15 for ST9 and ST10. For most of the samples, the PdI 
of the bimodal size distribution narrowed as the smaller particles fused to-
gether with the larger ones.  All the myristic acid samples were found to be 
unstable: phase separation was observed quickly after preparation. The small 
molecule size of myristic acid may accelerate the coalescence of the dispersed 
phase droplets. 

 
Figure 15. Number based particle size distributions of fresh and one-month-stored ST9 and 
ST10 stearic acid nanofluids. Reproduced with permission from Publication I. Copyright 2015 
Elsevier. 

The onset melting temperatures, melting heats and specific heats of bulk stea-
ric acid, myristic acid and three fatty acid emulsions (ST3, ST9 and MY3, 5 wt-
% dispersed phase content in all samples) are presented in Table 3. The melt-
ing DSC curves of bulk stearic acid, myristic acid and paraffin (see Chapter 
4.2.2.) are shown in Figure 16. 
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Figure 16. Melting DSC curves of paraffin, stearic acid and myristic acid. Reproduced with 
permission from Publication I. Copyright 2015 Elsevier. 

Table 3. Onset melting temperatures ( ), melting heats ( ) and specific heats ( ) of stearic 
acid, myristic acid, ST3, ST9 and MY3 with 5 wt-% dispersed phase content. The measurement 
temperatures of solid and liquid state (s,l) s are 20-30 °C and 60-70 °C, respectively. Repro-
duced with permission from Publication I. Copyright 2015 Elsevier. 

Sample     (J/gK)                     
 (°C) (J/g) S L 
Stearic acid 53 182.4 1.92 2.28 
ST3,5% 50 5.0 4.1 4.05 
ST9,5% 48 5.1 4.16 4.23 
Myristic acid 53 193 1.69 2.23 
MY3,5% 53 4.7 4.08 4.2 

 
The  and  are close to the expected values determined from the mass 
fraction of water, PCM and stabilizers in the samples. The melting tempera-
tures of the stearic acid nanofluids are 3-5 °C lower than that of the bulk stea-
ric acid. This is to be expected because of the increased surface free energy 
because of the increased surface area-to-volume ratio. The  of MY3 is the 
same as that of bulk myristic acid, presumably due to the instability of the 
MY3 emulsion: the larger the particles, the smaller the surface free energy and 
the closer the thermal properties are to those of the bulk substance. 

4.1.2 Paraffin nanofluids 

Paraffin nanofluids were studied in Publications I and II. The preparation 
method of paraffin nanofluids was studied and optimized in Publication I. The 
paraffin content in the samples studied in Publication I was 1, 3 or 4 wt-%. In 
the convective heat transfer measurements of Publication II, the PCM content 
in the suspension was 5, 7.5 or 10 wt-%. Paraffin nanofluids were prepared in 
both publications by high-energy ultrasound processing, described in Chapter 
3.1.2.2. Table 4 presents the particle sizes, polydispersity indices and stability 
of the paraffin nanofluids.  
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Table 4. Particle size (diameter) based on the number distribution, polydispersity indices (PdI) 
and stability of paraffin (PA) nanofluids measured with DLS at 20 °C. The percentage values of 
the paraffin samples denote the PCM content in the sample. Reproduced with permission from 
Publication I. Copyright 2015 Elsevier. 
Sample Publication PCM content 

(wt-%) 
PdI/particle size 
( ,nm) 

-potential (mV) 

PA1 I 1 0.17/32.9 -53.1 
PA2 I 3 0.19/43.3 -50.7 
PA3 I 4 0.2/45.8 -58.2 
Paraffin5% II 5 0.23/167 - 
Paraffin7.5% II 7.5 0.4/142 - 
Paraffin10% II 10 0.38/203 - 

 
Anionic SDS was observed to be the best surfactant for the preparation of par-
affin nanofluids. The SDS/paraffin mass fractions were 1/4 and 1/3 in the par-
affin nanofluids studied in Publications I and II, respectively. In the dilute 
paraffin nanofluids of Publication II, the particle size of the paraffin was 30-45 
nm, whereas in the case of the concentrated paraffin nanofluids (Publication 
II), the particle size of PCM was 110-200 nm. The nanofluids showed no 
change in their visual appearance during one month’s storage (Publication I: 
PA1-PA3) nor after the convective heat transfer measurements (Publication II: 
Paraffin5%-10%). Thus, the colloidal stability of the paraffin nanofluids can be 
considered to be good. The absolute -potential values of PA1-PA3 were over 
30 mV, indicating efficient electrostatic repulsion between the SDS stabilized 
particles. Table 5 presents a summary of the thermal and kinetic properties of 
the paraffin nanofluids. The melting DSC curve of bulk paraffin is shown in 
Figure 16. 

Table 5. Thermal and kinetic properties of paraffin nanofluids. Symbols:  - onset melting 
temperature (°C), Δ  - melting heat (J/g),   – specific heat (J/g°C),  – relative dynam-
ic viscosity (  of the nanofluid with respect to water) and  – relative thermal conductivity 
(W/mK) (  of the nanofluid with respect to water). The ,  and  values are reported at 20 °C. 
Adapted from Publications I and II. Copyright Elsevier. 

Sample   
(°C) 

Δ   
(J/g) 

  
(J/gK) 

  

PA1 49 1.5 4.19 - - 
PA2 29,49 6.6 4.22 - - 
PA3 30,49 7.9 4.05 - - 
Paraffin5% 

33,53 
7.1 4.10 1.40 0.93 

Paraffin7.5% 12.1 4.01 1.65 0.90 
Paraffin10% 16.5 3.85 2.36 0.86 

The melting temperature range of the paraffin nanofluids is rather broad be-
cause of the variation between the hydrocarbons of different lengths (C20-
C50) in the sample. Two onsets can be observed (3-10 wt-% paraffin), the first 
onset being at 30 °C and the other at 50 °C. The wide temperature range of 
the paraffins can be considered both as an advantage and disadvantage in  heat 
transfer and storage applications: the energy density enhancement applies 
through a broad temperature range, but on the other hand the fraction of la-
tent heat from the total energy content diminishes because of the large amount 
of associated sensible heat. The solidification temperature of the paraffin 
nanofluids was 22-37 °C. Thus, the supercooling degree, , of the fluids is 
rather small, which is an advantage considering the use of PCM in short-term 
TES or convective heat transfer. The Δ  and  of the paraffin nanofluids are 
close to the predicted values (calculated from the mass fractions of PCM, SDS 



 

38 
 

and water in the fluids). The thermal conductivity of the 5-10 wt-% paraffin 
nanofluids is 10-15 % lower than that of water.  

The viscosities of the 5-10 wt-% paraffin suspensions are substantially higher 
than that of water. The viscosities were studied with a Haake Type C falling 
ball-type viscometer and Brookefield DV3TLVCJ0 cone/plate type rotational 
rheometer in a temperature range of 20-60 °C. The results are presented in 
Figure 17. 

 
Figure 17. The relative dynamic viscosities of 5-10 wt-% paraffin nanofluids (  of the nanofluid 
with respect to water) measured with Haake Type C falling ball type viscometer (Falling ball) 
and a Brookefield DV3TLVCJ0 cone/plate type rotational rheometer (Rotational) at 20-60 °C. 
Reproduced with permission from Publication II. Copyright 2017 Elsevier. 

The melting of the PCM can be observed from the distinct decrease in the vis-
cosity at 30-50 °C. The viscosity increases in an approximately linear manner 
with an increase in the PCM concentration. The viscosity values measured with 
the falling ball viscometer and rotational rheometer were close to each other. 
The viscosity values of the rotational rheometer at 50 °C are excluded from 
Figure 17 because of the wide variation between the parallel measurements. 
The variation is probably caused by the melting of the paraffin, which is most 
prominent at 50 °C (see Figure 16). 

4.1.3 Convective heat transfer of paraffin nanofluids 

The Nusselt numbers of water and the paraffin nanofluids (5-10 wt-% PCM) 
are presented as a function of Reynolds numbers in Figure 18.  
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Figure 18. Nusselt numbers ( ) of water and paraffin nanofluids (5-10 wt-% PCM) as a func-
tion of Reynolds numbers, . The water reference was measured before (Water) and after 
(Water2) the paraffin sample heat transfer measurements. Reproduced with permission from 
Publication II. Copyright 2017 Elsevier. 

The conventional convective heat transfer analysis of  vs.  shows that the 
paraffin nanofluids reacha  substantially higher  in comparison to water 
with an equal . However, this comparison method does not take into ac-
count the pumping power, which also affects the HTF performance in convec-
tive heat transfer. This method also disregards the impact of the Prandtl num-
ber ( ). One way to evaluate the performance of the fluid is to calculate the 

 from conventional heat transfer correlations and compare this expected  
with the measured  of the PCM fluids. In Publication II, the Gnielski corre-
lation was used for measurements in a turbulent regime as the reference: 

                  (16) 

where  is the Darcy-Weichbach friction factor,  and 
is the Prandtl number [12]. Figure 19 presents the  of paraffin fluids 

based on the Gnielski correlation ( ) as a function of experimental  
( ).  
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Figure 19. Experimental  ( ) for paraffin nanofluids and water as a function of  based 
on the Gnielski correlation ( ) in the transition and turbulent flow regimes (Re > 3000). 
Reproduced with permission from Publication II. Copyright 2017 Elsevier. 

The Gnielski correlation can predict the experimental  rather well and thus, 
no anomalous enhancement caused by nanoparticles or phase change is ob-
served in this comparison method. The 7.5 wt-%  and 10 wt-% paraffin fluids 
have a slightly higher  in comparison to , but the differences are 
within the uncertainty of the correlation (10%). The pressure losses (as a func-
tion of the flow rate) and friction factors (as a function of ) of water and the 
PCM fluids were close to each other. Thus, the PCM fluids exhibit no extra 
penalties in pressure losses despite the higher viscosity of the paraffin fluids.  

The complete melting of the PCM fluids was confirmed by measuring the 
heat transfer power differences between the inner nanofluid and external wa-
ter side of the heat exchanger. The latent heats observed in this manner corre-
sponded well to those measured with DSC, although the uncertainties of the 
heat transfer power measurements are rather high (tens of percents).  

The convective heat transfer efficiency was evaluated by comparing the heat 
transfer rate to the ideal pumping power ( Δ ). Figure 20 presents the 
convective heat transfer efficiency of water and the paraffin nanofluids. 
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Figure 20. Convective heat transfer efficiency of water and the paraffin nanofluids. Reproduced 
with permission from Publication II. Copyright 2017 Elsevier. 

Here, the PCM particles cause the performance of the HTF to deteriorate, and 
the performance worsens with increasing paraffin concentration. The en-
hancement caused by the melting of the PCM is outweighed by the higher  
and lower  of the nanofluid. PCM fluids with narrower phase change tem-
peratures, such as pure alkanes, would be more suitable for convective heat 
transfer applications, as the contribution of latent heat is smaller with a 
broader phase change temperature range. The latent heat can also be in-
creased by increasing the PCM fraction of the suspensions.  

4.2 Microstructured polyol-polystyrene composites  

The distribution of the PCM into small microscale units enhances the thermo-
dynamic efficiency of crystallization [48] and may prevent the uncontrollable, 
spontaneous crystallization of supercooled PCM as intermolecular interactions 
are reduced in microscale [68,72]. A microscale-engineered PCM is prepared 
by a modified method utilizing polymerization of a high internal phase emul-
sion (poly-HIPE) for the first time in Publication III. The new preparation 
method is presented briefly in Chapter 3.1.3. The structure of the novel polyol-
PS composite differs substantially from those of previously studied microen-
capsulated [50,85,86] or shape-stabilized [72,73] PCMs. The thermal proper-
ties of bulk polyols (erythritol and xylitol) and microstructured polyol-PS 
composites were studied with DSC and a C-Therm TCi thermal conductivity 
analyzer. The impacts of crystallization surface roughness (see Figure 21) and 
scan rate (  = 0.5 or 5 K/min) on the phase change properties of the samples 
were also examined. 
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Figure 21. Optical microscopy images of crucibles used in the DSC experiments. Left: crucible 
with a rough surface. Right: crucible with a smooth surface. The scale bar (100 μm) is the same 
in both images. Reproduced with permission from Publication III. Copyright 2016 Elsevier. 

4.2.1 Phase change properties of polyols and polyol-PS composites 

The melting temperature and heat of the bulk erythritol were  118 C and 
 324 J/g, respectively. The  and of the bulk erythritol remained 

unchanged in the consecutive phase change cycles. The average  of the 
erythritol-PS composite was 7.5 °C lower and the melting temperature range 
was wider in comparison to bulk PCM. The melting heat of the erythritol-PS 
composite was, on average,  150 J/g.  

The melting properties of the xylitol-PS composite were similar to those of 
the microstructured erythritol sample. The  of the bulk xylitol and micro-
structured xylitol-PS composite was ~93 °C and ~80 °C, respectively. The xyli-
tol-PS composite melted in a wider temperature range similarly to the micro-
structured erythritol-PS. The  of the xylitol-PS composite was 100-125 J/g, 
whereas that of the bulk xylitol was 232-243 J/g. Only the first melting peaks 
of the bulk xylitol and xylitol-PS composite were observed in the DSC meas-
urements: xylitol supercools and vitrifies easily and may remain in a super-
cooled state for a long period. [46,67,100] Cooling crystallization of neither the 
bulk nor the microstructured xylitol was observed in the DSC experiments (the 
samples were cooled to most -50 °C). 

The lower latent heat of the microstructured polyol-PS is caused by the 
smaller fraction of polyol in the composite and the surface effects. The interac-
tions between the polyol and polar head groups of the SMO surfactant may 
reduce the polyol-polyol interactions, resulting in a decrease in . Figure 22 
presents typical DSC cooling curves of erythritol and the microstructured 
erythritol-PS composite. 
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Figure 22. Typical DSC cooling curves of A) bulk erythritol, B) microstructured erythritol-
polystyrene composite. Left: solid curves:  = 0.5 K/min, dashed curves:  = 5 K/min. Right: 
solid curves: smooth crystallization surface, dashed curves: rough crystallization surface. 
Adapted from Publication III. Copyright 2016 Elsevier. 

The crystallization temperature of the bulk erythritol varied greatly between 
the parallel measurements and sequential cooling cycles. The time scale in the 

 = 5 K/min measurements was insufficient to allow the slow crystallization of 
the erythritol to complete when a smooth crystallization surface was used. At  
= 5 K/min, the crystallization was completed in 2-6 minutes. Upon complete 
crystallization, the crystallization heat ( was roughly 200 J/g depending 
on the . In some measurements with  = 5 K/min, the bulk erythritol did not 
crystallize during cooling but instead the polyol cold-crystallized in the se-
quential heating cycle. Cold-crystallization became more likely during consec-
utive phase change cycles. Surface roughness had a great influence on the crys-
tallization of the bulk erythritol with a low  of 0.5 K/min. Indeed, the onsets 
of crystallization temperature ( ) increased on average from 25 °C to 52 
°C. Altogether,  varied between -10 °C and 80 °C depending on the crucible 
used,  and phase change cycle. The crystallization heat of erythritol-PS com-
posite was on average -100 J/g. The crystallization properties of the 
microstructured erythritol-PS composite were substantially more reproducible 
than those of the bulk erythritol: the  of the erythritol-PS composite varied 
only between 27 °C and 49 °C. In addition to a better defined heat release tem-
perature, erythritol-PS releases heat more efficiently than the bulk PCM for 
which the  of 5 K/min was too slow to complete the crystallization. 
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4.2.2 Specific heat and thermal conductivity 

The specific heats and thermal conductivities of the bulk polyols and polyol-PS 
composites are presented in Table 6. 

 Table 6. Specific heats ( ) and thermal conductivities ( ) of the bulk polyols and polyol-PS 
composites. The subscripts s, l and calc. refer to solid state, liquid state and calculated values, 
respectively. All the reported  values were measured at 40 °C. The  and  measurements 
were conducted at 30 °C and 110 °C, respectively. The  is determined from the literature  
value of  air [101] and measured  values of the PS matrix ( 0.07 W/mK) and bulk polyols 
at 30 °C by taking into account the volume fractions of the constituents in the composites. 
Adapted from Publication III. Copyright 2016 Elsevier. 

Peculiarly, the specific heats  the polyol-PS composites are larger than the  of 
bulk polyols despite the lower  of the PS matrix (   1.3 J/gK at 40 °C.) 
The specific heats of the polyol-PS composites are larger in both the solid and 
liquid states of the PCM. The polyol molecules may possess more extensive 
hydrogen bonding because of the PCM-SMO interactions, manifested in the 
enhanced cp. The thermal conductivities of the polyol-PS composites are close 
to the   calculated from the volume fractions of PS, air and polyol in the 
composite.  

4.3 Cold-crystallizing polyol-sodium polyacrylate mixtures 

Vitrification eliminates the principal problem of supercooling PCMs – the risk 
of spontaneous crystallization. In Publication IV, this new idea is exploited for 
the first time for long-term storing of thermal energy. A new glass-former was 
developed in this article in order to utilize the viscous retardation and vitrifica-
tion of supercooling PCM for LTES. The novel material consists of a polyol 
PCM dispersed in a cross-linked polyelectrolyte matrix. The strong ion-dipole 
forces between the polyol and polyelectrolyte restrain the crystallization of the 
PCM during cooling. Instead, the material supercools and eventually vitrifies. 
The polyol-polyelectrolyte releases the stored latent heat on re-heating by 
cold-crystallization. The operation mechanism of the novel LTES is presented 
in Figure 23. Erythritol and D-mannitol were employed as the supercooling 
PCMs, sodium polyacrylate (PAANa) as the polyelectrolyte and ethylene glycol 
dimethacrylate (EGDMA) as the cross-linking agent. The influences of the 
amounts of the PCMs and EGDMA on the thermal properties of the new heat 
storage material were examined. Furthermore, the impacts of the molar neu-
tralization degree of PAANa (  = 0-1), heating and cooling rates were investi-
gated and the supercooling and vitrification mechanisms of the material were 
discussed. The thermal properties were studied with DSC and the polymor-
phism was examined with attenuated total reflectance Fourier transform infra-
red spectroscopy (ATR-FTIR). 

Sample  (J/gK)  (J/gK)  (W/mK)  (W/mK)  (W/mK) 
Erythritol 1.4 2.5 0.39  0.35  - 
Erythritol-PS composite 2.0 2.7 0.21  0.23  0.20 
Xylitol 1.5 2.5 0.44 0.35 - 
Xylitol-PS composite 2.0 2.6 0.22 0.22 0.23 
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Figure 23. A) Erythritol in a cross-linked sodium polyacrylate (PAANa) matrix. B) Typical DSC 
curves of an erythritol-PAANa mixture, and operation of the material as TES. Heating and cool-
ing cycles are shown as solid and dashed curves, respectively. 1-2) The novel TES is charged 
by heating the material above 100 °C at which erythritol melts. 2-3) After melting the material 
supercools (move left along the dashed line) and eventually vitrifies without releasing the stored 
latent heat. Thermal energy can be stored long-term in the supercooled or vitrified polyol-
PAANa below the cold-crystallization temperature, . 3-4) The material is slightly re-heated. 4-
5) The material releases the stored thermal energy by cold-crystallization when the temperature 
rises above .  
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4.3.1 Supercooling and vitrification of polyols and polyol-PAANa 

Bulk erythritol and D-mannitol crystallize on cooling at  = 0.5-20 Kmin-1 as 
shown in Figure 24. The cooling crystallization of bulk erythritol is occasional-
ly avoided at high , in which case the PCM cold-crystallizes in the subsequent 
heating. The Tc of erythritol depends substantially on the crystallization condi-
tions, such as the crystallization surface and , as discussed in Chapter 4.2.1. 
D-mannitol supercools less than erythritol: its Tc ≈ 105-120 °C. Bulk erythritol 
and D-mannitol are unsuitable for LTES because of their low Δ  and uncon-
trolled supercooling and crystallization properties. 

 
Figure 24. Comparison of phase change properties of A) bulk erythritol and erythritol-PAANa 
mixture, B) bulk D-mannitol and D -mannitol-PAANa. Heating and cooling DSC cycles of bulk 
polyols are shown as solid and dashed curves, respectively. 

The novel polyol-sodium polyacrylate (polyol-PAANa) mixtures do not crystal-
lize on cooling, but cold-crystallize on re-heating as presented e.g. in Figure 
24. Presumably, the high viscosity, polymorphism of the polyol and the strong 
ion-dipole PCM-polyelectrolyte forces act as efficient supercooling stabiliza-
tion mechanisms. The vitrification of polyol-PAANa can be observed by a dis-
tinct decrease in the  on cooling. The onset and end  of erythritol-PAANa 
varied between -46 ° and -22 °C and -36 and -6 °C, respectively, depending on 
the polyol weight fraction ( ),  and . Slower  reduces , whereas 
smaller  and larger  increase the ion-dipole forces between the PCM 
and PAANa, resulting in higher  and .  The onset and end  of D-
mannitol-PAANa were between 5 and 21 °C and 20 and 44 °C, respectively. 
The glass-transition widths of erythritol-PAANa and D-mannitol-PAANa were 
6-17 °C and 11-26 °C, respectively. A wide temperature range for glass-
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transition is typical of plasticized polymers. The  width can be related to the 
phase homogeneity.  

4.3.2 Polyol-sodium polyacrylate as heat storage material 

The influences of ,  (weight fractions of erythritol and 
EGDMA, respectively) and on the phase change properties of erythritol-
PAANa are shown in Figure 25. 

 
Figure 25. Impact of A) Werythritol (X = 0.5, WEGDMA = 0.003), B) X (Werythritol = 0.65, WEGDMA = 
0.003) and C) WEGDMA (Werythritol = 0.8, X = 0.5) on the melting-crystallization properties of 
erythritol-PAANa. C) Four sequential heating curves are presented (the first cycle is shown at 
the top) in order to compare the repeatability of the melting-crystallization cycles of samples with 
varying WEGDMA. The curves are not to scale. : 5 K/min. Only DSC heating cycles are shown. 



 

48 
 

and  of erythritol-PAANa are 95-110 °C and 15-70 °C, respectively. In-
creasing  reduces , whereas  increases with  as the crystalliza-
tion restraining ion-dipole forces increase. Strongly cross-linked erythritol-
PAANa (high ) crystallize in a more repeatable manner, as presented in 
Figure 25 C. Cross-linking restrains the conformational relaxation of the poly-
electrolyte chains during melting, improving the repeatability of cold-
crystallization. The and  of erythritol-PAANa (  = 0.75-0.9) 
are 150-260 J/g and -150 J/g, respectively. The higher latent heat of the sam-
ples with a higher  is outweighed by their lower : the latent heat is 
reduced with an increase in  Δ  according to Equation (17): 
 

                   (17) 

The same trends in the melting and crystallization properties were observed 
for D-mannitol-PAANa.  

The repeatability of the charging and discharging of erythritol-PAANa was 
studied with 100 successive melting-crystallization cycles. The repeatability of 
the melting and crystallization of erythritol-PAANa (  = 0.8,  = 0.5, 

 = 0.01) is good: ,  and  did not change during 100 cycles, 
whereas  varied slightly between 41 and 49 °C. The most important advan-
tage of polyol-PAANa in comparison to the existing PCMs is its considerably 
better stability towards spontaneous nucleation at low temperatures:  the ma-
terial is not prone to crystallization as long as the storage temperature remains 
below . The crystallization of pre-cooled erythritol-PAANa (  = 
0.65, X = 0.5) could not be initiated even with the addition of seed crystals 
below , making it extremely promising for LTES. The long-term stability of 
erythritol-PAANa was studied by keeping a supercooled sample at 5-10 °C for 
one month. Prior to the one-month storage period, the sample was pre-cooled 
to -20 °C. Cold-crystallization with expected  was observed on re-heating, 
indicating good long-term stability of the material. 

The thermal history affects the vitrification and cold-crystallization of polyol-
PAANa. The cooling rate has to be sufficient for cold-crystallization of polyol to 
occur. Erythritol-PAANa with  = 0.65 ( = 0.5) required a cooling 
rate of ≥ 0.2 K/min in order to cold-crystallize, whereas a sample with 

 = 0.8 ( = 0.5) cold-crystallized even when the cooling rate was as 
slow as 0.05 K/min. The polyol-PAANa does not have to be cooled below   
for cold-crystallization to happen. Preceding cooling to 1.1 (  is the 
glass transition end temperature [K]) is enough to cold-crystallize the mate-
rial. In this deeply supercooled region, the energy barriers related to structural 
rearrangement increase abruptly in comparison to . The potential energy 
landscape related to deeply supercooled and vitrified polyol-PAANa is dis-
cussed in the next chapter. 

4.3.3 Strong-fragile nature of polyol-PAANa 

The supercooling and cold-crystallization mechanisms of polyol-PAANa pre-
sumably stem from the viscous slow-down close to : in this region, the mole-
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cules become trapped in local energy minima as a result of the rapidly increas-
ing viscosity. The type of viscous retardation can be described by strong-fragile 
classification, as discussed in Chapter 2.3.4. The hydrogen bonded glass-
formers typically have properties of both strong and fragile liquids. The 
strong-fragile nature of polyol-PAANa was studied by calorimetric measure-
ments. The Arrhenius plots of  vs.  of polyol-PAANa, the activation 
energy for structural relaxation ( ) and the kinetic fragility parameter ( ) 
of polyol-PAANa are shown in Figure 26. 

 
Figure 26. Arrhenius plot, of  vs. . The  of the samples are presented in the 
legends. Neutralization degrees of PAANa: = 0.65 and 0.8:  = 0.5, and = 0.9:  
= 1. Onset Tg values are used in the analysis. The activation energies ( ) and kinetic fragili-
ties ( ) obtained from the slopes according to Equations (6-7) are presented in the legends.  

The kinetic fragility parameters ( ) of polyol-PAANa are very small, indicating 
the behaviour of very strong glass-formers, whereas the thermodynamic fragil-
ity parameters ( ) of polyol-PAANa were 1.52-1.72, being typical for 
fragile glass-formers. Thus, polyol-PAANa can be described as a thermody-
namically fragile and kinetically strong liquid. These glass-formers have many 
low-energy configurations, but the energy barriers separating the minima are 
high, as strong intermolecular bonds have to be broken for the molecular rear-
rangement. The strong ion-dipole forces and the polymorphism of polyol-
PAANa provide a heterogeneous set of low-energy configurations that the su-
percooled polyol molecules can become organized into.  
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4.3.4 Polymorphism  

It is important to understand the polymorphism of the PCMs because the 
thermal properties of polymorphs may differ notably from each other. 
[90,99,105] ATR-FTIR and DSC were used to study the polymorphism of 
polyols and polyol-PAANa in Publication IV. The FTIR spectra of bulk polyols 
and a few polyol-PAANa samples are presented in Figure 27. 

 
Figure 27. ATR-FTIR spectra of A) erythritol and B) D-mannitol samples. The IR spectrum of 
PAANa polymer (  = 0.5) is presented in both figures. The sample compositions are presented 
below the figures. 

Erythritol has two known polymorphs, the stable form I and metastable form 
II. According to the DSC measurements, the bulk erythritol is the stable form I 
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(  ≈ 119 °C [77,100]). The Tm of erythritol-PAANa is 10-15 °C lower than 
that of the bulk erythritol, being close to the Tm of polymorph II (  ≈ 104 °C 
[99]). However, erythritol-PAANa (WEGDMA  0.003) has only one melting and 
crystallization peak and all the same characteristic IR bands of bulk erythritol, 
indicating the existence of only the stable polymorph I.  

The most common forms of D-mannitol are ,  and . The polymorph of 
bulk D-mannitol received is the stable -form. The quick melting of D-
mannitol in an oven resulted in a metastable α-polymorph [83], whereas the 
melting and crystallization at moderate  of 0.5-20 K/min results in the coex-
istence of - and -polymorphs (  ≈ 145 °C,   ≈ 163 °C [83,102]). The 
polymorphism of D-mannitol-PAANa is more complex. Only the -polymorph 
can be detected in the FTIR-spectrum of the  = 0.9 sample, whereas 

 = 0.8 seems to be a mixture of the - and -forms. This finding is 
supported by the number of melting peaks of DSC measurements.  
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5. Concluding Remarks 

5.1 Conclusions 
Publications I and II studied the preparation methods and convective heat 
transfer of phase changing nanofluids. Fatty acid and paraffin suspensions 
were prepared by means of low-energy phase inversion composition (PIC) and 
high-energy ultrasonic mixing, respectively. In the PIC method, phase inver-
sion was obtained by a change in the sample composition and/or by the pro-
gressive neutralization of the fatty acids.  

It proved possible to prepare stearic acid nanofluids with moderate stability 
by means of the PIC method, whereas all the myristic acid compositions that 
were tested were unstable. Anionic SDS and nonionic sorbitan trioleate pro-
duced the most stable nanofluids. Paraffin nanofluids prepared by ultrasonic 
mixing were stable up to a 10 wt-% phase change material (PCM) concentra-
tion. Anionic SDS was used as the surfactant in the paraffin nanofluids. The 
latent heats and specific heats of the PCM suspensions were close to the ex-
pected values determined from the mass fractions of PCM, stabilizers and wa-
ter in the fluids. The relative dynamic viscosities (the ratio of nanofluid viscos-
ity to the base fluid) of the concentrated paraffin fluids with 5-10 wt-% PCM 
were 1.3-2.4. The relative viscosities increased with an increase in the PCM 
concentration and a decrease in the temperature, as expected.  

The convective heat transfer performance of 5-10 wt-% paraffin nanofluids 
was studied in Publication II. The PCM suspensions reached considerably 
higher Nusselt numbers ( ) than water (base fluid) with an equal Reynold’s 
number ( ) in both the laminar and turbulent region. However, the nanoflu-
ids and water showed practically the same heat transfer performance when the 
experimental  values were compared to the  given by the well-known 
Gnielski correlation. Therefore, the PCM nanofluids did not exhibit anomalies 
in their convective heat transfer performance. The PCM suspensions showed 
worse convective heat transfer efficiency than water when the pumping powers 
of the fluids were taken into account. The performance deteriorated with an 
increasing PCM concentration, presumably due to the high viscosity of the 
concentrated nanofluids. PCMs that change phase in a narrower temperature 
range would be more suitable for convective heat transfer, as the contribution 
of latent heat is larger in a narrow temperature range. 

In Publication III, a novel microstructured polyol-polystyrene composite 
was developed for long-term thermal energy storage (LTES) or thermal protec-
tion applications. The new preparation method of microstructured polyols is 
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based on the polymerization of a high internal phase emulsion, in which 
polyol(aq) is encapsulated in-situ inside a microcellular polymer matrix. 
Erythritol and xylitol were studied as the supercooling PCMs and sorbitan 
monooleate as the surfactant. Divinylbenzene cross-linked polystyrene was 
employed as the matrix material.  

The thermal properties of bulk and microstructured polyols were studied 
with differential scanning calorimetry (DSC). The melting temperatures of the 
microstructured polyols were 10 °C lower than those of the bulk PCMs. The 
melting heats of the polyol-polystyrene composites were 70% of the expected 
latent heat determined by the weight fractions of PCM in the composite. The 
readily supercooling bulk and microstructured xylitol did not crystallize in the 
DSC experiments. Xylitol is an interesting heat storage material for LTES be-
cause of its good supercooling stability. However, xylitol suffers from slow 
crystallization rate that should be resolved before the material can be applied 
in LTES. The crystallization of bulk erythritol depends substantially on the 
crystallization conditions, making the use of bulk erythritol impossible in 
LTES. Indeed, the onset crystallization temperature of bulk erythritol was 
found to vary between 0 and 80 °C, depending on the cooling rate and crystal-
lization surface roughness. The microstructured erythritol crystallized in a 
much more controlled manner than the bulk PCM. The crystallization heat of 
microstructured erythritol was consistently released in each cycle at 32-45 °C, 
and the heat release was not affected by impurities or crystallization surface 
roughness because of the protective polystyrene matrix. In addition to a better 
defined heat release temperature, the microstructured erythritol released heat 
more efficiently than the bulk PCM, probably due to the proliferation of the 
nucleation centers at the polystyrene cell surfaces.  

The specific heats of the microstructured polyol composites were 8-40% 
and 4-8% higher than the specific heats of the bulk polyols in the solid and 
liquid states of the PCMs, respectively. This surprising result may be due to 
extensive hydrogen bonding between the polyol and the polar head groups of 
the surfactant. The thermal conductivities of the polyol-polystyrene compos-
ites were 0.2 W/mK, being close to the expected values determined from the 
mass fractions of PCM, polystyrene and air in the composites.  

In Publication IV, deep supercooling and cold-crystallization of polyol 
PCM was utilized for the first time for long-term storing and releasing of 
thermal energy, respectively. Stable supercooling was achieved by a new heat 
storage chemistry, in which polyol is employed as the supercooling PCM and 
cross-linked polyelectrolyte is used as the additive, which prevents the conven-
tional cooling crystallization of the PCM. Erythritol and D-mannitol were stud-
ied as the PCMs. Ethylene glycoldimethacrylate cross-linked sodium polyacry-
late was employed as the polyelectrolyte. The influences of PCM and cross-
linker fractions and the degree of neutralization of acrylic acid were investi-
gated.  

The novel erythritol-polyelectrolyte mixture supercooled on cooling without 
release of the latent heat at very slow cooling rates of ≥0.05 K/min (PCM mass 
fraction 80%, acrylic acid neutralization degree 50%). The pre-cooled heat 
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storage material released the stored energy in subsequent heating by cold-
crystallization. Stable supercooling and vitrification of the PCM allows long-
term storing of thermal energy at low temperatures. The lower the storage 
temperature, the more stable the supercooled/vitrified material is against crys-
tallization. The energy storage density of the new material is high (~70-100 
kWh/m3 for the erythritol mixture, PCM mass fraction 80-90 %) and the 
cold-crystallization temperature can be tuned in the temperature range of 10-
70 °C by changing the composition of the material (polyol fraction and degree 
of neutralization of acrylic acid). The heat storing and releasing properties of 
the polyol-polyelectrolyte mixture remained similar in 100 successive charging 
and discharging cycles, indicating good long-term performance of the mate-
rial. The anomalous phase change properties of the polyol-polyelectrolyte pre-
sumably originate from the unusual energy landscape of the material which 
dominates the structural transformations close to the glass-transition tem-
perature: the supercooled polyol-polyelectrolyte can be described as a thermo-
dynamically fragile and kinetically strong liquid with a proliferation of low-
energy configurations and high energy barriers that separate the energy min-
ima. The energy landscape of polyol-polyelectrolyte probably stems from the 
high viscosity of the material, strong intermolecular forces (strong ion-dipole 
forces and extensive hydrogen bonding) and the polymorphism of the polyols. 

 

5.2 Scientific significance  

This thesis focused on the material development of phase changing nanofluids 
and supercooling PCMs for efficient heat transfer and storage applications.  

Publication I studied the preparation methods of fatty acid and paraffin 
phase changing nanofluids. The method used for the preparation of the fatty 
acid samples utilized phase inversion obtained both by a change in the compo-
sition of the sample and a simultaneous progressive chemical reaction. The 
neutralized fatty acid molecules formed during the preparation were expected 
to act as co-stabilizers in the PCM suspensions. Convective heat transfer of 
nanoscale phase changing emulsions was investigated for the first time in Pub-
lication II. The use of PCM fluids is impeded by their high viscosity. In order to 
improve the overall heat transfer efficiency of PCM suspension, the operation 
temperature range of the fluid should be narrow. The conventionally used per-
formance indicator  vs.  does not take into account the effects of changed 
material properties (particularly viscosity and density) on the heat transfer 
performance of nanofluids.  

The polymerization of high internal phase emulsions was utilized for the 
preparation of microstructured PCMs for the first time in Publication III. The 
PCM fraction is higher in the new composites in comparison to the typical 
microencapsulated or shape-stabilized PCMs. The method is also more 
straightforward than the previous microencapsulation methods, as separate 
drying and redispersion steps are not required in the new process. The solvent 
used in the new method is the monomer forming the continuous polymer ma-
trix, whereas harmful organic solvents are often needed in the conventional 
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microencapsulation methods of polar PCMs. The heat release properties of the 
novel microstructured erythritol-polystyrene composite were substantially 
better than those of the bulk PCM.  

Stable supercooling and cold-crystallization of a novel PCM-polyelectrolyte 
was utilized for the first time for LTES in Publication IV. Vitrification com-
pletely eliminates the primary problem of supercooling PCMs - the risk of 
spontaneous crystallization. The cold-crystallization of conventional glass-
formers cannot be used, as stable supercooling and vitrification is typically 
only achieved by fast quench cooling. Certain polymers may also cold-
crystallize on slow cooling, but the low latent heat and often unsuitable melt-
ing and glass-transition temperatures prevent the utilization of these materials 
in heat storage applications. For the first time, a large amount of thermal en-
ergy can be stored long-term in a supercooling PCM at temperatures as low as 
desired. The heat stored and released is competitive as compared to conven-
tional PCMs, and the DSC measurements indicate good long-term perform-
ance of the material. 
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