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The continuous increase of greenhouse gas emission, the climb in fuel prices, and the
limited natural resources drive human beings to utilize energy more effectively. Changes are
required in energy storage and thermal management systems, particularly through the advanced
technologies and systems of thermal energy storage and heat dissipation. Phase change
materials (PCMs) have received considerable attention for these applications. As a novel
technology to utilize PCMs, microencapsulated phase change materials (microPCMs) have
drawn great interest due to their high heat capacity and easy manipulating and operating, and
thus are potentially applicable in various industries.
This dissertation provides results of a systematic investigation on the design, synthesis,
characterization, and applications of microPCMs. With either solid-solid PCM or liquid-solid
PCM as the core material, microPCMs have been synthesized with wet-chemical methods
using colloidal solutions as the reaction media. To begin with, the thermophysical properties
of colloidal systems were investigated, especially the change of thermal conductivity with the

concentration of surfactant. Two types of microPCMs were then synthesized using emulsion
techniques, and the synthesis parameters were manipulated to enhance the thermophysical
properties of the microPCMs and suppress the supercooling of encapsulated PCMs. To
enhance their thermal conductivity, microPCMs with large latent heat capacity and suppressed
supercooling were coated with a metal layer. The as-synthesized phase changeable and thermal
conductive microPCMs were applied in a heat transfer fluid to enhance the heat transfer
performance.
This work was focused on the following aspects. The first aspect is the thermophysical
properties of colloidal solutions, such as thermal conductivity, at low surfactant concentrations
around the critical micelle concentration (CMC). The second aspect is the synthesis of
microPCMs in the colloidal systems with solid-solid PCM neopentyl glycol and liquid-solid
PCM n-octadecane as the core material. The third aspect is the enhancement of thermophysical
properties (e.g., heat capacity, supercooling,) of the microPCMs, which was achieved by
manipulating the parameters of the environment of chemical synthesis. The fourth aspect is
the elevation of the thermophysical properties of the microPCMs, such as thermal conductivity,
after the microPCMs were produced. The fifth and final aspect is the applications of the asproduced microPCMs, e.g., to enhance the heat transfer in bulk solid materials for latent heat
storage and heat transfer fluids for heat dissipation with the aid of microPCMs, with or without
coating with thermal conductive silver layer.
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Chapter 1．Introduction

1.1

Thermal Management with Phase Change Materials
Human civilizations have always coupled with the utilization of various sources of

energy. From the invention of fire and the storage of ice thousands years ago, the growth and
development of our society has been well witnessed, as well as the serious impacts of damage
and pollution back to nature such as the overuse of natural resources and greenhouse emissions
due to the huge demand for energy. The continuous increase of greenhouse gas emissions and
the climb in fuel prices are the main driving forces behind efforts to utilize various sources of
energy more effectively. Hence, a rational strategy for the sustainability of energy system is
necessary, particularly through advanced technologies and systems of energy storage and
thermal management.
1.1.1 Methods for Energy Storage
Researchers worldwide continue to search of new and renewable energy sources that
are cost efficient to energy store and utilize. One of the options is to develop energy storage
devices, which are as important as developing new sources of energy. It is a great challenge to
store energy in suitable forms that can be converted into the required form conveniently.
Energy storage leads to saving of fossil fuels and makes more cost effective utilization, not
only reducing the mismatch between supply and demand but also improving the performance
of energy systems and playing an important role in energy conservation [1, 2]. To date, various
technologies have been developed and applied in energy storage from grid scale to portable
devices [1-3]. These technologies are summarized in Figure 1-1. Among the technologies,
thermal energy storage (TES) is an important technology with widespread applications which

1

may contribute to avoiding environmental problems and increasing the efficiency of energy
utilization.
Air compression
Mechanical

Hydro pumping
Flying wheel
Water splitting

Energy
storage

Chemical
Biofuel
Batteries

Electrical

Super capacitor
Thermal

Thermochemicals
Sensible/Latent heat

Figure 1-1. Types of energy storage and typical techniques [1-3].

TES is a type of technologies that temporarily holds thermal energy for later utilization.
It is a significant technology in systems involving multiple energy resources as it can make the
operation more efficient, particularly by bridging periods when energy is supplied and periods
when it is demanded [4-7]. Thus, TES may play an important role in increasing the contribution
of various types of energy, especially the renewables such as solar energy and wind, on the
energy map of the world.
Various TES technologies are available for different applications. The selection of a
TES system for a particular application depends on factors including storage duration,
temperature requirements, thermal insulation, storage capacity, available space, economics, etc.
Generally speaking, thermal energy can be stored using either physical or chemical processes,
described correspondingly as follows.
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1.1.2 Thermophysical Energy Storage
Two main types of thermophysical energy storage are commercially available: sensible
heat storage (SHS) and latent heat storage (LHS). The most common way of heat storage is as
sensible heat, in which heat transfer to the medium of sensible heat storage leads to a phase
transition temperature increase directly. The heat storage medium can be water, brine, rock,
soil, etc. Heat storage in a SHS medium 𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆 is related to the mass and temperature increase
of the storage medium when heating from 𝑇𝑇𝑙𝑙𝑙𝑙𝑙𝑙 to 𝑇𝑇ℎ𝑖𝑖𝑖𝑖ℎ :
𝑇𝑇

𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑚𝑚𝑆𝑆𝑆𝑆𝑆𝑆 ∫𝑇𝑇 ℎ𝑖𝑖𝑖𝑖ℎ 𝐶𝐶𝑝𝑝,𝑆𝑆𝑆𝑆𝑆𝑆 𝑑𝑑𝑑𝑑
𝑙𝑙𝑙𝑙𝑙𝑙

(Equation 1-1)

where 𝑚𝑚𝑆𝑆𝑆𝑆𝑆𝑆 and 𝐶𝐶𝑝𝑝,𝑆𝑆𝑆𝑆𝑆𝑆 are the mass and specific heat capacity of the storage material.

LHS systems store energy through phase transition, mainly liquid-solid and/or solid-

solid phase transition processes in cyclic applications. A substance used for LHS is called a
phase change material (PCM), examples of which are water/ice, salt hydrates, paraffin,
polyalcohols, etc. Latent heat stored in a LHS medium 𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿 is related to the mass of the
storage medium:

𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿 = 𝑚𝑚𝑃𝑃𝑃𝑃𝑃𝑃 ∆ℎ𝑃𝑃𝑃𝑃𝑃𝑃

(Equation 1-2)

where 𝑚𝑚𝑃𝑃𝑃𝑃𝑃𝑃 and ℎ𝑃𝑃𝑃𝑃𝑃𝑃 are the mass and enthalpy of phase transition of the PCM. Due to the

high enthalpy change during phase transition, thermal energy stored in a LHS unit is usually

greater than a SHS one in similar scale. In addition, heat is transferred to or from the LHS
medium while the temperature remains at the phase transition point during a phase transition,
thus LHS can also be used for thermal management to maintain a small temperature range.
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Figure 1-2. Thermal energy storage in forms of sensible heat and latent heat.

1.1.3 Phase Change Materials and Supercooling Phenomena
As described above, a PCM is a substance with a high latent heat and is thus capable
to store and release large amounts of thermal energy during phase transition at a certain
temperature. Thermal energy is absorbed or released in the form of latent heat when the
material changes from one solid phase to another or from solid to liquid and vice versa. Shown
in Table 1-1, a lot of candidates have been discovered and used as PCMs, most of which are
inorganic salt hydrates such as CaCl2·6H2O (i.e., Glauber’s salt), Na2SO4·10H2O,
Na2HPO4·12H2O, etc.; organic PCMs such as paraffin and fatty acids; and solid state PCMs
including neopentyl glycol (NPG) and pentaerythritol [4-6, 8-12].
It should be pointed out that all of the commercially available PCMs with reasonably
high latent heat are poor thermal conductors. Thermal conductivity of salt hydrates is in the
scale of 1 W/mk, and that of paraffin is even lower at around 0.2~0.3 W/mK. In practical
applications, lots of efforts have been doing to increase the thermal conductivity of PCMs while
maintaining the rest thermophysical properties [13-16].
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Table 1-1. List of selected phase change materials and their thermophysical and
chemical properties [4-6, 17-20]. M.P.: melting point; ℎ𝑃𝑃𝑃𝑃𝑃𝑃 : latent heat of fusion; 𝜌𝜌𝑠𝑠 : density of
PCM in solid phase; 𝑘𝑘𝑠𝑠 : thermal conductivity in solid phase.

Material

Inorganics

Organics

M.P.
(℃)

ℎ𝑃𝑃𝐶𝐶𝑀𝑀
(J/g)
192

𝜌𝜌𝑠𝑠
(g/cm3)

𝑘𝑘𝑠𝑠
(W/mk)

1.8

1.0

Salt
hydrate
and
eutectics

CaCl2 ∙ 6H2 O

29

NaSO4 ∙ 10H2 O

30

254

1.5

-

48

209

1.6

-

Ba(OH)2 ∙ 8H2 O

78

280

2.1

0.65

Other
inorganic

NaS2 O3 ∙ 5H2 O
H2 O

0

333

0.91

2.2

Ga

30

80

5.9

40.6

In

157

29

7.3

81.8

NaNO3

307

199

2.3

-

n-Dodecane, C12 H26

-12

216

0.75

0.21

n-Octadecane, C18 H38

27

245

0.81

0.35

n-Eicosane, C20 H42

37

247

0.91

0.21

n-Octacosane, C28 H58

61

255

0.91

0.21

Caprylic acid

16

148

1.1

-

Capric acid

32

153

0.88

-

Palmitic acid

64

185

0.85

-

Neopentyl glycol

43

130

1.1

0.43

Pentaerythritol

185

303

1.4

-

Paraffin

Fatty acid

Polyalcohol

The history of using PCMs is quite old. Before the modern mechanical refrigeration
system was introduced, people used ice to cool food, medicine, and the indoor environment.
It is recorded that ice blocks collected in the winter from frozen lakes or rivers were stored in
“ice houses” and used for relieving summer heat thousands of years ago in ancient China [21].
More recently, ice was also placed in duct systems to cool and dehumidify warm air blown by
fan in the early nineteenth century [7]. Also in the 1800s, The “cold accumulators”, a type of
flat metal container filled with frozen low-melting point salt mixtures, were used to transport
dairy products and other perishables [22]. Since the 1970s, long-term and large-scale storage
of latent heat by utilizing ice and snow has involved the seasonal storage of winter’s cold for
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use in cooling buildings during summer in areas of long cold winters with brief hot summers,
such as in Canada and Sweden [7]. As an example, the Sundsvall Hospital snow cooling plant,
located in central Sweden where the annual mean temperature is 6 ℃, is designed for a cooling

load of 1,000 MWh, which requires 30,000 m3 of snow [23].

In addition to cold storage, PCMs have also been used for various heating applications
over the last century. They have been utilized in ‘hot bottle’ applications for direct warmth to
the human body, hot plates, coffee pots, etc. Salt hydrates such as hydrated sodium acetate,
sodium sulfate, and magnesium nitrate were commonly employed, though their performance
was erratic in the beginning because of the supercooling [24-27]. The major thrust of the
research of PCMs in last century including building heating and cooling, energy efficiency,
off-peak electricity storage, and thermal control with PCMs in NASA’s space program. In
daily life, an example of industrial products of PCMs is hand warmers using sodium acetate
trihydrate (CH3COONa·3H2O) to store thermal energy.
In large-scale industrial application of PCMs, supercooling, i.e., the melting-freezing
hysteresis, remains a major obstacle.

Supercooling, also known as undercooling or

subcooling, is the process of lowering the temperature of a PCM below its phase transition
point without the occurrence of phase transition phenomenon. For example, water below its
melting point crystallizes in the ideal condition or in the presence of seed crystals or nuclei.
Lacking any such nuclei in real conditions, the supercooled water can remain liquid at a
temperature much lower than the melting point until homogeneous nucleation occurs.
Taking liquid-solid phase change as an example, the supercooling ∆𝑇𝑇𝑠𝑠𝑠𝑠 of a PCM can

be evaluated by
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∆𝑇𝑇𝑠𝑠𝑠𝑠 = 𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑓𝑓

(Equation 1-3)

where 𝑇𝑇𝑚𝑚 and 𝑇𝑇𝑓𝑓 are the measured melting and freezing temperature, respectively. In purpose

of utilizing the latent heat of PCMs, the operation temperature should at least cover the range
from 𝑇𝑇𝑚𝑚 to 𝑇𝑇𝑓𝑓 so as to complete the cycle of phase transition, i.e., the hot temperature limit

𝑇𝑇ℎ𝑖𝑖𝑖𝑖ℎ > 𝑇𝑇𝑚𝑚 , and the cold temperature limit 𝑇𝑇𝑙𝑙𝑙𝑙𝑙𝑙 < 𝑇𝑇𝑓𝑓 . Giving an operation temperature range

∆𝑇𝑇 = 𝑇𝑇ℎ𝑖𝑖𝑖𝑖ℎ − 𝑇𝑇low , having both LHS and SHS considered, the overall thermal energy stored
in a PCM 𝑄𝑄𝑃𝑃𝑃𝑃𝑃𝑃 can be estimated by

𝑇𝑇

𝑇𝑇

𝑄𝑄𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑚𝑚𝑃𝑃𝑃𝑃𝑃𝑃 �∆ℎ𝑃𝑃𝑃𝑃𝑃𝑃 + ∫𝑇𝑇 𝑓𝑓 𝐶𝐶𝑝𝑝,𝑠𝑠 𝑑𝑑𝑑𝑑 + ∫𝑇𝑇 high 𝐶𝐶𝑝𝑝,𝑙𝑙 𝑑𝑑𝑑𝑑�
low

𝑚𝑚

while the apparent specific heat of PCMs 𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃 can be estimated by
𝑇𝑇

𝑇𝑇

𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃 = �∆ℎ𝑃𝑃𝑃𝑃𝑃𝑃 + ∫𝑇𝑇 𝑓𝑓 𝐶𝐶𝑝𝑝,𝑠𝑠 𝑑𝑑𝑑𝑑 + ∫𝑇𝑇 high 𝐶𝐶𝑝𝑝,𝑙𝑙 𝑑𝑑𝑑𝑑� /∆𝑇𝑇
low

𝑚𝑚

(Equation 1-4)

(Equation 1-5)

in which ∆ℎ𝑃𝑃𝑃𝑃𝑃𝑃 , 𝐶𝐶𝑝𝑝,𝑠𝑠 , and 𝐶𝐶𝑝𝑝,𝑙𝑙 are the latent heat of fusion in the condition of supercooling,

specific heat of solid phase, and that of liquid phase of the corresponding PCM. Due to the

large latent heat of PCMs in a reasonably small operation temperature range, ∆ℎ𝑃𝑃𝑃𝑃𝑃𝑃 is usually
the major contribution to the apparent specific heat 𝐶𝐶PCM . Based on Equation 1-5, the larger

∆𝑇𝑇, the smaller is the elevation of 𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃 owing to latent heat. As ∆𝑇𝑇 > ∆𝑇𝑇𝑠𝑠𝑠𝑠 is required, an
increase of ∆𝑇𝑇𝑠𝑠𝑠𝑠 can dramatically affect the ability of thermal energy storage and management

of the PCMs.

1.1.4 Thermochemical Energy Storage
Different from thermophysical energy storage that involves no chemical process,
thermochemical energy storage uses chemisorption or solid-gas chemical reaction to store and
release thermal energy. In thermochemical energy storage, energy can be stored with a
dissociation reaction and recovered with the reverse chemical reaction of combination.
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Generally speaking, there are two types of thermochemical energy storage that have
been discussed and demonstrated in literature, in which sorption processes and thermochemical
reactions are involved correspondingly. Sorption, including adsorption and absorption, is
considered thermochemical as they are based on surface and/or solution chemistry processes.
An adsorption process occurs when a gas accumulates on the surface of a sorbent and shapes a
molecular or atomic layer, while in an absorption process the gas molecules enter into the bulk
phase of corresponding sorbent. A sorbent used in thermochemical energy storage can either
be solid or liquid.

Figure 1-3. A demonstration of an open sorption storage system based on
dehumidification with liquid desiccant during water vapor sorption (thermal energy discharge)
and desorption (thermal energy storage).

Comparing with other TES methods, thermochemical energy storage has a higher
storage density, which allows large quantities of energy to be stored using small amounts of
storage substances. In addition, energy storage based on chemical reactions is particularly
appropriate for long-term storage applications such as seasonal storage of solar heat, because
the process involves almost no energy losses during the storing period, and the storage is
usually done at ambient temperatures. Even though, no commercial technique based on
8

thermochemical energy storage is available, mainly due to the issues of heat and mass transfer,
cyclic efficiency, and durability of materials and systems induced by solid reagents or liquid
sorbents [28, 29]. On the other hand, as a related research realm using similar thermochemical
processes for thermal management, liquid desiccant enhanced air conditioning and water vapor
recovery has been extensively explored recently [30-36]. For both thermochemical energy
storage and liquid desiccant air conditioning, much work remains to be done on the complex
chemical and mechanical systems.
Table 1-2. Summary of materials for thermochemical energy storage [7, 28-31, 33, 37,
38].

Type of reaction/sorption
Chemical reaction Hydration
Carbonization
Sorption
Ammonia sorption

Reagent / sorbent
MgO, CaO
PbO, CaO
BaCl2, MnCl2, NiCl2, MgCl2, NH4Cl, NaBr,
etc.
Sorbents Zeolites
Silica gel
Metal
ZrMnFe, ZrTiCrFe,
hydrides
LmNiSn, LaNi, etc.
Salt
MgSO4, CaCl2, BaBr2,
hydrates
NaS, LiBr, etc.
Salt
Saturated CaCl2 solution,
solutions Saturated LiBr solution,
etc.
Glycols
Ethylene glycol,
Triethylene glycol, etc.

Water sorption
in solid sorbents
and desiccants

Water absorption
in liquid desiccants

1.2

Microencapsulated Phase Change Materials
Despite the considerable potential of thermophysical energy storage, applications of

PCMs suffer from inherent disadvantages such as low thermal conductivity, considerable
change in volume on phase transition, corrosiveness, decomposition, leakage, and/or large
supercooling. Each of the disadvantages affects phase change properties of PCMs and further
the efficiency of TES.

In order to overcome these problems, a technique utilizing

microencapsulated phase change materials (microPCMs) in TES systems has recently been
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developed and extensively investigated, by which PCMs are encapsulated in an
inorganic/polymeric shell or matrix to maintain the shape and chemical stability, meanwhile
preventing the PCM core from leakage to and reaction with surrounding [17, 39-53].
Since the invention of microPCMs, various applications had been found in textiles,
building materials, heat transfer fluids, and etc. In textiles and building materials, utilizing
microPCMs increase the thermal mass without much increase of the weight of the media [5, 6,
17, 19, 48, 54, 55]. For heat transfer fluid applications, both emulsions of PCMs and slurries
of microPCMs are fabricated by dispersing PCMs into the carrier fluids to produce latent
functional thermal fluids (LFTFs) that are potentially applicable to refrigeration loops and air
conditioning for improving thermal efficiency and reducing required quantity of refrigerant [40,
43, 48, 56]. In this section, basic structures and fundamental properties of microPCMs are
introduced.
1.2.1 Background of MicroPCMs
There are limitations to employ PCMs for TES directly. For example, it requires
special latent heat devices or heat exchangers for heat transfer in the storage media, which
increase costs and thermal resistance between PCMs and surroundings.

It has been

comprehensively investigated for new forms of PCMs with stabilized shapes and structures,
which can be prepared by mixing PCMs with supporting materials such as polymer and
graphite[48, 57, 58].

These composites can be applied directly for TES and thermal

management with no extra devices required. However, PCMs in these composites tends to
diffuse away and loose from the supporting materials gradually during solid-liquid phase
transition, although the shape of the support materials remains [59]. To prevent the leakage of
melted PCMs during the phase transition, to increase the heat transfer rate, and to reduce PCM
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reactivity with surroundings, microencapsulation of PCMs is probably the best solution [48,
57, 58, 60].

Figure 1-4. Micro-structures of microPCMs.

Microencapsulation is a process of coating or embedding particles or droplets within a
shell or matrix to produce micro-sized capsules.

All three states of materials can be

microencapsulated, though it is rare to encapsulate a gas. By microencapsulation, it is as easy
to handle liquid and gas phase materials as to handle solids. Microencapsulation also provides
a physical barrier to protect microencapsulated materials from reacting to surroundings.
A microPCM usually has a regular shape (e.g., spherical, oval, or tubular), but it

can also be made in an irregular shape. Depending on the physic-chemical properties of

the core and shell composition as well as the application, microPCMs with different
structures can be synthesized, as shown in Figure 1-4. Generally speaking, a capsule of

microPCMs is composed of two parts: a PCM as a core or filler, and an inorganic or

polymer shell or closed frame as a container. In addition, it may contain one PCM core or
multiple cores in a microcapsule.

1.2.2 Synthesis Approaches of MicroPCMs
A microencapsulation process is designed based on the physical and chemical
properties of the core and shell materials to be used. Microencapsulation processes can be
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categorized into three groups: chemical processes, physical processes, and physical-chemical
processes, listed as follows:
Physical processes:
Centrifugal extrusion,
Aerosol coating,
Vibrational nozzle,
Spray drying;
Physical-chemical processes:
Solvent evaporation,
Coacervation;
Chemical processes:
Sol-gel,
In-situ polymerization,
Interfacial polymerization,
Emulsion polymerization.
The use of some methods has been limited due to regulatory affairs, the cost of processing, and
the use of organic solvents which can be a concern for environmental problems [48, 55].
Physical processes and physical-chemical processes of microencapsulation are mainly
spray drying, centrifugal, and solution evaporating processes, size of as-produced microPCMs
from which is inherently large (> 100µm) [48]. To produce microPCMs with size smaller
than 100µm, chemical processes are often applied. The chemical processes, including sol-gel,

in-situ polymerization, interfacial polymerization, and emulsion polymerization processes,
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generally involve bringing together two immiscible liquids, e.g. water and an organic solvent,
respectively. Precursors of shell are dissolved either in each of the immiscible liquids as directacting intermediates that react to establish a solid pre-condensate, or in one of the liquids that
react with each other and condense on the interface ignited by parameters such as pH value
and/or temperature [40, 44, 48, 57, 61-64]. Most microPCMs are fabricated by the chemical
methods due to their properties and applications [48]. In this work, chemical processes are
involved to synthesize microPCMs in emulsion systems [65-67]. Details of the state-of-the-art
of chemical syntheses of microPCMs can be found in Section 2.2, and the methods of synthesis
used in this dissertation research can be found in Section 5.2 and 6.2.
1.2.3 Applications of MicroPCMs
MicroPCMs may be used in form of powder in textiles or buildings to enhance their
heat capacity and capability to store thermal energy, or dispersed in carrier fluids to enhance
heat transfer efficiency of the fluids for the purpose of heat dissipation. In textile industries,
microPCMs are used in flame retarded cotton to resist heat and flame since they can absorb
thermal energy and prevent quick temperature increase and burning of cloth [68, 69]. Both
paraffin such as n-hexadecane, n-octadecane, n-nonadecane and inorganic PCMs such as
phosphates have been used as PCMs in textiles. It has been found that a combination of
microcapsules containing different types of PCMs are better than those including a mixture of
these PCMs, as thermophysical properties may change due to the mixing of the PCMs [55, 6870].
PCMs has also been widely studied as a potential aid to building materials for
enhancement of thermal comfort and energy saving in buildings [19, 59, 71-73]. There are
limitations in using bulk PCMs as building materials, such as that they may interact with
building structure and change properties of both PCMs and structure materials, and that the
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leakage problem of PCMs can be significant during the life time of the buildings. In addition,
PCMs have poor thermal conductivity, which limits heat transfer in building materials and also
the performance of PCMs in controlling in-door temperature in the buildings. In order to
overcome these problems, microPCMs instead of bulk PCMs have been integrated into
conventional building materials so as to prevent the leakage problems and the interaction
between PCMs and other building materials [74]. In addition, heat transfer rate of the building
materials raises significantly due to a much larger heat transfer area across the shells of the
microPCMs. A comprehensive review of microPCMs in building applications has been given
by Tyagi et al. [74].
PCMs have also be applied in heat transfer fluids to enhance heat capacity of the fluids
as a heat transfer media [9, 40, 45, 48, 57, 75-77]. There are two types of PCM-containing heat
transfer fluids, i.e., PCM emulsions and microPCMs slurries. An appropriate amount of
surfactant (or dispersant) may be used to help making a PCM emulsion or slurry more stable
and better dispersed in the carrier fluid. Water, engine oils, and fluorocarbon are normally used
carrier fluids, depending on specific requirements of different applications. In comparison of
conventional heat transfer fluids, the microPCM-enhanced fluids have larger heat capacity and
are able to work as the media for TES and heat transfer simultaneously, and thus an
improvement of performance can be expected.

1.3

Motivation and Rationales of Improving MicroPCMs
1.3.1 Motivation to Improve the Fluidic Heat Transfer Performance
It has recently been eye-witnessed an explosive development of communication,

electronics, auto-computing industries, and energy utilization, all of which are indisputably
continuing to develop fast in visible future. Heat dissipation from mechanical, electrical, and
electronic components has become a serious problem that may obstacle these fast-growing
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technologies. Heat generated by and required to be rejected from these devices is continually
increasing due to the trend toward more power output from engines, faster speed and smaller
size for microelectronic devices, and brighter beams by light sources in optical devices.
Though all three heat transfer modes can be used for heat dissipation, utilization of
heat transfer fluids by taking advantage of the large heat flux of convection is one of the most
common and effective choices. Heat transfer fluids have found many industrial applications in
automotive, energy supply, air-conditioning, electronic cooling, and etc. However, the low
thermal conductivity and heat capacity of conventional heat transfer fluids is a limiting factor
in the design of heat dissipation systems. The increasing power density of equipment in various
industries calls for innovative thermal management technologies. Generally speaking, there
are two ways to meet the increasing requirements for heat dissipation: 1) designing new heat
exchangers, such as increasing surface area by fins and microchannel and integrating spot
cooling and miniaturized cryo-devices, and 2) improving heat transfer capability of heat
transfer fluids. The effectiveness of updating the design of cooling devices as a conventional
method to enhance heat transfer, however, has almost reached a limit [78, 79]. The seeking for
new heat transfer fluids with higher heat capacity and thermal conductivity as well as lower
viscosity is important now.
1.3.2 Rationales behind MicroPCMs
TES techniques based on the use of PCMs have been raising a great practical interest,
motivated by the large thermal energy stored per unit PCM in a small temperature range around
its phase transition temperature. The systems for TES with PCMs have been developed for
various applications from textiles to fluidic heat transfer enhancements. Specifically, new
techniques of using a solid-liquid or liquid-liquid two-phase flow to improve fluidic heat
transfer have been proposed and investigated. This type of techniques consists of forming a
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two-phase fluid from the mixture of a carrier fluid and a PCM, producing a fluid with
considerable capability of LHS. These heat transfer fluids have been cataloged in five types:[80]
1) Ice slurries in water;
2) PCM emulsions, in which PCMs are dispersed in water with the use of surfactants;
3) MicroPCM slurries, in which PCMs are microencapsulated and dispersed in water;
4) Salt hydrate PCM slurries; and
5) Shape-stabilized PCM slurries, based on shape-stabilized PCMs that consist of
paraffin infiltrated in high density polyethylene.
Since PCMs have much higher heat capacity than conventional heat transfer fluids that
utilize sensible heat only, it is a straightforward logic to increase the heat capacity of heat
transfer fluids by adding PCMs. However, if PCMs are added directly without encapsulation,
it may not aid the heat capacity of heat transfer fluids efficiently but cause troublesome
problems:
a) Without protection, PCMs may be soluble or reactive in carrier fluids. That way,
PCMs lost their property of phase transition at a certain temperature, which means
that no latent heat capacity is available in this condition;
b) Supercooling can be significant when the scale of PCM particles is small. In this
case, phase transition of the PCM tends not to happen until it is supercooled to a
considerably low temperature. Among a large temperature range of operation,
increase of overall fluid heat capacity as a result of the great amount of latent heat
is less significant comparing with accumulated sensible heat over the temperature
range;
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c) Large PCM particles are easy to settle out from heat transfer fluids, especially in
low-speed circulation. The settling out of PCM particles induces not only losing
latent heat capacity but also forming a sediment layer at the surface of containers
or pipelines, thus increasing thermal resistance and impairing heat transfer
performance of the system. In addition, large size of the PCM particles or the
agglomerates of them may cause severe clogging problems, especially in
microchannel;
d) Small PCM particles are not thermodynamically stable in fluid and tend to grow
or agglomerate to big ones to reduce overall surface tension;
e) Erosion of containers or pipelines by PCMs increases rapidly when speed of
circulation increases, especially when PCMs are hard or corrosive.
Due to these disadvantages of direct dispersed PCM suspensions, the method of adding
PCM directly into heat transfer fluids is not preferred. To avoid these disadvantages, PCMs
may be microencapsulated before dispersing into the base fluids. A variety of microPCM
structures has been reported, possessing different mechanical and thermal properties from the
corresponding bulk materials. The as-synthesized microPCMs are expected to exhibit several
beneficial features as follows:
a) High heat capacity. It has been demonstrated that latent heat energy storage has
larger heat capacity than utilizing sensible heat, as shown in Figure 1-2. Due to
the high latent heat of PCMs, it requires less amount of energy storage medium
than utilizing sensible heat only to achieve the same magnitude of TES. Calculated
from averaging the overall heat capacity by a certain operation temperature range,
the apparent specific heat of a PCM is also significantly higher than its specific
heat without phase transition. In microPCMs, though overall latent heat is smaller
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than that of bulk PCMs due to the mass fraction of shell material, the fraction of
PCM in a microPCM should be large enough to achieve a sufficient amount of heat
capacity.
b) Suppressed supercooling. Most PCMs have a certain amount of supercooling
during homogeneous nucleation processes. This phenomenon is more significant
in microPCMs, as the probability to generate a homogeneous nucleation site in a
confined volume of a microcapsule is smaller than that in bulk PCMs [81]. To
suppress supercooling of microPCMs, various additives have been used as
nucleate

agents,

which

introduce

heterogeneous

nucleation

sites

into

microcapsules and decrease the potential barrier of corresponding phase transition.
c) Elimination of leakage. Encapsulation of a PCM in rigid shells prevents it from
leakage during phase transition processes. In applications to heat transfer fluids
and building materials, for example, mechanical strength of the shells determines
the sustainability of the microPCM from leakage. It has been found that with
melamine-formaldehyde resin (MFR) as the shell material, microcapsules can
survive under a deformation up to 68% [82], which ensure the little leakage
probability of PCMs from microcapsules.
d) Elimination of agglomeration and clogging. The microPCMs are micro-sized,
shape stable, and well dispersible in fluids. Due to the stable shell structure,
encapsulated PCMs are protected from attaching each other and forming
agglomerations. As a result, using of microPCMs cause little clogging problems
in pipelines.
e) Reduction of erosion. Common materials used to produce shells for encapsulating
PCMs are polymers and inorganic materials such as silica. Comparing with the
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hard particles, microPCMs make less damage to the walls of pipelines, pumps, and
heat exchangers. In addition, corrosive PCMs are encapsulated and prevented
from wall materials, and thus potential chemical reactions that induce erosion can
be eliminated.

1.4

Objectives of Research
There are four objectives in this work. Listed step by step, they are: 1) developing a

new production method of microPCMs; 2) solving the problem of large supercooling that
occurs in microPCMs with large PCM loading; 3) elevating thermal conductivity of the
microPCMs; and 4) applying microPCMs in conventional heat transfer fluids to develop a type
of phase changeable heat transfer fluids so as to improve both thermal conductivity and heat
capacity of the fluids simultaneously.
1.4.1 Production Methods of MicroPCMs
Two types of methods of chemical synthesis of microPCMs have been developed in
literature, i.e. the sol-gel methods and the in situ polymerization methods, as described in
previous sections [40, 44, 48, 57, 61-64, 83-85]. The first type of methods involves a one-step
process of hydrolysis of precursors, and thus is suitable in microencapsulation of hydrophobic
PCMs with inorganic shells. The second one has all precursors of polymer contained in
continuous water phase, so that through the synthesis the hydrophobic PCM droplets can be
protected from contamination. That way, pure PCM cores with predictable thermophysical
properties in microPCMs can be obtained. This method is widely used in encapsulation with
urea-formaldehyde and melamine-formaldehyde resin.
However, neither of these methods is suitable for mass production of microPCMs with
proper thermophysical properties, especially for hydrophilic PCMs that are miscible in aqueous
phase.

In addition to the problem of miscibility, there are other issues induced by
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microencapsulation, such as large supercooling of the microencapsulated PCMs due to the lack
of nucleate sites in microcapsules. To deal with these issues, suitable production methods are
developed in this work for microencapsulation of hydrophilic PCMs based on wet-chemical
techniques.

1.4.2 Supercooling Suppression
One of the most common problems in both bulk PCMs and microPCMs is supercooling,
i.e., hysteresis of phase transition despite thermodynamic preference. This problem is more
serious in microPCMs than that in bulk PCMs, because homogeneous nucleation in the
confined volume of a microcapsule randomly happens in a less preferred probability. As a
result, the hysteresis of nucleation in microPCMs is more significant, which represents as larger
supercooling macroscopically.
Researches have been working on controlling the supercooling of microPCMs since
1990s [86]. The most common and practically applicable method for supercooling suppression
is to add nucleation agents to promote heterogeneous nucleation during melt crystallization.
This effort has been done for supercooling suppression in bulk PCMs such as salt hydrates for
decades [4, 5, 19] and recently applied on microPCMs [44, 86-88]. Unfortunately, the additives
cause additional problems, not only by decreasing heat capacity of microPCMs due to the large
mass fraction of the nucleate agents, but also by affecting other thermophysical properties of
microPCMs, e.g., melting point.
The aim in this section is to suppress the inherent supercooling of PCMs confined in
microcapsules without the use of additives as nucleate agents, meanwhile maintaining other
pros of thermophysical properties such as large heat capacity. Instead of additional nucleate
agents, shells of microPCMs are optimized so as to decrease the surface tension between the
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shell and the encapsulated PCM, and thus provide nucleate sites to promote heterogeneous
nucleation and suppress supercooling of encapsulated PCMs.
1.4.3 Thermal Conductivity Enhancement
Heat transfer fluids suffer not only from low heat capacity but also low thermal
conductivity [45, 53, 89-92]. On one hand, heat capacity of conventional fluids are relatively
low, which can be elevated by utilizing microPCMs; on the other hand, thermal conductivity
of microPCMs are as low as common heat transfer fluids and thus contributes little on the
elevation of thermal conductivity of heat transfer fluids. Most PCMs, especially commonly
used organic PCMs, have relatively low thermal conductivity as shown in Table 1-1, and so
the commonly used shell materials such as silica, CaCO3, and polymers. As a result, by adding
microPCMs into heat transfer fluids, heat capacity of the fluids can be elevated while thermal
conductivity of the fluids remains low, which is a drawback to achieve better heat transfer
performance. It is highly desirable to combine the advantages of high heat capacity with high
thermal conductivity in heat transfer fluids for better performance.
Adding conductive particles are proven to be able to elevate thermal conductivity of a
heat transfer fluid [13, 79, 93].

Meanwhile, comparing with sensible heat capacity of

conventional heat transfer fluids, latent heat of the PCMs are significantly larger [4, 8]. As a
combination of both advantages, utilizing the large amount of latent heat along with
modification for enhanced thermal conductivity in heat transfer fluids is a possible route to
meet current requirements from the fast-growing industry. In our previous work[53], a new
class of phase change nanofluids with improved heat capacity as well as thermal conductivity
was developed, which are synthesized by dispersing thermally conductive phase changeable
indium nanoparticles into base fluids. The high thermal conductivity of indium nanoparticles
increases thermal conductivity of heat transfer fluids just as common nanofluids; meanwhile,
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phase change process of indium nanoparticles is reversible, and large amount of latent heat is
absorbed or released during the phase transition, resulting an increase of heat capacity of the
fluids. However, the elevation of heat capacity was not pushed to the limit because of the
supercooling of indium nanoparticles, and contamination to pipelines and containers can be
significant without encapsulation of this PCM.
A different way to combine high heat capacity and high thermal conductivity based on
microPCMs are demonstrated in this dissertation. MicroPCMs provide base fluids high heat
capacity; in addition, a metal layer is coated on the surface of the microPCMs to accomplish
the improvement of thermal conductivity. That way, microPCMs with both high heat capacity
and high thermal conductivity can be prepared.
1.4.4 Applications in Heat Transfer Fluids
Interest in engineered suspensions of micro/nanoparticles in liquids has increased in
recent years, particularly due to the potential for higher fluid thermal conductivities, resulting
in smaller and more compact heat exchangers [9, 45, 53, 75, 78, 79, 90, 92]. It has also been
reported that convective heat transfer of heat transfer fluids can be significantly enhanced by
using thermal conductive nanofluids [18, 45, 53, 78, 79, 93-102]. However, heat capacity of
these nanofluids is generally as low as, if not lower than, conventional heat transfer fluids. On
the other hand, microPCMs has also been applied in heat transfer fluids to enhance heat transfer,
and the main enhancement provided by PCMs is a significant increased TES density due to
latent heat. However, thermal conductivities of most PCMs are relatively low. For example,
the paraffin/PAO heat transfer fluid have comparable thermal conductivities of around 0.14
W/mK.
In this section, the as-synthesized microPCMs, with and without elevation of thermal
conductivity by metal coating, are applied in PAO-based heat transfer fluids in purpose of
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improving their heat transfer properties. The influence of the microPCMs on the fluidic and
thermal properties of the modified heat transfer fluids are investigated and compared with that
of original PAO-based heat transfer fluids.
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Chapter 2．Literature Review

MicroPCMs have great potential to improve heat transfer properties of heat transfer
fluids more effectively than bulk PCMs and PCM emulsion without encapsulation. Proper
microencapsulation of PCMs not only maintains large latent heat capacity, but also introduces
other useful properties such as suppressed supercooling, elevated thermal conductivity,
stabilized shape and structure, and less probability of leakage and agglomeration. As a result,
microPCMs have great potential in applications to various heat transfer fields.
In this chapter, a comprehensive review of microPCMs related to this work are given,
including the contents of background, synthesis, properties modification, and applications.
First, theories and properties of colloidal solutions and emulsion systems for the synthesis of
microPCMs are reviewed. Later on, methods of the microPCM synthesis are discussed,
including recent developments of supercooling suppression and thermal conductivity
enhancement of microPCMs. At last, the state-of-the-art applications of microPCMs in heat
transfer fluids are summarized.

2.1

Ternary Colloidal Systems of Surfactant-Water-Oil
Old proverb says that “oil and water don’t mix.” However, by using surfactants or

dispersants, oil and water can be mixed to form a stable colloid system either kinetically or
thermodynamically. A liquid colloidal system consists of a dispersion of one component,
liquid or solid, within a liquid medium. Known as emulsion and microemulsion, liquid
colloidal systems show interesting physical and chemical properties which have led to wide
applications including foods, cosmetics, pharmaceuticals, energy, and etc. Based on their
thermodynamic stability, colloidal systems can be classified as emulsion and microemulsion
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[103-107]. It is useful to begin the understanding of colloidal systems with making the
distinction between these two terminologies.

Figure 2-1. Photos of samples of (from left to right) immiscible oil-water mixture, oil-inwater emulsion, and microemulsion.

2.1.1 Amphiphile / Surfactant
Molecules with both hydrophilic and hydrophobic moieties are called amphiphiles
[108]. By definition, an amphiphilic molecule consists of two well-defined moieties: one of
which is oil soluble (i.e., oleophilic or hydrophobic), and the other is water soluble (i.e.,
oleophobic or hydrophilic). Because of this dual nature, amphiphile molecules have the ability
to self-assemble into ordered structures in solution and accumulate at water-air interface, thus
decrease the surface tension compared to that of pure water. They can also reduce the
interfacial tension between organic solvent and water by adsorbing at the liquid-liquid interface.
As amphiphiles can work as surface active agents, they are also called surfactants.
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Figure 2-2. Basic structure of micelles in O/W emulsion and reverse micelles in W/O
emulsions. A typical surfactant molecule is schemed with an orange colored hydrophobic tail
and a gray-blue colored hydrophilic head [108].

Various microstructures may form by self-assembly of surfactants in solutions [104,
108, 109]. In aqueous solutions, the tendency of hydrophobic moiety to avoid contacting with
water is the basis of the association of molecules in micelles.

Micelles are formed

spontaneously when the concentration of surfactant exceeds a certain value, namely the critical
micelle concentration (CMC). The CMC, which represents a fundamental micelle quantity to
study the self-aggregation of amphiphilic molecules in solution, appears to be the most
important property in the study of the micellization of amphiphilic molecules. On the contrary,
in organic solutions, hydrophilic region tends to avoid contact with organic solvents, and thus
forming reverse micelles.
Due to the initiation of structure change over the point of CMC, the amphiphilic
solutions go through a notable change in physical properties such as electrical conductivity,
surface tension, osmotic pressure, solubility, or fluorescence. Each of the properties monotone
increases or decreases with the concentration of surfactant, with an abrupt change of first-order
derivative at the point of CMC [110-116]. The CMC of a surfactant in a solution can be
determined by the intersection of the two straight lines of solution properties above and below.
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Based on the types of their hydrophilic heads, surfactants can be divided into ionic
ones and nonionic ones [108]. The category of ionic surfactants includes cationic ones and
anionic ones, on the basis of the charge of their head groups. Specifically, amphoteric
surfactants change their nature from cationic to anionic with increasing pH value. On the other
hand, nonionic surfactants are not charged. Their hydrophilic head is, for instance, a short
polyethylene oxide chain or a polyhydroxyl chain. Different from ionic surfactants, nonionic
are not sensitive to hard water or pH solutions, and are usually compatible with other types of
surfactants.
The behavior of a surfactant is influenced by hydrophilic-lipophilic properties,
geometrical shape of the molecules, and spontaneous curvature of the surfactant films at the
interface of aqueous phase and oil phase. The hydrophilic-lipophilic balance (HLB) is an
empirical number which was defined [117] as the ratio of hydrophilic and lipophilic moieties
in a surfactant molecule. Reflecting the affinity of surfactant partitioning between oil and water,
a HLB number can roughly be calculated according to the following equation [117]
HLB = 20 ×

𝑀𝑀ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

(Equation 2-1)

𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

where 𝑀𝑀ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is the molar mass of the hydrophilic moiety, and 𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is that of the

whole surfactant molecules. Apparently, HLB is a value ranging between 0 and 20. Generally
speaking, a surfactant with HLB > 10 is more affinity to water and that with HLB < 10 more
to oil.
An alternative prediction of the structure of an aggregate of surfactant molecules can
be done considering the molecular geometry of the surfactant, described by the packing
parameter P [118]:
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𝑃𝑃 = 𝐴𝐴

𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑙𝑙ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

(Equation 2-2)

where vmolecule is the molecular volume, lhydrophobic is the length of the extended hydrophobic
chain, and Ahydrophilic is the effective area of the hydrophilic head resulting from the balance
between the attraction of hydrophobic chains and the repulsion between heads, taking hydration
into account. Practically, the actual area of hydrophilic head and consequently P changes with
concentration and thus vary the curvature of the aggregate. The self-assembly of surfactant
molecules in solution, which may be spherical micelles, cylindrical micelles, and patterns of
cubic, hexagonal, and lamellar, is directly related to the P value.
Adopted by a surfactant film in the absence of constraints, the surfactant film bends
spontaneously towards the medium where it is more soluble [107]. This phenomenon occurs
due to that surfactant film possesses bending elasticity, which is governed by properties of
surfactant heads and tails [119]. In a ternary system of surfactant/oil/water, if the polar head is
bulkier than the hydrophobic tail, the film curves towards water, which is defined as positive
mean curvature by convention, oil-in-water (O/W) structure is favored. In contrast, a negative
mean curvature favors water-in-oil (W/O) structure, which forms when the head is less bulky
than the tail. If heads and tails have more or less the same form, a zero mean curvature is
obtained.

2.1.2 Emulsion
A mixture of two immiscible liquids plus a surfactant that lowers the interfacial tension
between the two liquids may result in the formation of an emulsion or a microemulsion. The
main differences between an emulsions and a microemulsion are their microstructure, size of
droplets, and thermodynamic stability [120], which are discussed as follows.
A number of definitions of the word “emulsion” were presented in literature [103-105,
107, 109, 119-123]. Generally speaking, an emulsion is a heterogeneous system that consists
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of one or more immiscible liquids dispersed in another in form of droplets. Usually prepared
by applying a shear force onto the system, such an emulsion system retains a minimal stability
against creaming or sedimentation [120]. For example, when water (W) is dispersed in an oil
(O) phase with proper amount of surfactant (S), a water-in-oil (W/O) emulsion can be formed,
while an oil-in-water (O/W) emulsion is obtained when oil is dispersed in water. The usage of
the terms O/W and W/O continuous from traditional terminology, even though it is understood
that water phase may in fact contain dissolved or pure electrolyte, alcohols, acids, glycols, and
so on, whereas oil phase can be any liquid insoluble in water, such as silicones and
fluorocarbons.
Size of emulsion droplets may vary from microns to nanometers. Specifically, when
droplets size is in nano-scale, the corresponding emulsions is called nanoemulsion (or
miniemulsion) [109, 121].

Even though heterogeneous as emulsions in general, a

nanoemulsion appears transparent or translucent in visible light and usually possesses
significantly higher stability than normal emulsions, due to the characteristic size range of
droplets.

2.1.3 Microemulsion
The term “microemulsion” is generally refer to homogeneous and thermodynamically
stable isotropic liquids formed by mixing water, oil, and surfactants together by a proper ratio
[104]. For example, an O/W microemulsion is a thermodynamically stable colloidal dispersion
consisting of small spheroid particles or microstructures that comprised of oil, surfactant, and
possibly co-surfactant dispersed within an aqueous medium. The surfactant molecules in an
O/W microemulsion are organized so that their non-polar tails associate with each other to form
a hydrophobic core, since this reduces the thermodynamically unfavorable contact area
between non-polar functional groups and water. On the contrary, the hydrophilic head groups
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of surfactant molecules protrude into surrounding aqueous phase. Oil molecules may be
incorporated into the hydrophobic interior of a micelle as separate cores or between the
surfactant tails in forms of lamellar layers. If the oil molecules have some polar groups, these
groups may be incorporated into the micelle in such a way that they interact with polar groups
on surfactant head groups or protrude some distance into water.

Figure 2-3. Different structures inside micelle systems [122].

Depending on the composition of water, oil, and surfactant and the environmental
conditions, it can be formed within a microemulsion system with different microstructure (or
phase) or their equilibrium, such as spheroid (e.g., micelles or reverse micelles), cylindrical
(e.g., rod micelles or reverse rod micelles), lamellar, or sponge-like structures. As a result,
these phases may be oil-continuous, water-continuous, or bicontinuous.
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A well-known classification of microemulsions was developed by Winsor[124, 125],
who identified four general types of phase equilibria in a W-O-S ternary system:
•

Type I: the surfactant is preferentially soluble in water and O/W microemulsion forms
(Winsor I). The surfactant-rich water-based microemulsion phase coexists with the oil
phase where surfactant is only present as monomers at small concentration.

•

Type II: the surfactant is mainly in the oil phase and W/O microemulsion forms. The
surfactant-rich oil-based microemulsion phase coexists with the surfactant-poor
aqueous phase (Winsor II).

•

Type III: a three-phase system where a surfactant-rich middle-phase coexists with both
excess surfactant-poor water and oil phases (Winsor III).

•

Type IV: a single-phase (Winsor IV) micellar solution, that forms upon addition of a
sufficient quantity of surfactant.

Figure 2-4: Winsor structure models of microemulsions [125].
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Preferentially depending on the type of surfactants and environmental conditions, types
I, II, III or IV may form in a colloidal systems where the dominant type is related to the
molecular arrangement at the interface. Phase transitions may be brought about by
manipulating the parameters such as electrolyte concentration (in the cases of ionic surfactants)
and temperature (for non-ionic ones).
2.1.4 Thermodynamic Stability of Emulsion and Microemulsion Systems

Figure 2-5.

Schematic diagram of Gibbs free energy of microemulsion and

nanoemulsion systems compared to the phase separated state. The emulsion/microemulsion
and the separated oil-water phases are transferable with an activation energy ΔG*.

The most fundamental way of distinguishing an emulsion and a microemulsion is in
terms of their thermodynamic stabilities: emulsions are thermodynamically unstable, whereas
microemulsions are thermodynamically stable. Figure 2-5 schematically compares Gibbs free
energy of colloidal dispersions to that of separate oil-water phases before emulsification, taking
a case of O/W system for example. It is assumed that water phase consists of surfactant
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molecules dispersed within water in the form of either monomers or micelles, depending on
the total concentration and the CMC of corresponding surfactant.
The thermodynamic stability of a colloidal dispersion is determined by the difference
in Gibbs free energy between the dispersion and the separate oil-water phases.
Thermodynamically, a system always tends to revert to the state with the lowest free energy
given specified conditions (e.g., composition, temperature). For a microemulsion, the free
energy of the colloidal dispersion is lower than the free energy of the separate oil-water phases,
which means that a microemulsion is thermodynamically stable. A microemulsion is
thermodynamically stable under a particular range of conditions, and hence it should form
spontaneously when the S, O, and W are brought together, and then it should remain stable
indefinitely provided the initial conditions remain unaltered. However, a microemulsion may
not form spontaneously in practice. Such a pre-microemulsion system may persist in a
metastable state for a considerable period of time if it is kinetically stable. In general, the
kinetic stability is governed by two major factors: energy barriers and mass transport. On one
hand, the conversion of one state to another are slowed down if there is a potential barrier
(activation energy) separating two states. On the other hand, the rate at which a system changes
from one state to another state is determined by the speed at which the materials present can
rearrange themselves into the new configuration. Consequently, it may be necessary to
mechanically agitate or heat the system in order to prepare a microemulsion from S, O, and W
ingredients. The physicochemical origin of the energy barrier in microemulsion systems is not
well understood, but it may be related to the free energy associated with moving a nonpolar
molecule from an oil phase to a water phase [103, 104]. When a non-polar molecule comes
into contact with water, there is a thermodynamic penalty associated with the hydrophobic
effect, which increases as the contact area between the non-polar groups and water increases.
The magnitude of this term partly determines the water solubility of the oil molecules: the
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larger the Gibbs free energy penalty, the lower the water solubility.

The kinetics of

microemulsion formation also depends on the speed that oil molecules move from the oil phase,
through the water phase, and into the micelles, which is governed by their translational
diffusion coefficients.
In contrast, for an emulsion, the free energy of the colloidal dispersion is higher than
the free energy of the separate oil-water phases, which means the emulsion is
thermodynamically unstable. An emulsion can be made to be kinetically stable or metastable
by ensuring that there is a sufficiently large energy barrier between the two states. It breaks
down essentially given sufficient time, the rate of which depends on the height of any energy
barriers between the emulsion and the separated oil-water phases as well as on specific mass
transport processes involved. The height of the energy barrier determines the kinetic stability
of an emulsion: the higher the energy barrier, the longer the emulsion persists [103, 126]. The
height of the energy barrier is mainly determined by physicochemical phenomena that prevent
droplets from coming into close proximity, such as repulsive hydrodynamic and colloidal (e.g.,
steric and electrostatic) interactions operating between droplets. The rate at which an emulsion
reverts back to the separated phases is also determined by the frequency that the oil droplets
come into contact with each other, which depends on the primary mechanism responsible for
particle–particle contacts, such as Brownian motion, applied shear, and/or gravitational forces
[103, 109].

2.2

Synthesis of MicroPCMs in Colloidal Systems
As described in Chapter 1, microencapsulation processes can be categorized into three

groups: chemical processes, physical processes, and physical-chemical processes. To produce
microPCMs with size smaller than 100 µm , chemical processes are more often applied.

Chemical processes, including sol-gel, in-situ polymerization, interfacial polymerization, and
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emulsion polymerization processes, generally involve bringing together two immiscible liquids,
e.g. water and organic solvent, respectively, and one or more surfactant and co-surfactant to
make durable emulsion so as to carry on the microencapsulation process. Generally, a process
of microPCMs synthesis involves two stages. In the first stage, a dispersion of PCM is formed
in a continuous medium. In the second one, this dispersion is transformed and finally stabilized
and solidified to make a firm structure around each PCM droplets.

Thus, emulsifying

techniques are the simplest way and widely extended for the obtaining of microPCMs. In this
section, two of the methods applied in this work research for microPCMs synthesis are briefly
reviewed.
2.2.1 Sol-Gel Process for MicroPCM Synthesis
The sol-gel process may be described as the polycondensation reaction, during which
a molecular precursor in a liquid phase forms a colloidal solution (so called “sol”) and
subsequently converts to a solid network (“gel”). In this reaction, precursors of shell materials,
usually inorganic silicate or silicate esters, are mixed in aqueous solution to make the sol. The
sol then evolves gradually towards the formation of a gel-like diphasic system.

The

morphologies of the solid products range from discrete particles to continuous polymer
networks. Removal of the remaining liquid phase requires a drying process, which is typically
accompanied by a significant amount of shrinkage and densification.
Microencapsulation methods in silica or other inorganic media have been intensively
studied by utilizing the sol-gel method through an O/W emulsion route, due to its easy control
over spherical morphology and size distributions. For example, it has been used to prepare
microPCMs with silica shell and stearic acid core, which is a saturated fatty acid with the
melting point of 56 ℃ [73]. Another study shows that paraffin wax can be microencapsulated
with silica shell, with melting point at 58 ℃ and latent heat of 156.9 J/g [127]. With a
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combination of O/W emulsion technique and sol-gel process, the inorganic encapsulation of
PCM n-pentadecane with silica shell was also studied, and SEM results confirmed the
production of micro-sized spherical microcapsules [85]. Encapsulation of PCMs using sol-gel
methods with polymer precursor such as poly(methyl methacrylate) network-silica hybrid as
the shell material has also been developed [84].
2.2.2 In-Situ Polymerization
The most important wet-chemical technique used to synthesize microPCMs is the insitu polymerization. This technique involves the formation of PCM-in-water emulsions using
hydrophobic PCMs such as paraffin.

In in-situ polymerization, the precursors of the

microPCM shells are dissolved in water phase, and polymer shell are formed as a result of the
process of polymerization at the interface (i.e., the surfactant layer) in O/W emulsion. This
technique is specifically important for urea-formaldehyde and melamine-formaldehyde
encapsulation system [62, 63, 128-139].
Figure 2-6 shows the processes of the in-situ polymerization processes. Different from
the other polymerization methods, no reactants are included in the core material.

All

polymerization occurs in the continuous water phase rather than on both sides of the interface
in interfacial polymerization and in the core material in emulsion polymerization. As a result,
there is no contamination to the core PCM during the reaction, thus pure PCM cores in the
microcapsules with predictable thermophysical properties can be expected.
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Figure 2-6.

The general process of in-situ polymerization for the synthesis of

microPCMs.

Due to its good chemical stability and mechanical strength, melamine formaldehyde
resin[62, 128-137] and urea formaldehyde resin [63, 133, 138, 139] has been widely used as
the shell material of microcapsules. Hong and Park [137] fabricated melamine resin
microcapsules with long self-life using fragrant oil as core material and melamine
formaldehyde as shell material by in-situ polymerization. The size of all the resulted particles
is below 10 µm, and their size distribution is narrow. The microencapsulation efficiency is
about 87% and the loading amount of fragrant oil in the microcapsules is about 53 wt%. Zhang

et al. [41, 140, 141] fabricated microcapsules and nanocapsules using 70 wt% octadecane with
melamine formaldehyde shell. The stirring rate, emulsifier content and cyclohexane content
have effects on the diameters and morphology of the microencapsulated octadecane. The
diameter distribution becomes narrower with the increase of stirring rate and emulsifier content.
The diameters have no effects on the melting behaviors of microcapsules; however, they have
significant effects on the crystallization behaviors. They also demonstrated that thermal
stability of the microcapsules can be improved using different molar ratios of urea-melamineformaldehyde copolymers as shell. Song et al. [142] prepared microcapsules with aminoplast
as the shell and bromo-hexadecane (BrC16) as the core. The results shows that the use of silver
nanoparticles significantly increases strength and solves the common problem of particle
agglomeration. In addition, new microcapsules demonstrate higher thermal stability
performance and capable of enduring higher temperature. Shin et al. [132] prepared melamineformaldehyde resin microcapsules containing eicosane for textile materials. Their results
suggest that microcapsules with higher core/shell ratios need to be made to improve the
thermal-regulating efficiency of fabrics. A treated fabric with 22.9% microPCM add-on is
capable of absorbing 4.44 J/g of heat if the microcapsules on the fabric undergo a melting
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process, yet no information of supercooling at a freezing process was given. Boh et al. [143]
fabricated microcapsules using higher hydrocarbon phase change material as the core and
amino-aldehyde resins as the shell. The high molecular weight of emulsifier is better than low
molecular weight and by increasing the amount of emulsifier. Su et al. [144] prepared a series
of melamine formaldehyde microcapsules containing composite PCMs as core material, in
which the surface morphologies and the shell structure of microcapsules are crucial to thermal
properties, the melt point of PCM in the shell does not change and the heat transfer is obvious.
Rao et al. [75] used n-docosane as the core material with MFR as the shell material to fabric
microPCMs.

To get a better microencapsulation efficiency of the core material in the

preparation experiment, the core mass fraction in a single particle is lower than 70%. DSC
thermal analysis shows that the prepared microPCMs with a core mass fraction of 60% has a
high heat of fusion up to 150 J/g.
Various other effort has been applied by different researchers [41, 57, 61, 88, 128-131,
133, 134, 145, 146].

However, similar problems occur among these studies, which are the

potential issue of leakage, low thermal conductivity of the microPCMs, and significant
supercooling of the core material. Most of the microcapsules are also defected with low PCM
content, which results in low heat capacity. These problems and possible solutions are
discussed in the following sections.

2.3

Supercooling Suppression of MicroPCMs
One of the common problems in both bulk PCMs and microPCMs is the supercooling,

i.e., the hysteresis of phase transition. In homogeneous nucleation where no additional nucleate
agent is used, an energy barrier occurs in the formation of initial nucleus of a crystal. The rate
of homogeneous nucleation is determined by the rate of formation of nuclei. After the
formation of nuclei, further growth of low-temperature phase becomes energetically favorable.
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A random fluctuation of energy in PCMs is necessary to overcome the energy barrier and form
nuclei. The probability to overcome energy barrier and form nuclei depends on the temperature
difference between current temperature and ideal phase transition temperature.

In

homogeneous nucleation, to initialize the nucleation, a significant temperature difference is
required.
To avoid the large supercooling induced by homogeneous nucleation, nucleate agents
are added to introduce heterogeneous nucleate sites. For example, salt hydrates are a type of
inorganic liquid-solid PCMs with great potential in application, but supercooling is a big
trouble for this type of PCMs due to the potential barrier of homogeneous nucleation.
Researchers have found various nucleate agents for salt hydrate PCMs, which can be divided
into to two types: iso-structural nucleate agents and epitaxial nucleate agents [4]. The isostructural nucleate agents are salt hydrates with nearly identical crystal structures and lattice
parameters to the PCM. This type of nucleate agents are usually quite effective yet lack of
durability, due to their dehydration, solubility, and difficulty to be uniformly distributed in
PCMs. Epitaxial nucleate agents, in another hand, have no evident structural fit with the PCM
and less effective nucleation ability than the iso-structural ones.

Only ex post facto

explanations of the mechanics of these epitaxial nucleate agents are suggested, and the reported
effects of same agents are often different from each other [5, 6, 8, 10, 147-149].
The supercooling problem is more serious in microPCMs, because homogeneous
nucleation in the confined volume of a microcapsule randomly happens in a less preferred
probability [81, 150]. As a result, the hysteresis of nucleation and phase transition from hightemperature phase to low-temperature phase is more significant, which is represented as larger
supercooling of microPCMs macroscopically.
Similar as in bulk PCMs, the most common and practically applicable method to deal
with the supercooling problems in microPCMs is also adding nucleation agents to promote
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heterogeneous nucleation during melt crystallization. Lee [42] found that derivatives of
paraffin, such as 1-octadecylamine and 1-octadecanol, are suitable for reducing supercooling
of octadecane microcapsules. Fan et al. [41, 88] reported that paraffin with melting point 60~65
℃ (20 wt% of the core materials) is able to eliminate supercooling of n-octadecane in
microcapsules without affecting morphology and dispersity of the microcapsules. However,
the PCM content in the microcapsules is relatively small. Alvarado et al. [44] selected to use
6 wt% tetradecane and 6 wt% tetradecanol for supercooling suppression of microencapsulated
tetradecane. These nucleating additives are miscible with PCM alkanes at elevated temperature,
but they precipitate from the solution when temperature drops below the freezing point of the
additives and thus promote heterogeneous nucleation. This way, supercooling is successfully
suppressed and the heat capacity is also maintained. Xie et al. [151] studied the crystallization
behavior of octadecane confined in small (1.5 µm) microcapsules, which yields separated

freezing peak and supercooling as small as 0.3 ℃. In all these methods, however, one drawback
is that the effective latent heat of the PCM microcapsules is reduced due to the large amount
of additive, which meanwhile changes other thermophysical properties of the PCMs.
Table 2-1. Summary of supercooling suppression of microPCMs based on paraffin.
Author (first)
Fan [41]

Zhang [88]

Alvarado[44]
Xie [151]

Year
2004

Diameter
(µm)

2005

0.3-6.4

2008

1.5

2007

5

Shell

PCM

PCM ratio

Supercooling

UMFR I

octadecane

20%

2.5

gelatin

tetradecane

UMFR
MFR

I: urea-melamine-formaldehyde resin.

octadecane
octadecane

(wt%)
70%

~8II

~12% III

0.3

88.3%

II: supercooling based on the onset temperature of the main peak of freezing.
III: calculated from given data in the reference.
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(℃)

0.7

2.4

Enhancement of Thermal Conductivity for MicroPCMs
There is an emerging requirement of high thermal conductive microPCMs to enhance

their heat transfer performance for thermal energy storage and thermal management. In bulk
PCMs, thermal conductivity can be enhanced by high-thermal-conductive fillers. Common
filler such as copper, aluminum, nickel, and carbon foams have been used to increase the
thermal conductivity of PCMs [152]. However, the improvements are limited in microPCMs
due to the confined volume.
In microPCMs, a more effective way is to use thermal conductive materials as shells.
Using organic-inorganic hybrids as shell materials have attracted substantial attention because
of the potential of combining advantages of both components within a molecular scale
composite. Organic materials such as melamine-formaldehyde resin can offer structural
flexibility and convenient processing, while inorganic compounds provide potential for higher
thermal conductivity and mechanical stability. In addition, chemical stability and flame
retardancy of inorganic materials such as silica are better than that of organics as well. As a
result, choosing an appropriate inorganic material as a part of the shell for the microPCMs is a
promising idea for enhancing their thermal conductivity. Wang et al. [83] synthesized a types
of microPCMs with octadecane as the core PCM and silica as the shell, which have higher
thermal stability and good phase change performance, meanwhile have significantly enhanced
thermal conductivity than microPCMs with organic shells. However, due to the limited thermal
conductivity of current inorganic shell materials such as silica and CaCO3, the increase of
thermal conductivity of microPCMs is also limited.

2.5

Applications of MicroPCMs in Heat Transfer Fluids
Applications of microPCMs in heat transfer fluids include the use in TES and heat

dissipation. Examples of these applications include two-phase flow in cooled ceiling system,
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secondary loop for refrigeration and air conditioning, and PCM-embedded heat sink [9, 153155]. A study [153] of the performance of PCM in an annular space were carried out by using
both bulk PCMs and microPCMs. It was found that the heat transfer rate of microPCMs is
about 25% higher during the charging period and 20% higher during the discharging period,
which indicates that microPCMs could significantly increase the ability of thermal energy
storage. Similar research [154] has been done with commercially available microPCMs as both
TES and heat transfer media, which concludes that 40 wt% microPCMs could reduce flow rate
while maintaining the constant cooling temperature effectively and thus reduce the total
pumping power comparing to conventional heat transfer fluids. Another research using
commercial microPCMs was processed by Gschwander et al. [155]. The microPCMs were
dispersed in water to form a slurry and pumped for several weeks continuously. This longterm test indicates that a centrifugal pump is suitable for pumping microPCMs enhanced heat
transfer fluids. MicroPCMs may be broken when transported through pump, but this can be
tackled by increasing the thickness of shell and reducing the diameter, which meanwhile
resultes in less latent heat provided by microPCMs. The measurement of temperature and
pressure drop shows that microPCMs are especially advantageous for the applications within a
small temperature difference during the operation.

2.6

Summary
For applications in TES and heat dissipation, an ideal microPCMs should have high

heat capacity, good chemical and thermal stability, small supercooling, and sufficient thermal
conductivity.

Many research has been done on developing microPCMs with optimized

properties for various applications. In these literatures, most researches were reported to
produce stable microPCMs with sufficient heat capacity and to suppress supercooling of
microPCMs. There are also literatures [83] reporting the enhanced thermal conductivity of
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microPCMs, though the improvements are not significant comparing with other thermal
conductive materials. Commercial microPCMs products [156-158] are also available, though
their supercooling and low thermal conductivity are still troublesome for direct applications.
Nevertheless, it is still necessary to improve the thermophysical properties and performance of
microPCMs in TES and heat dissipation, so as to promote their applicability to industrial scale.
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Chapter 3．Characterization Methods for Structures and Properties

Characterization of heat transfer fluid systems is a combination of characterization of
particles and characterization of fluids. Characterization of particles includes investigation of
elemental compositions, determination of particle morphology, and characterization of particle
crystal structure and microstructures. Characterization of fluids covers fluid stability, thermal
conductivity, heat capacity, viscosity, and heat transfer coefficients. These chemical and
physical properties are very important for deepening understanding of the mechanisms to
elevate heat capacity and thermal conductivity of heat transfer fluids. In this chapter, an
introduction of related characterization methods and instruments are given. Additional
information can be found in Appendix.

3.1

Determination of Elemental Composition and Molecular Structure
3.1.1 Energy Dispersive X-Ray Spectroscopy
Elemental compositions of nanoparticles can be determined by Energy dispersive X-

ray spectroscopy (EDS, or EDX), a common accessary of an Electron Microscope. EDS is an
analytical tool used mainly for characterization of chemical compositions of materials. The
fundamental principle of EDS is based on that each element in the periodic table possesses a
unique electronic structure. When a material is bombarded by accelerating incident electrons,
the response of each element to these electromagnetic waves, e. g., the wavelength of output
characteristic X-rays, are unique. Information of characteristic X-rays can thus be used for
chemical analysis. In this work, elemental composition in solid materials are determined by
EDS, with a deviation of ±0.1%.

44

3.1.2 Fourier Transform Infrared Spectroscopy
Fourier Transform Infrared Spectroscopy (FT-IR) is one of the most powerful tools for
identifying types of chemical bonds and functional groups in a molecule. In FT-IR, infarred
radiation is passed through a sample, during which some of the infrared radiation is absorbed
by the sample. The rest of the radiation passes through the sample and is then detected with a
sensor. The spectrum represents the molecular absorption and transmission and creates a
molecular ﬁngerprint of the sample. By interpreting an FT-IR spectrum, chemical bonds in the
molecule can be determined. In this work, FT-IR is taken with a Thermo Scientific Nicolet
IR200 spectrometer. The deviation of wavelength is ±0.1 cm-1.

3.2

Investigation of Morphology and Crystal Structure
3.2.1 Small-Angle Neutron Scattering
Small-Angle Neutron Scattering (SANS) is a technique using elastic neutron scattering

at small scattering angels to investigate nanosized or submicro-sized structure at mesoscale.
During a SANS experiment, a beam of neutron is directed at a substance, which can be a
solution, a powder, or a crystal. The neutrons are elastically scattered by interaction with nuclei
or magnetic momentum of unpaired electrons in the sample.
As one of the ideal tools to study colloidal systems with dimensions in the range 0.5 ~
30 nm, SANS has been carried out to clarify the formation of micelles and the microstructure
of micelle solutions [159-165]. In this work, SANS measurements are conducted on the NG3(30 m) beamline at the NIST Center for Neutron Research (NCNR) in Gaithersburg, MD.
Samples are prepared with deuterated solvent to achieve the needed contrast between he
droplets and solvent. The scattering intensity I is measured versus the scattering vector 𝑞𝑞 =
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4𝜋𝜋 sin(𝜃𝜃/2) /𝜆𝜆, where 𝜆𝜆 is the wavelength of incident neutrons and 𝜃𝜃 is the scattering angle.
The approximation 𝑞𝑞 = 2𝜋𝜋𝜋𝜋/𝜆𝜆 is used due to the small angle 𝜃𝜃.
3.2.2 Scanning Electronic Microscopy
Scanning Electronic Microscopy (SEM) can be used to obtain better resolution and
higher useful magnification than conventional optical microscopy. In addition to surface
topography, SEM also provides the crystal structure, chemical composition, and electrical
behavior of the top microns of specimen. In SEM, a fine probe of electrons with energy
typically up to 40 keV is focused on a specimen, which is mounted on an electrically conductive
substance in a vacuum chamber.
In this work, all SEM images were taken at room temperature using a Hitachi SU-70
Scanning Electronic Microscope. Most of the samples in this work are poor electrical
conductor. To make it suitable for SEM imaging, a sputter coating process is required to coat
a thin layer of gold on the surface of non-conductive samples.
3.2.3 Transmission Electronic Microscopy
Tansmission Electronic Microscioy (TEM) is a straightforward method to observe
dimensions and geometry of nanoparticles, which also use a probe of electron to detect the
structure of a sample. Different from SEM, TEM collect information from transmitted
electrons. The main limitation of TEM observation is that the viewing field of TEM is
relatively small, which potentially raise the possibility that the region to be analyzed may not
be characteristic of the whole sample. Several (more than 6) different places are observed and
averaged information is obtained and analyzed in order to overcome this drawback. In this
work, all TEM images were taken using a JEOL JEM-2100 Transmission Electronic
Microscope.

46

3.3

Characterization of Thermophysical Properties
3.3.1 Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) is a powerful tool to measure specific heat

and heat capacity of PCMs. The difference in the amount of heat flow required for heating up
the sample pan and the reference pan are measured as a function of temperature. The sample
and reference pans are maintained at nearly the same temperature throughout the experiment.
By measuring the difference in heat flow, specific heat and heat capacity of the sample is
obtained. For example, if there is a phase transition in the sample pan, because of the release
or absorption of sensible and latent heat, different amount of heat is needed to flow into the
two pans to maintain both pans at the same temperature. As a result, endothermal or exothermal
peaks present on measured DSC curves, corresponding to the phase transition. Phase transition
temperatures, latent heat, and specific heat before and after phase transition can be determined
according to DSC curves.
In case of utilizing latent heat to increase heat capacity of heat transfer fluids, a
thermophysical quantity to reflect the increase more straightforwardly is the average specific
heat, i.e., the effective specific heat. An average specific heat of a latent system at a certain
operation temperature range is calculated by averaging overall heat capacity over the
temperature range.
In this work, all DSC curves were measured using a TA Q100 Differential Scanning
Calorimeter in nitrogen atmosphere, with a deviation of ±0.02 K for temperature, and ±0.05
J/g for heat capacity.
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3.3.2 Thermal Conductivity Measurement of Solid Materials
Thermal conductivity of solid samples were measured with a steady state method based
on Fourier’s heat transfer equation:
𝑄𝑄 = 𝑘𝑘𝑘𝑘

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

(2-1)

Figure 3-1. The steady state method for thermal conductivity measurement based on
the Fourier heat transfer equation.

The Scheme of this method is shown in Figure 3-1. Temperature at both sides of the
sample are calculated based on measured temperatures, from which k is calculated. Major error
of this measurement comes from the interface resistance, which is usually suppressed by using
high thermal conductivity thermal interface materials. In this work, the measurement is taken
with a P. A. Hilton H112 Heat Transfer Service Unit. The deviation of thermal conductivity is
±0.2 W/mK.
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3.4

Measurements of Thermophysical Properties of Fluids
3.4.1 Viscosity
Viscosity of a heat transfer fluid is an important indication to evaluate heat transfer

properties of the fluid. In this work, viscosity of heat transfer fluids are measured with a
Brookfield DV-I prime viscometer, with different particle loadings in the heat transfer fluids
at different temperatures and different rotor RPMs. The deviation of viscosity is ±0.1 cP.
3.4.2 Stability
As the dispersion of particles in a heat transfer fluid is not thermodynamically stable,
the particles tend to sediment from the fluid eventually. It depends on the material properties
of the particles, the dispersion technique used in preparation, and the surfactants used to make
a kinetically stable fluid. Although stability of a heat transfer fluid is very important in order
for practical application, the methods are limited on the measurement of this property. It has
been reported [166] that UV–vis spectrometry was used to quantitatively determine the
colloidal stability of the dispersions. Another method for the estimation of the stability of fluids
is to measure the volume of sediment versus the sediment time.
In this work, the stability of our heat transfer fluids is investigated using the second
method. A vial of fluid sample is mounted onto a horizontal and stable surface. After a pre-set
period of time, the liquid is carefully decanted, and the weight of the sediment is measured.
3.4.3 Thermal Conductivity Measurement of Fluids
The hot-wire method is a transient dynamic technique for simultaneously measuring
thermal conductivity and thermal diffusivity of materials. This method is based on the
measurement of time-dependent temperature rise in a heat source, i.e. a hot wire, which is
immersed in the material to be tested to serve simultaneously as an electrical resistance heater
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and a resistance thermometer. The hot wire is fabricated as small as several microns in diameter
to approximate a simple one dimensional transient line-source of heat in an infinite medium as
closely as possible in order to minimize the necessity of making corrections for its actual
geometry. However, the influence of convection on hot-wire measurement is not negligible.
To avoid this problem, the 3ω - wire method was employed to measure thermal conductivity
of liquids.
The 3ω - wire method combines the advantages of both the 3-ω method and the hotwire method. Similar to the hot-wire method, a metal wire with a length of L and a radius of r
is suspended in a liquid to act as both a heater and a thermometer. Superposition of a DC
source, a sinusoidal AC current at frequency ω is passed through the metal wire as heating.
Heat generated in the metal wire is also related to the resistance of the wire, which is a function
of temperature. The corresponding temperature rise in the sample to be measured is a 2ω
superposition of a DC component, and so as the resistance of the wire. By calculation (see
A.1.1), the voltage across the wire contains the voltage drop due to the DC resistance of the
wire at 1ω, and two new components proportional to the temperature rise in the wire at 3ω and
1ω. The 3ω voltage component can be extracted by using a lock-in amplifier and is then used
to deduce the temperature rise amplitude at 2ω, which is used to determine the thermal
conductivity of the fluid.
The 3ω - wire method is more accurate than traditional hot-wire transient methods. On
one hand, the temperature oscillation can be kept small enough (below 1 K [52, 92], compared
to about 5 K for the hot-wire method) within the test liquid to retain constant liquid properties.
On the other hand, background noises such as temperature variation have much less influence
on the measurements due to the use of the lock-in technique. These advantages make the 3ω wire method ideally suited for measuring the thermal conductivity of fluids.
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In this work, we used a Labview-based homemade system to measure thermal
conductivity of heat transfer fluids with applying the 3ω - wire method [167]. A TSI 1240T1.5 metal wire is used as the heater and sensor. A Stanford SR850 OSP Lock-in Amplifier
are used in the system for data collection.
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Chapter 4．Thermal Conductivity of Dilute Colloidal Solutions
4.1

Introduction
Colloidal solutions and emulsion systems constitute an important role in various

sectors of modern science and industry.

In this work for example, microPCMs were

synthesized in an emulsion system, the processes of which are discussed in the following
chapters. The dispersion of microPCMs in heat transfer fluids may also related to colloidal
systems, using surfactant as stabilizer. It is important to have a better understanding of the
colloidal system for the design and applications of microPCMs.
In emulsion systems, surfactant molecules orient themselves according to their
amphiphilic molecular structure and hence adsorb at oil-water interfaces, with the polar groups
towards water and nonpolar groups towards non-aqueous phase. As a result, one of the
fundamental properties of surfactants is their self-association into organized molecular
structures such as micelles, vesicles, microemulsion, and so on [123]. The simplest class of
the association colloids is micelles, i.e., spherical clusters of surfactants in solvent.
Micellization characteristics of a surfactant in a colloidal solution are understood by
determining the values of its micellization parameters, such as the CMC.
The CMC of a surfactant in a solution represents a fundamental micelle quantity to
study the self-aggregation of amphiphilic molecules in solution. According to its definition, the
CMC is the concentration of a surfactant in a solution at which the molecules start to selfassociate into micelles instead of accumulating at surfaces or interfaces. As a result, surface
tension of a colloidal solution does not reduce further with the addition of surfactant above the
CMC. Due to the initiation of structure change at this point, the surfactant solution goes
through a notable change in physical properties such as electrical conductivity, surface tension,
osmotic pressure, solubility, and fluorescence, each of which monotone increases or decreases
52

with the concentration of surfactant, with an abrupt change of its first-order derivative at the
CMC [110-116].
The CMC can be determined by finding the intersection of the two straight lines of a
solution property above and below. For example, with a pure surfactant, the surface tension is
linearly dependent on the logarithm of the concentration over a large range below the CMC,
while extensively independent to the concentration when above the CMC [168].

This

independence is called surface tension isotherm. Using the data of surface tension, the CMC
can be read at the intersection of the straight line passing through the plateau and the regression
straight line of the linearly dependent region. This determination can be applied to all colloidal
solutions without been affected by the type, concentration, and impurities in the solution.

Figure 4-1. Schematic representation of surfactant concentration dependence of
several physical properties for surfactant solutions, including surface tension, fluorescence,
electrical conductivity, etc. The red solid line corresponds to the curve of thermal conductivity
based on this research, in which a minimum occurs at the CMC [169].
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Other methods based on various solution properties have also been developed to
measure the CMC. The William method [170-172] suggests to measure the CMC based on
electrical conductivity of the surfactant solution. This method is sensitive to salt solved in the
solution, and can only applied to ionic surfactant solutions. The methods using UV absorption,
light scattering, and fluoresce spectroscopy are sensitive to small particles and clusters in
colloidal systems, and thus require a clean and pure solution [115, 171, 172]. SANS can also
be used to measure the CMC using neutron beam as the light source [168].
Though thermal conductivity of colloid solutions have long been interested [98, 100,
173-177], the performance of thermal conductivity of a surfactant solution below or around the
CMC value has not been investigated, to the best of our knowledge. In this chapter, we
investigated thermal conductivity of diluted surfactant solutions with ionic surfactants in
organic solvents. For the first time, a minimum thermal conductivity of the surfactant solution
has been discovered at the CMC of the surfactant in the solution. This phenomenon is
significantly different from other physical properties that monotone increase or decrease with
the concentration of surfactant. We believe this minimum thermal conductivity method for
obtaining the CMC offers a simple and straightforward alternative for measuring the CMC.

4.2

Preparation of the Colloidal Solutions
Dioctyl sulfosuccinate sodium salt (98%) (AOT), n-octane (>99%), and deuterated n-

octane (98 atom% D) were all purchased from Sigma-Aldrich. Polyalphaolefin (PAO, 2 cSt)
were purchased from Chevron Phillips Chemical Company. The AOT/n-octane colloidal
systems are spontaneously formed by self-assembly of AOT molecules in the liquid of n-octane.
Solutions of AOT in n-octane are transparent, but they scatter light at higher AOT
concentration due to the Tyndall effect.
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Figure 4-2. Molecular structure of AOT [178].

4.3

Determination of the CMC with SANS
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Figure 4-3. SANS scattering spectra from AOT/n-octane solutions. The curves are
labeled by the mass fraction of AOT in the solution. Insert: average radius of the solved AOT
molecules or micelles versus mass concentration of AOT in n-octane.

AOT/n-octane samples for SANS measurements were prepared in deuterated n-octane
to achieve the needed contrast between scatters and solvent. Figure 4-3 shows SANS spectra
(I(q) vs q) for the samples. Each of the spectra clearly rises above the base line at higher AOT
concentration, signaling the formation of AOT micelles. Further analysis of the SANS data
shows that an abrupt increase of the size of the binary system occurs in the AOT mass
concentration range from 0.001 to 0.002, which indicates the formation of micelles. The CMC
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of AOT in n-octane solution is located in the range of [0.001, 0.002]. By fitting the SANS data
using the IGOR PRO software under the protocol from NCNR NIST with the hard-sphere
model [90, 163, 179, 180], the radii of the AOT micelles are found to be around 1.47 nm,
indicating that each of the micelles consists of 20-30 monomers.

4.4

Thermal Conductivity of the Colloidal Solutions

Figure 4-4. Dimensionless thermal conductivity change 𝑘𝑘�𝐴𝐴𝐴𝐴𝐴𝐴/𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 versus surfactant

mass fraction in the AOT/n-octane solutions, where 𝑘𝑘�𝐴𝐴𝐴𝐴𝐴𝐴/𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = (𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 )/𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 .

Inserted is the expansion of selected part of the curve.

Thermal conductivity of AOT/n-octane solutions is measured using the 3ω-wire
method [92]. As shown in Figure 4-4, the dimensionless thermal conductivity change of the
AOT/n-octane solutions decreases in the beginning as the AOT loading increases from zero,
then goes through a minimum and starts to increases. The inflexion occurs when AOT mass
fraction is around 0.002, identical to the CMC of AOT in n-octane determined with SANS. A
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similar colloidal system of AOT/PAO solution was also investigate by the same method and
shown in Figure 4-5. A minimum of thermal conductivity at around 0.0015 of AOT mass
fraction occurs in the AOT/PAO system. This non-monotone trend in the colloidal solutions
is significantly different from normal binary solution system, in which thermal conductivity
increases or decreases with the concentration of the solute monotonously. The existing theories,
such as effective medium theory [181], apparently fail to explain the observed minimum in the
binary solution system solely.

Figure 4-5. Dimensionless thermal conductivity change 𝑘𝑘�𝐴𝐴𝐴𝐴𝐴𝐴/𝑃𝑃𝑃𝑃𝑃𝑃 versus surfactant

mass fraction in the AOT/PAO solutions, where 𝑘𝑘�𝐴𝐴𝐴𝐴𝐴𝐴/𝑃𝑃𝑃𝑃𝑃𝑃 = (𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑘𝑘𝑃𝑃𝑃𝑃𝑃𝑃 )/𝑘𝑘𝑃𝑃𝑃𝑃𝑃𝑃 . Inserted is
the expansion of selected part of the curve.

4.5

Analysis of the Minimum Thermal Conductivity at the CMC
When AOT concentration in a solution is lower than the CMC, it distributes in the

solution like normal solutes, except that a layer of surfactant molecules forms at the surface of
the solution. As AOT concentration increases above its CMC in n-octane, the oleophobic
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sulfonate head groups associate together to form micelles, from which the nonpolar n-octane
molecules are excluded. In these micelles, AOT molecules arrange radially with the sulfonate
head group surrounding the hollow center, while the oleophilic tails of alkane chain penetrates
into the solution.
The mass action model is commonly employed in theoretical thermodynamic treatment
of micelles [123, 182-184], which regards micelle as a chemical species. That way, the colloid
system can be treated as a ternary solution system, the three components of which are n-octane,
the surfactant monomers with concentration cAOT lower than or equal to the CMC, and the
surfactant micelles that occurs only above the CMC. When cAOT < CMC, no micelle formed in
the solution, and the monotone decreasing 𝑘𝑘� in this range shown in Figure 4-4 and Figure 4-5

fits the effective medium theory when the solute molecules in the solution has lower thermal
conductivity than the solvent. As cAOT increase above the constant CMC, AOT micelles occurs,
meanwhile 𝑘𝑘� increases with the increase of micelle concentration. This increase indicates that

the effective thermal conductivity of AOT micelles is surprisingly higher than that of the
solvent, on the contrary to that of AOT monomers in the solution. This dramatic change must
be analyzed with molecular dynamics rather than ordinary heat conduction models.
When cAOT < CMC, there is no micelle formed in the solution, and the oleophobic

sulfonate head directly contact with the bulk n-octane solvent. Dutta et al. [185] found that due
to the inter-molecular force, low-density region occurs in surfactant solution at the
hydrophobic-hydrophilic interface. In this work, density at the contact interface of oleophobic
head and the bulk octane may be lowered due to the inter-molecular force [185, 186]. It is
reasonable that the low-density gap also accompanied with a range of low thermal conductivity,
and thus obstruct heat transfer. This effect leads to a thermal conductivity decrease with
increasing AOT concentration below CMC.
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Figure 4-6. Scheme of thermal conductivity of AOT/n-octane solution at AOT
concentration a) below and b) above the CMC. The red arrows show the direction of heat flow.

On the other hand, when cAOT > CMC, it forms AOT reverse micelles in the solution.
The oleophobic sulfonate heads curl up in the micelles to avoid direct contact with the n-octane
solvent. As a result, no low-density gap occurs between the surfactant molecules and the
solvent and obstructs heat transfer. In addition, the reverse micelle structure may further
enhance the thermal energy transport in the fluid [177, 187]. It is well-known that the formation
of reverse micelles in organic solvent requires at least trace amount of water[105]. Confined
in the reverse micelles, the trace amount of absorbed water molecules form hydrogen bond
network together with the hydrophilic head of surfactant molecules [188], i.e. the sulfonate
head of AOT. As a much stronger intermolecular interaction, hydrogen bond has been reported
to be able to enhance heat transfer at the interface [189-191]. Due to the vibrational matching
of O-H bonds and O···H hydrogen bonds in a micelle of AOT, the vibrational energy
transferring through this rapid route of hydrogen bond network is more efficient than the
ordinary heat transfer in n-octane, hence thermal conductivity of solution is higher. That way,
the heat transfer performance of the colloidal solutions with an inflexion at the CMC can be
explained.
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4.6

Summary
The CMC is one of the key properties of surfactants. In this section, it is found that

there is a minimum thermal conductivity occurs in both the AOT/n-octane solution and the
AOT/PAO solution with an AOT loading of around 0.1 ~ 0.2 wt% in both experiments. The
existing theories such as effective medium theory apparently fail to explain the fact of the
minimum thermal conductivity. To analyze this phenomenon, hypothesis of inter-molecular
low-density region and hydrogen bond network enhanced energy transfer was introduced.
Based on this discovery, we brought out a method of obtaining the CMC of a surfactant in a
solution by measuring thermal conductivity of the solution. Comparing with the change of
slope at the CMC in ordinary methods, the inflexion at the minimum thermal conductivity is
obvious and easy to be determined.
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Chapter 5．Microencapsulated Solid-Solid PCMs

5.1

Introduction
Table 5-1. Pros and cons of three types of liquid-solid and solid-solid PCMs [4-6, 10,

18, 48, 57, 58, 192-195].

Phase transition
Density

Latent heat

Melting temperature

Tunable melting point
Thermal conductivity
Volume change

Corrosion to metal

Corrosion to plastic
Cyclic stability

Supercooling (bulk)
Flowability

Sublimation

Salt Hydrates

Paraffin

Polyalcohol

1.44 – 2.19 g/cm3

0.75 – 0.93 g/cm3

0.91 – 1.15 g/cm3

8 – 137 ℃

-12 – 71 ℃

22 – 86 ℃

Solid-liquid

Solid-liquid

108 – 370 J/g

189 – 255 J/g

Discrete

N.A.

Solid-solid

27 – 264 J/g
Continuous

0.49 – 0.65 W/mK

0.15 – 0.23 W/mK

0.03 – 0.21 W/mK

Corrosive

Non-corrosive

Non-corrosive

Good

Good

Small

Large

Very small

Corrosive

Swelling/soften

Large

Small

Large

No

No

Yes

Poor
Yes

Yes

Reactive

No

PCMs have been receiving considerable attention in applications to TES and heat
dissipation, due to their high energy density [4-6, 8, 10, 17, 19, 49-53, 71, 196]. Among the
four types of PCMs, liquid-solid and solid-solid PCMs are the most promising. Both liquidsolid and solid-solid PCMs have advantages and disadvantages comparing with each other.
Table 5-1 shows the pros and cons of three types of most widely used PCMs. The salt hydrate
61

liquid-solid PCMs are inexpensive and present sharp melting point, large latent heat, and small
volume change during the phase transition, and relatively high thermal conductivity compared
with other PCMs, yet they tend to lose their great phase change properties during operation
cycles. Paraffin, another type of liquid-solid PCMs, has great latent heat capacity, proper
melting temperature, and small supercooling compared with salt hydrates, but their density and
thermal conductivity are generally small. In addition, they suffer from potential issues in the
liquid phases such as liquid leakage. Compared with conventional liquid-solid PCMs, the solidsolid PCMs such as polyalcohol do not involve liquid phase during phase transitions, hence
freeing them from concerns about liquid leakage and thermal expansion. Additionally, phase
transition temperature of polyalcohol PCMs can be tuned continuously by mixing two or more
polyalcohol, making them suitable for various applications with certain operation temperatures
[18, 192, 193]. However, their latent heat are generally small, supercooling are significant, and
sublimation may also be a problem in some applications.
We focus on the polyalcohol solid-solid PCMs in this chapter. Microcapsules

comprised of NPG encapsulated in silica microspheres were synthesized with the use of

emulsion techniques [66]. Chemical composition and phase change behavior of the NPG/silica
microcapsules were investigated. Suspensions of the NPG/silica microPCMs in heat transfer
fluid PAO were also prepared, and their effective specific heat capacity was also estimated.

5.2

Synthesis of the Solid-Solid MicroPCMs
5.2.1 Materials
Neopentyl glycol (NPG, 99%), cyclohexane (99%), ethanol (99.5%), hydrochloric acid

(37% aqueous solution), tetraethyl orthosilicate (TEOS, 99%), and polysorbate 80 (Tween 80)
were purchased from Sigma-Aldrich. Synfluid polyalphaolefin (PAO, 2cSt) was purchased
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from Chevron Philips Chemical Company LLC and distilled water was supplied by the
University of Maryland, College Park. All chemicals were used as received.

Figure 5-1. Molecular structure of neopentyl glycol (NPG) [178].

Figure 5-2. Molecular structure of tetraethyl orthosilicate (TEOS) [178].

Figure 5-3. Molecular structure of polysorbate 80 (Tween® 80) [178].

5.2.2 Synthesis of the MicroPCMs
The method of preparing hollow or porous silica microspheres by hydrolysis of TEOS
in W/O emulsion has been reported by O'Sullivan et al. [56] and Wang et al. [197]. This method
was modified to synthesize NPG/silica microPCMs in this work. Highly concentrated (≥ 75
wt%) NPG aqueous solution with HCl was used as the water phase in W/O emulsions. The
silica hollow spheres are formed by the hydrolysis of TEOS, as given by
(C2H5 O)4Si + H2 O → C2 H5 OH + SiO2 ∙ 𝑥𝑥H2 O

(Equation 5-1)

Due to the hydrophobic precursor TEOS and the hydrophilic product silica, the
hydrolysis reaction of TEOS occurs at the interface between aqueous droplets and the bulk
cyclohexane. During the reaction, water in the aqueous solution is consumed by the hydrolysis
of TEOS. The cores in the as-produced microcapsules are composed of a mixture of NPG,
HCl, water, and ethanol, which are later removed.
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A typical synthesis procedure is described as follows. An aqueous solution of NPG
with hydrochloric acid is used as water phase, while cyclohexane is the oil phase. In a typical
preparation procedure, 1.6 g NPG and 0.01 g Tween 80 are dissolved into 0.4 g 20 % HCl
aqueous solution, after which the aqueous solution is poured into 250 ml cyclohexane.
Vigorous agitation for 10 min is used to create a W/O emulsion, and 1 ml TEOS is then added
into the emulsion, which is sealed and stirred for 24 hours at room temperature. The asproduced microcapsules are collected by centrifuge separation, then washed twice with
cyclohexane and dried in a vacuum oven to remove residue. The microPCMs are dispersed into
PAO later to make phase changeable heat transfer fluids.
To compare with microPCMs, a suspension of micro-sized NPG particles in PAO was
also produced. This synthesis was performed by atomizing a mixture of 20 wt% NPG powder
in PAO for 1 hour in a sonochemistry equipment, with an atomizer probe controlled by a Sonics
VC-750 Ultrasonic Processor. In this preparation, the power of the ultrasonic processor was
turned off after 1 minute of atomizing for 30 seconds.

5.3

Characterization of the Solid-Solid MicroPCMs
5.3.1 Morphologies of the MicroPCMs
The electron microscope images of NPG/silica microPCMs are shown in Figure 5-4a

and c. It can be seen that these microcapsules are spherical in shape with a smooth surface.
The diameter of these microcapsules is in the range of 0.2-4 μm, with an average diameter of
1.0 μm. The NPG/silica microcapsules have a relatively larger size distribution than the silica
microspheres in literatures [56, 197], due to the high viscosity of the NPG solution as aqueous
phase in the emulsion.
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The encapsulated NPG can be removed by boiling in water in a sealed autoclave at
150℃ for 24 hours. After removing NPG from the microPCMs, silica spheres collapse as
shown in Figure 5-4b and d. The shrinkage of the silica spheres is probably due to the thinness
of silica layer, as shown in Figure 5-4d.

Figure 5-4. Images of as-synthesized microcapsules of NPG in silica shell: a) SEM, c)
TEM, and wrinkled silica shell after NPG is removed: b) SEM, and d) TEM. Inserted in a) is a
histogram of the particle size distribution from 0 to 4 μm [66].

5.3.2 Chemical Composition of the MicroPCMs
FT-IR spectra of NPG/Silica microPCMs were measured to analyze their chemical
composition. Figure 5-5 shows the FT-IR spectra of pure silica synthesized by the emulsion
method, pure NPG, and the microcapsules comprising NPG encapsulated in silica shell. The
FT-IR spectrum of pure silica is characterized by Si-O-Si linkage at 1070, 940, and 800 cm-1,
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and a broad band around 2850 - 3000 cm-1 due to the O-H stretch of silanol [198]. The peaks
in the spectrum of pure NPG correspond to the stretch of C-C, C-H, C-O, and O-H bonds [199].
The spectrum of the microcapsules (curve 5-5c) has all the essential spectral characteristics of
both NPG and silica in curves 5-5a and b, respectively.

Transmittance (a.u.)

a) SiO

2

b) NPG

c) microcapsules

3600 3200 2800 2400 2000 1600 1200 800
-1

Wavenumber (cm )
Figure 5-5. FT-IR spectra of sample a) silica, b) NPG, and c) microcapsules as
synthesized [66].
Table 5-2. Index of the absorption peaks in the FT-IR spectra of silica [198-200], NPG
[199, 201, 202], and the NPG/silica microPCMs.
IR Wavelength (cm-1)
3700
3300

3000 – 2850

Bond
O-H, stretch, absorbed
water

O-H, stretch, hydroxyl
C-H, stretch, methyl
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Appears in FT-IR curves of

SiO2
√

NPG

microPCM

√

√

√

√

√

1650
1450
1350
1250
1180
1100
950
900
800
720

H-O-H, bending,
absorbed water

H-C-H, bending, methyl

√

C-H, bending, methyl

√

C-C stretch

√

C-O, stretch, hydroxyl

Si-O-Si, stretch

C-O, stretch, hydroxyl

√

Si-O-H, bending

√

Si-O, stretch

√

impurities

H-C-H, bending

√

√

√

√

√

√
√

√

√

√

√
√
√
√
√
√

5.3.3 Phase Change Behavior the MicroPCMs
Knowledge of the phase change behavior of the solid-solid microPCMs is critical for
their applications. Phase change behavior of the PAO-based heat transfer fluids containing pure
NPG micro-particles and NPG/silica microcapsules was investigated using DSC. As shown in
Figure 5-6, latent heat of bulk NPG is 124.0 J/g and the phase transition initiates at 39.1 ᵒC, in
agreement with literature values [192, 203]. Corresponding to the solid-solid phase transition
from monoclinic phase to cubic phase, the broad endothermic peak is due to the slow heat
transfer rate between in bulk NPG sample. During cooling, the exothermic peak of bulk NPG
initiates at 𝑇𝑇𝐶𝐶−𝑀𝑀,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 27.7 ℃, which corresponds to the cubic-to-monoclinic transition. The
supercooling observed in bulk NPG is 11.4 ℃.
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Figure 5-6. DSC heating and cooling curves of samples, a) pure, bulk NPG, b)
dispersions of 20 wt% pure NPG micro-particles without encapsulation in PAO, and c)
dispersions of 20 wt% NPG/silica microPCMs in PAO [66].

During cooling, NPG micro-particles release the stored thermal energy with the cubicto-monoclinic transformation at much lower temperature 𝑇𝑇𝐶𝐶−𝑀𝑀,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = −4.4 ℃ than bulk
NPG. The supercooling difference observed between bulk and micro-sized NPG can be

explained by classical nucleation theory [81, 204]. Probability of homogeneous nucleation to
initialize the phase transition, J(T), is proportional to PCM volume v:
𝐽𝐽(𝑇𝑇) = �
0

𝑣𝑣𝑣𝑣(𝑇𝑇) exp �−

𝐵𝐵

�

𝑇𝑇(𝑇𝑇−𝑇𝑇𝑚𝑚−𝑐𝑐 )2

for 𝑇𝑇 < 𝑇𝑇𝑀𝑀−𝐶𝐶

for 𝑇𝑇 ≥ 𝑇𝑇𝑀𝑀−𝐶𝐶

(Equation 5-2)

where B is a coefficient associated with the supercooled substance, and 𝑇𝑇𝑀𝑀−𝐶𝐶 is the phase

transition temperature of NPG from low temperature monoclinic phase to high temperature
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cubic phase. The pre-exponential term 𝜅𝜅(𝑇𝑇) varies much slower with temperature than the
exponential term, and thus can be considered as a constant [81, 205]. For samples with the

same chemical composition and crystalline structure, reduction in sample volume leads to
smaller probability of homogeneous nucleation and hence larger supercooling. It should be
noted that the interface between NPG and PAO provides no heterogeneous nucleation sites for
the PCM. The supercooling observed in this dispersion of pure NPG micro-particles in PAO is
about 43.3℃, too large relative to the operation temperature range in typical TES and heat

dissipation systems.

In contrast, supercooling of NPG was suppressed significantly in NPG/silica
microPCMs. It is evident in Figure 5-6 that the supercooling in NPG-silica microcapsules has
been reduced to 14.0 ℃ . Silica provides heterogeneous nucleate sites for the cubic-tomonoclinic phase transition, which reduce the activation energy of nucleation at the inner
surface of silica, resulting in the suppressed supercooling.
5.3.4 Specific Heat of Fluids Containing the MicroPCMs
By dispersing NPG microcapsules in traditional heat transfer fluids such as PAO, the
fluid heat capacity can be significantly increased. Given an operation temperature range 𝛥𝛥𝛥𝛥

(𝛥𝛥𝛥𝛥 = 𝑇𝑇1 − 𝑇𝑇0 ), the effective specific heat of a heat transfer fluid 𝐶𝐶𝑇𝑇𝑇𝑇 can be estimated by [52,
53, 206]

𝐶𝐶𝑇𝑇𝑇𝑇 = (1 − 𝑥𝑥𝑃𝑃𝑃𝑃𝑃𝑃 )𝐶𝐶𝐵𝐵𝐵𝐵 +

𝑞𝑞

∆𝑇𝑇

𝑥𝑥𝑃𝑃𝑃𝑃𝑃𝑃

(Equation 5-3)

in which 𝐶𝐶𝐵𝐵𝐵𝐵 is the specific heat of the base fluid, q is the overall heat capacity per unit mass

of the PCM, and 𝑥𝑥𝑃𝑃𝑃𝑃𝑃𝑃 is the weight ratio of the corresponding PCM in the heat transfer fluid.
Measured with DSC, the latent heat capacity of NPG/silica microcapsules was found to be
∆ℎ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 96.0 J/g. By comparing ∆ℎ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 with the latent heat of bulk NPG, ∆ℎ𝑁𝑁𝑁𝑁𝑁𝑁 =

124.0 J/g, the content of NPG in the microPCMs is calculated 77 wt%. Given the minimum
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effective operation temperature range 𝛥𝛥𝛥𝛥 = 14.0 ℃ , the overall heat capacity q of the

Effective Specific Heat Capacity (J/gK)

microPCMs is the sum of ∆ℎ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 and the sensible heat over the operation temperature range.
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Figure 5-7. Estimated effective specific heat capacity of the PAO-based heat transfer
fluids with pure NPG particles and NPG/silica microPCMs in various xPCM [66].
𝑞𝑞

Effective specific heat of the microcapsules, ∆𝑇𝑇 = 8.8 J/gK, is considerably larger than

the specific heat of PAO (𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃 = 2.3 J/gK). Thus, a remarkable elevation of heat capacity can

be expected by adding microPCMs in PAO. As shown in Figure 5-6c, with 20wt% of the

microcapsules in PAO, the overall heat capacity elevation is 19.2 J/g, and effective specific
heat increases by up to 56% from 2.3 J/gK to 3.6 J/gK when the operation temperature range is

limited to 14 K. The estimated elevation of effective specific heat of the heat transfer fluids

with the addition of microPCMs are shown in Figure 5-7. It should be mentioned that the
operation temperature range cannot be decreased without limitation. As described in Chapter
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1, to utilize the latent heat of the PCM sufficiently, the lower boundary of the operation
temperature range should be lower than the freezing point of the encapsulated PCM, and the
upper boundary should be higher than the melting temperature.
5.3.5 Viscosity of PAO Fluids Containing the MicroPCMs
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Figure 5-8.

Dynamic viscosities of pure PAO and the dispersion of 20 wt%

microcapsules in PAO vs temperature [66].

Viscosity of pure PAO and suspension of 20 wt% microcapsules in PAO were
measured in the temperature range of 10 - 55 ℃. From Figure 5-8, the viscosity of pure PAO

was found to decrease with increasing temperature, in good agreement with literature values
[207]. Additionally, the viscosity of pure PAO and the phase change fluid were measured at
various spindle rotational speeds and exhibited a shear-independent characteristic of
Newtonian fluids. It should be noted that in applications to heat transfer systems, a trade-off of
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increased pumping power is likely, due to the expected viscosity increase with the addition of
particles in heat transfer fluids.

5.4

Summary
Microcapsules comprised of solid-solid PCM NPG encapsulated in silica were

successfully synthesized using an emulsion technique. Size of the microcapsules is in the range
of 0.2 - 4 μm. Phase change behavior of the NPG/silica microPCMs as well as pure NPG microparticles in PAO was investigated with DSC. A large supercooling of about 43.3 ℃ was

observed in pure NPG micro-particles, due to the small volume of the PCM and the associated
small probability of homogeneous nucleation. In microPCMs on the other hand, it was found
that the silica encapsulation can reduce the supercooling to about 14 ℃ by providing
heterogeneous nucleation sites on the silica frame. Latent heat of the microPCMs is 96.0 J/g,

implying a PCM loading of 77 wt% in the composite. The NPG microcapsules can be added
to heat transfer fluid to enhance its heat capacity.
It is important to emphasize that the silica-induced heterogeneous nucleation provides
an alternative route to the supercooling suppression of microPCMs.

Different from

conventional supercooling suppression methods, no additional nucleate agent is required as an
additive into the PCMs, and thus overall latent heat of microPCMs remains high. In addition,
unlike nucleate sites generated by adding nucleate agents in PCMs, the distribution of nucleate
sites on the shell or matrix is uniform and stable, and thus better durability can be expected.
This method is further applied in another type of microPCMs with manipulable shell polymeric
structure in next chapter for the purpose of supercooling suppression.
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Chapter 6．Microencapsulated Liquid-Solid PCMs

6.1

Introduction
PCMs have been promising in wide applications because latent heat storage provides

much higher energy density comparing with sensible heat storage [5, 6, 8, 17, 53, 57, 91, 196,
208-211]. With their own advantages and disadvantages, different types of PCMs find different
industrial applications in various fields from textile to building materials. Paraffin, the nalkanes (C𝑛𝑛 H2𝑛𝑛+2 ) with different numbers of carbon atoms in their molecular chain, is a type

of PCMs widely used as core material of microcapsules [5, 6, 209, 211-213] because of their
appropriate phase transition temperature, large latent heat of fusion, chemical stability, and
capability of being microencapsulated, as discussed in the previous chapter.
MicroPCMs have been studied extensively as a route to avoid the possible interaction
between PCM and surroundings. Stated in Chapter 1 and 2, one of the common problems
microPCMs is the supercooling, i.e., the hysteresis of liquid-solid phase transition. This
problem is more serious in microPCMs than in bulk PCMs, because homogeneous nucleation
in the confined volume of a microcapsule happens randomly in a less preferred probability. As
a result, the hysteresis of nucleation and phase transition from high-temperature phase to lowtemperature phase is more significant, which represents as larger supercooling of microPCMs
macroscopically.
Based on nucleation theory, supercooling occurs because of the energy barrier of
homogeneous or heterogeneous nucleation. The energy barrier of homogeneous nucleation
without nucleate agents is much higher than heterogeneous nucleation [150], as shown in
Equation 6-1:
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1

3

1

∆𝐺𝐺ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = ∆𝐺𝐺ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 � − cos 𝜃𝜃 + cos 3 𝜃𝜃�
2

4

4

(Equation 6-1)

where 𝜃𝜃 is the contact angle between PCM and nucleate agent, representing their structure

similarity. With the addition of similarly structured nucleate agents, ∆𝐺𝐺ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 can be

suppressed approaching zero, hence the supercooling of PCM is eliminated.

Researches have been working on controlling the supercooling of microPCMs since
1990s [41, 42, 44, 88, 151]. The most common and practically applicable method is by using
nucleation agents, such as high melting point paraffin or alcohol and solid nanoparticle, to
promote heterogeneous nucleation for liquid-solid phase transition. These efforts are
summarized and listed in Table 2-1. The main disadvantage of this method is that the effective
latent heat of microPCMs is reduced due to the relatively large amount of additives. This
additives may also change other thermophysical properties of the PCMs, such as melting point
and thermal stability.
In last chapter, we found that supercooling of NPG micro-particles can be suppressed
with the encapsulation of silica. In this microPCMs, silica serves not only as structural material
to support and protect the PCM encapsulated, but also as nucleate agent to provide
heterogeneous nucleate sites for phase transition[66].

That way, supercooling can be

suppressed to without using additives as nucleate agents. It is reasonable to apply this method
to paraffin-based microPCMs to suppress their supercooling induced by microencapsulation.
In this chapter, a type of paraffin/polymer microPCMs comprising octadecane
encapsulated in melamine-formaldehyde resin (MFR) shell is reported.

This type of

microPCMs was synthesized in an O/W emulsion system through an in-situ polymerization
process. Meanwhile, supercooling suppression making use of MFR shell of this type of
microPCMs is investigated in this chapter, in which the structure of MFR shell are manipulated
to approach the structure of encapsulated paraffin in solid state to provide nucleate sites for the
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liquid-solid phase transition. This way, energy barrier to heterogeneous nucleation on the inner
wall of the shells can be lowered, and so as to the supercooling.

6.2

Synthesis of the Liquid-Solid MicroPCMs
6.2.1 The Selection of PCM Material
There are various PCMs commercially available for industrial applications. Among

the commercial PCMs, paraffin is the most widely studied for applications to microPCMs, due
to the great chemical stability, small supercooling in bulk phase, suitable phase transition
temperature, and compatibility for various encapsulation methods [5, 15, 39, 43-47, 54, 61-63,
86-88, 128, 131-133, 139-142, 145, 146, 151, 214-216].
n-octadecane (C18 H38 , CH3 (CH2 )16 CH3 ) is selected as the PCM for this research

because of its proper thermophysical and chemical properties [4-6, 29, 31, 48, 57, 217]. Its
melting point is around 27 ℃ , which is proper for the applications of in-door thermal

management. It has high latent heat of fusion (241 J/g) and stable phase transition properties,
which is essential for PCM applications. In addition, n-octadecane is not soluble in water in
either liquid or solid state, which makes it suitable to be encapsulated using the widely used insitu polymerization process [41, 46, 47, 57, 61-63, 88, 128-134, 139-142, 145, 146]. As a result,
n-octadecane is widely used in building materials, textiles, and air-conditioning systems for
thermal management in human comfort zone [17, 19, 55, 57, 61, 62, 129, 131, 132, 139-141,
151].
6.2.2 The Selection of Shell Material
MFR is notable for its complex polymeric structure that is widely used in
microencapsulation of various materials [135, 136, 218]. The complex structure is determined
both by the degree of crosslink among the triazine rings in the polymer molecules and the ratio
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of the two different ways of bridging between two neighbor triazine rings, as shown in Figure
6-1. For encapsulated PCMs with MFR, some of the polymeric wall surface structure may fit
the requirement of heterogeneous nucleation, i.e., MFR wall may work as nucleate agents to
suppress supercooling of encapsulated PCM. Given a certain MFR structure, the larger the
interfacial area between MFR inner wall and encapsulated PCM, the larger possibility the
proper nucleate sites found on the interface. This is probably the reason of the coincidence
between PCM content and supercooling.
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Figure 6-1. Molecular structure of melamine and formaldehyde, and the polymeric
structure of melamine-formaldehyde resin. Two types of bridges (etheric bridge (-C-O-C-) and
methylene bridge (-C-), as circled) in the figure can be formed between two melamine rings,
depending on the reaction environment of the polymerization [206].

The formation of the bridges between melamine rings depends on the reaction
environment of polymerization.

By manipulating parameters of polymerization and

encapsulation, the structure of polymeric wall of microPCMs can be optimized for
heterogeneous nucleation of encapsulated paraffin. Meanwhile, by using proper composition
of precursors, changing of wall structure hardly decrease the paraffin content in the microPCMs.
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This way, the objectives of suppressed supercooling and maintained heat capacity can possibly
be achieved mutually.
6.2.3 Synthesis of the Paraffin/MFR MicroPCMs

Figure 6-2. The chemical route for the fabrication of paraffin/MFR microPCMs [65].

The

paraffin/MFR

microcapsules

were

synthesized

following

an

in-situ

polymerization method [41, 57, 61, 88, 128-131, 133, 134, 145, 146]. The chemical route for
fabrication of microPCMs is illustrated in Figure 6-2. Typically, to produce pre-polymer for
the in-situ polymerization, 1 g of melamine and 1.25 g of 37% formaldehyde are added into 5
ml of distilled water. The pH of the mixture is adjusted to 8.5 with diluted trimethylamine
solution. The mixture is kept at 70 ℃ for 30 minutes until it turns clear and transparent, and

the pre-polymer solution is produced after the melamine-formaldehyde pre-condensation
reaction shown in Equation 6-2 in a basic environment:
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(Equation 6-2)

Meanwhile, 1 g of paraffin is added in 20 ml of distilled water with 0.2 g sodium dodecyl
sulfate (SDS) as a surfactant, and then the pH of the aqueous phase is adjusted to 4 with acetic
acid (HAc). The mixture is heated to 60 ℃ to control the reaction rate, emulsified for several

minutes, after which 2 g of the as-produced pre-polymer solution is added in. The mixture is
stirred at 60 ℃ for 3 hours to allow the following reaction happen on the interface of paraffin
droplets and bulk aqueous phase:
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(Equation 6-3)

Microencapsulation undergoes in this process by in situ polymerization of the prepolymer in an acidic environment, in which MFR shell is formed and condensed on the surface
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of n-octadecane droplets. The final fluid is filtered and the solid white product is washed with
distilled water and acetone, and then dried at 60 ℃ overnight.

For preparation of different samples, the parameters of the synthesis may vary. Table

6-1 shows a list of samples with their synthetic parameters.
Table 6-1. List of melamine-resin-shelled microPCM samples [65].
Sample No.
MC01
MC02
MC03
MC04
MC05
MC06
MC07
MC08
MC09
MC10
MC11
MC12
MC13
MC14
MC15

F:M* weight ratio

pH of pre-polymer

Concentration of HAc in emulsion

1.50

8.30

1.50 ml/L

2.00
1.30
1.25
1.25
1.25
1.25
1.25
1.25
1.25
1.25

1.25
1.25
1.25
1.25

* : formaldehyde

: melamine

8.30
8.30
8.30
8.00
8.25
8.50
8.75
9.00
8.50
8.50
8.50
8.50
8.50
8.50
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1.50 ml/L
1.50 ml/L
1.50 ml/L
1.50 ml/L
1.50 ml/L
1.50 ml/L
1.50 ml/L
1.50 ml/L
0.75 ml/L
1.00 ml/L
1.25 ml/L
1.38 ml/L
1.50 ml/L
1.75 ml/L

Figure 6-3. SEM and TEM images of the microcapsules with octadecane encapsulated
in the melamine-formaldehyde resin shell [65]. a) SEM image of the sample produced with 50
g/L SDS. b) SEM and TEM (inserted) image of the sample prepared with 10 g/L SDS. The
insert is a TEM image showing the shell thickness. c) micro/nanoparticles in filtrate.
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6.3

Characterization of the Liquid-Solid MicroPCMs
6.3.1 Morphology and Microstructure of the MicroPCMs
SEM and TEM images of the paraffin/MFR microPCMs are shown in Figure 6-3. It

can be found in Figure 6-3a and b that the concentration of surfactant SDS is critical for the
formation of microcapsules. Hollow spheres with porous shells, rather than solid resin shell,
are formed when the SDS concentration is relatively high, e.g., 50 g/L in emulsion, as shown
in Figure 6-3a. The raspberry-like porous shells are made of nanosized spheres grown in the
aqueous phase. When SDS concentration drops to 10 g/L, octadecane microcapsules with solid
resin shell are formed, as shown in Figure 6-3b. These microcapsules have a diameter ranging
from 5 μm to 15 μm, and their resin shell is about 110 nm in thickness. Figure 6-3c shows the
submicron resin spheres without octadecane encapsulated, which indicates polymerization
reaction occurs not only at the water-oil interface, but also inside the aqueous phase. Thus,
excessive amount of melamine-formaldehyde precursors are required in encapsulating
octadecane oil in order to compensate the consumption of the polymerization in aqueous phase.
It is interesting that sunk dimples show up on the microcapsules. Origin of these
dimples is due to temperature effect on the volume of encapsulated octadecane.

The

microcapsules are synthesized at a moderate temperature of around 60 ℃; at this temperature
as well as other experimental parameters, melamine formaldehyde resin produced in the in-situ

polymerization process condenses on the surface of octadecane droplets. Due to the effect of
surface tension, at the formation of the microcapsules, it should be shaped as microspheres. It
is well known that the thermal expansion coefficient of n-octadecane is considerably large
(around 8 × 10−4 K −1 ) during the phase transition [219].

When temperature of the

microcapsules drops to room temperature, a volume change of about 3% can be expected on
the encapsulated octadecane. As it is not a firm shell of the resin, a volume change of core
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material is represented by a shape reformation of the microcapsules, which resulting the
occurrence of the dimples on the surface.

A: octadecane (bulk)
B: MC01 (powder)
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Figure 6-4. DSC curves of a) pure n-octadecane and b) powder of sample MC01, the
“raw” microPCMs before suppression of supercooling [65]. Heating and cooling rate of the DSC
is 10 ℃/min.

6.3.2 Thermophysical Properties of the MicroPCMs
Figure 6-4 shows the DSC curves of both pure and microencapsulated n-octadecane.
The melting point of pure octadecane is measured as 26.4 ℃, while the latent heat of fusion

∆ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 is 241.0 J/g. The freezing temperature of bulk octadecane is 24.0 ℃ , by

calculation resulting to a small supercooling ∆𝑇𝑇𝑠𝑠𝑠𝑠,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 2.4 K is found in pure n-

octadecane. For “raw” microPCM sample MC01, however, the freezing temperature is
significantly lower at 12.8 ℃, resulting to a much larger supercooling ∆𝑇𝑇𝑠𝑠𝑠𝑠,𝑀𝑀𝑀𝑀01 = 13.6 K.
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This value is very close to the homogeneous nucleation temperature of n-octadecane [214].
The reason of this large supercooling is the lack of heterogeneous nucleation site in the confined
volume of each microcapsule.
The weight fraction of phase change octadecane can be estimated according to the
following equation,
∆ℎ

PCM%m = ∆ℎ 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 × 100
𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

(Equation 6-4)

where ∆𝐻𝐻𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑒𝑒 and ∆𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 are the latent heat of fusion of the pure octadecane and

the microPCMs, respectively. From the DSC curve of sample MC01, it is read 213 J/g . As a

result, the weight fraction of octadecane in the microPCMs is 88.4%.

Figure 6-5. Complete DSC curve of sample MC01, dispersed in PAO [65]. Significant
supercooling can be found in the curve, from which a degree of supercooling of 13.6 ℃ can
be calculated.

83

6.4

Supercooling Suppression by Shell Optimization
The structure of MFR shell can be manipulated to approach the structure of the

encapsulated paraffin in solid state and provide nucleate site for the liquid-solid phase transition.
By controlling the parameters of the polymerization and encapsulation, including the ratio of
precursors, the pH values of the solutions for pre-polymerization and polymerization, the
structure of polymeric wall of the microPCMs made of melamine-formaldehyde resin can be
optimized for heterogeneous nucleation of the encapsulated paraffin, and thus suppress the
supercooling without extra additives as nucleate agents.
6.4.1 Effect of the Ratio of Precursors
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Figure 6-6. DSC freezing curves of samples MC01-04 with various F:M ratio in
precursors [65]. Curves are shifted along Y axis.

Figure 6-6 shows the DSC curves of octadecane microcapsules synthesized with
various formaldehyde to melamine (F:M) ratio in the precursor. The DSC heating curves are
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not shown since the melting temperatures of the microencapsulated octadecane are little
different in shape from those of the bulk.
Three peaks are observed on the DSC cooling curves of these microcapsules, labeled
𝛼𝛼, 𝛽𝛽, 𝑎𝑎𝑎𝑎𝑎𝑎 𝛾𝛾, from high to low temperatures. Peak γ can be attributed to the transition from

liquid octadecane to the thermodynamically-stable triclinic crystal phase based on
homogeneous nucleation. The homogeneous nucleation occurs at a supercooling as large as
13.6 ℃ due to the lack of nucleation sites in the microcapsules. The appearance of peak α and

β implies that the microencapsulated octadecane follows a two-step phase transition
mechanism, liquid-rotator phase transition (peak α) and rotator-triclinic phase transition(peak
β) [151]. The peak α also include the contribution from the direct liquid-triclinic phase
transition induced by the heterogeneous nucleation at the shell. The rotator phases of alkanes
are often observed in confined geometry such as microcapsules, which are weakly-ordered
crystalline phases that lack long-range order with respect to rotation about the long axis of the
molecules [41, 86, 214, 220, 221].
It can be seen in Figure 6-6 that the homogeneous nucleation, and thus the supercooling,

can be efficiently suppressed in the octadecane microcapsule when the F:M ratio in the
precursor is fixed at 1.25. Previous studies have found that the F:M ratio has little effect on the
microcapsule size, but the molecular structure and composition of the resultant resin shell can
be significantly different [135, 222]. As different molecular structures of the wall supply
different forms of heterogeneous nucleation sites for the encapsulated PCMs, some of the
molecular structures on the inner wall of the resin shell could be more suitable than the others
to promote the nucleation of the metastable rotator phase or the triclinic crystalline phase.
Two types of functional groups form on the triazine rings of the pre-polymer molecules,
the amino groups and the hydroxylmethylamino groups, as described in Equation 6-2. These
two functional groups may undergo two different condensation or polymerization reactions in
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the acidic environment to form the resin shell, i.e., the amino-hydroxylmethylamino
condensation and the hydroxylmethylamino-hydroxylmethylamino condensation:
H+

−NH2 + −NH − CH2 − OH �⎯� −NH − CH2 − NH − +H2 O
H+

(Equation 6-5)

−NH − CH2 − OH + −NH − CH2 − OH �⎯� −NH − CH2 − O − CH2 − NH − +H2 O

(Equation 6-6)

Meanwhile, some of the functional groups stay suspended during the reaction process
due to steric hindrance. The two parallel reactions produce the MFR shell of the microPCMs
jointly, as shown in Equations 6-5 and 6-6. Both of the reaction involve at least one hydroxyl
methyl group. Apparently, the more hydroxyl methyl groups produced in pre-polymerization,
the more condensation reactions happen between the hydroxyl groups and between hydroxyl
methyl and amino groups, and thus the larger completeness the crosslink of the MFR polymer.
On the other hand, the hydroxyl methyl groups are produced by the reaction of melamine and
formaldehyde, as shown in Equation 6-6. In the case of F:M ratio larger than the stoichiometric
F:M ratio of the pre-polymerization (i.e., > 1.5), a large number of hydroxyl methyl groups are
produced. With this larger production comparing with that of small F:M ratio, more functional
groups (including the hydroxyl methyl groups and the amino groups) on the triazine rings are
involved in the polymerization process shown in Equation 6-5 and 6-6, which leads to a higher
degree of crosslink in the as-produced MFR shell of the microcapsules.
A large supercooling, associated with the liquid-triclinic crystalline transition induced
by homogeneous nucleation, is observed in these microcapsules prepared with larger F:M ratio
and larger degree of crosslink of the MFR shells. By contrast, the supercooling of
crystallization can be largely eliminated when the F:M ratio reduces to 1.25, where the resin
shell has lower cross-linking degree and more free-standing amino groups that are not involved
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in the polymerization. It is worth noting that further lowering the F:M ratio (<1.25) yields
instable pre-polymer and no formation of microcapsules.
According to the aforementioned analysis, we could argue empirically that the resin
shell with less degree of crosslink and more free-standing functional groups could promote
nucleation of the metastable rotator phase and the triclinic phases and thus suppress the
supercooling associated with homogenous nucleation. This empirical conclusion is also proven
in the discussions in next sections, even though the crystal structure of the MFR shells and the
mechanics of the supercooling suppression are not well understood yet.
6.4.2 Effect of pH Values in the Pre-Polymerization Process

Figure 6-7. a) DSC freezing curves of samples MC04-09 [65]. Curves are shifted along
Y axis.

b) Relative latent heat of phase transition peaks for various pH values of pre-

condensation solution [65].

The pH value in both the pre-polymer solution and the polymerization solution also
affects the molecular structure and composition of the melamine formaldehyde resin shells of
the microcapsules and thus their phase transition behavior. Both the pH value and F:M ratio
control the degree of hydroxylation and the balance between hydroxylated melamine and the
precursor melamine and formaldehyde in the pre-polymer solution, as described in Equation 687

2. Figure 6-7a shows the DSC curves of the octadecane microcapsules prepared with various
pH value but constant F:M ratio, and Figure 6-7b lists the relative latent heat of exothermic
peaks 𝛼𝛼, 𝛽𝛽, and 𝛾𝛾. The relative latent heat of an exothermic peak is determined as the ratio of

its peak area to the total area of three peaks under the DSC curves. It can be seen that the
optimum pH value in the pre-polymer is 8.50 where peak γ (and its associated supercooling of
homogeneous nucleation) are eliminated and the area of peak α is maximized. The maximum
relative latent heat of phase transition α is 80.8% while the relative latent heat of peak 𝛽𝛽 is
19.2%, shown in the curve for sample MC07. In addition, the onset temperature of freezing
improves from 21.3 ℃ to 23.4 ℃ when the pH value tunes from 8.00 to 8.50 at the constant

F:M ratio 1.25. This result implies that to minimize the two low-temperature peaks (the

homogeneous nucleation freezing peak γ and the rotator-triclinic phase transition peak β) and
so as to maximize the liquid-solid peak α, a properly cross-linked quasi-linear polymeric
structure of MFR is preferred for the nucleation of the solid phase of encapsulated octadecane.
6.4.3 Effect of Acid Concentration in the Polymerization Process
HAc concentration in the emulsion for polymerization and encapsulation is another
parameter that affects the molecular structure and composition of the microcapsule shell and
consequently the phase change behavior of n-octadecane. MFR shells are fabricated in this
process, as shown in Equations 6-5 and 6-6. The HAc concentration and the resulting pH value
in the emulsion have a significant influence on the ratio of these two types of bridges and the
polymeric structure of the MF resin shell. The formation of etheric bridges is more preferable
than that of methylene bridges in a low pH value (acidic) environment [135]. Figure 6-8a
shows the DSC curves of the octadecane microcapsules prepared with different HAc
concentration in the emulsion, and Figure 6-8b lists the relative latent heat of exothermic peaks
𝛼𝛼, 𝛽𝛽, 𝑎𝑎𝑎𝑎𝑎𝑎 𝛾𝛾. It can be found in Figure 6-8 that the relative latent heat of peak γ decrease to zero
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when the HAc concentration is in the range from 1.38 ml/L to 1.75ml/L with the fixed F:M
ratio (1.25) and pH value of the pre-polymer (pHprepolymer = 8.50), The relative latent heat
of peak α is maximized, reaching 83.7% at the concentration of HAc in the emulsion CHAc =

1.38 ml/L, while the relative latent heat of peak 𝛽𝛽 is 16.6%. The effective latent heat of these
octadecane microcapsules can be as large as 213 J/g , and the corresponding weight ratio of

the phase change octadecane reaches 88 wt%, which are significantly higher than those in the
microcapsules that use additive as nucleating agents[41, 88].

Figure 6-8. a) DSC freezing curves of samples MC10-15 [65]. Curves are shifted along
Y axis. b) Relative latent heat of phase transition peaks for various HAc concentrations in the
emulsion [65].

6.4.4 Specific Heat Elevation by Supercooloing Suppression
Based on latent heat of the microPCMs, the apparent heat capacity enhancements of
with various operation temperature ranges of the microPCMs can be calculated by Equation 15, which are reproduced accordingly in Figure 6-9. The apparent heat capacity enhancement is
reciprocal to the operation temperature range ∆𝑇𝑇. A significant increase of apparent specific
heat has been demonstrated comparing with the increase by microPCMs without shell

optimization. For instance, with a reasonable ∆𝑇𝑇 of 5 K and only latent heat of phase transition
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α is utilized, the apparent specific heat could be increased to 35.7 J/g, 16.6 times larger as the
specific heat of solid octadecane without phase transition. In another case, when the operation
temperature range is extended to 10 K to cover both phase transition peaks α and β, more latent

Apparent specific heat increase (J/gK)

heat can be utilized, though the apparent specific heat increase drops to 21.3 J/g.
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Figure 6-9. Calculation of apparent specific heat increase by the latent heat of
microPCMs corresponding to different operation temperature ranges [65]. The horizontal line
shows the increase at an operation temperature range of 13.6 ℃.

6.5

Summary
The supercooling of PCM microcapsules has been suppressed significantly without

compromising their effective latent heat of fusion, through optimization of the composition and
structure of MFR shell. The octadecane microcapsules are synthesized by using the O/W
emulsion technique. The effects of synthesis parameters, such as F:M ratio, pH of pre-polymer,
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and pH of the emulsion, on the phase transition properties of the octadecane microcapsules
have been investigated systemically. Important observations are listed as follows:
a. The homogenous nucleation of octadecane triclinic crystal and its associated
supercooling can be eliminated by shell-induced liquid-crystal transition. To
provide appropriate nucleation sites at the inner wall of the microcapsules, the
shell composition and microstructure can be optimized by tuning the synthesis
parameters, such as F:M ratio, pH in the prepolymer, and HAc concentration.
b. Three peaks, labeled 𝛼𝛼, 𝛽𝛽, 𝑎𝑎𝑎𝑎𝑎𝑎 𝛾𝛾, are observed on the DSC cooling curves of
the octadecane microcapsules, which are attributed to the shell-induced liquid-

rotator

and

liquid-triclinic

transition, rotator-crystal

transition,

and

homogeneously nucleated liquid-triclinic transition, respectively. The relative
latent of heat of peak 𝛼𝛼 can be maximized, reaching 83.7% in the octadecane
microcapsules by shell optimization.

c. The effective latent heat of these octadecane microcapsules can be as large as
213 J/g , and the corresponding weight ratio of the phase change octadecane

reaches 88 wt%, which are significantly higher than those in the microcapsules
that use additive as nucleating agents.

d. Hollow spheres with porous, rather than solid resin shell, are formed when the
SDS concentration is high, for example, 50 g/L in emulsion. When the SDS
concentration drops to 10 g/L, octadecane microcapsules with solid resin shell
can be formed.
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Chapter 7．Thermal Conductivity Enhancement of the MicroPCMs
7.1

Introduction
In last chapters, n-octadecane are microencapsulated to protect them from reacting with

or leaking to the environment. Supercooling of the PCMs induced by microencapsulation is
also suppressed using optimized MFR shell to provide nucleate sites for heterogeneous
nucleation. In addition to supercooling, another vital problem of almost all latent heat based
TES systems is the low thermal conductivity of PCMs, which is typically lower than 1 W/mK
[6, 8, 10]. Low thermal conductivity restricts heat transfer rate as well as accessibility to
thermal energy stored away from heat transfer interfaces. Therefore, there is a need for PCMs
with high thermal conductivity in addition to high heat capacity and suppressed supercooling.
To solve this problem, several methods have been investigated to elevate thermal
conductivity of PCM systems. The most common way in industry is to introduce highly
conductive materials to form a composite of a PCM and a thermal conductivity promoter. The
insertion of non-moving metal or graphite parts such as ﬁns, foams, and wools into PCMs has
long been practiced and summarized [13]. In microPCMs, however, improvements are limited
due to the confined volume. A second option to enhance the thermal conductivity of PCMs is
by using nanostructured dispersions in PCMs similar as the dispersion of nanostructures in
other liquids to make nanofluids [89]. These emerging materials have only been studied since
recently and represent a clear departure from existing practices of utilizing fixed, stationary
high thermal conductive structures into PCM. Carbon-based nanostructures, metal oxide
nanoparticles, and metallic nanoparticles and nanowires have been explored as the materials of
the thermal conductivity promoters. A general problem of this nano-dispersion approach is the
instability of the nanostructured dispersion in PCMs after cycles of running.
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The third approach, which is rarely reported in literatures, is to coat or encapsulate the
PCMs in conductive materials to make thermal conductive microPCMs. In this approach,
choosing an appropriate inorganic material as the shell or a part of shell for microPCMs is
essential for enhancing their thermal conductivity. For example, Wang et al. [83] synthesized
a types of microPCMs with octadecane as core and silica as the shell, which have good thermal
stability and good phase change performance, meanwhile enhancing thermal conductivity
significantly from microPCMs with organic shells However, thermal conductivity of silica
shell is still low comparing to normal thermal conductive materials such as metals.
In this chapter, an additional layer of silver were coated on paraffin/MFR microPCMs
to enhance their thermal conductivity. As the most thermal conductive metal on earth, silver
provides a fast lane for heat transfer through the microPCMs and thus elevated their thermal
conductivity. Meanwhile, different from using additives in PCMs, the external silver layer
does not significantly affect the phase transition properties of the microPCMs. This type of
double-shelled thermal conductive microPCMs are referred as PCM-Ag in this work. Though
the PCM-Ag microcapsules are not suitable for industrial applications due to the expensiveness
of silver, this research provides an alternative route to a material with both high heat capacity
and high thermal conductivity.

7.2

Preparation of the Thermal Conductive PCM-Ag Microcapsules

Figure 7-1. A strategy of producing thermal responsive energy storage materials. Step
a): microencapsulation of paraffin in MFR shell; b): coating microPCMs with thermal conductive
layer; and c): tableting of the powder of thermal conductive microPCMs to bulk TES material.

93

Coating of a silver layer on surface of microPCMs was performed in an aqueous
solution based on so-called silver mirror reaction [223-225]. The key features of material
synthesis of PCM-Ag and then the bulk thermal conductive PCMs are summarized in Figure
7-1. Typically, Tollens' reagent is produced by adding ammonia aqueous solution dropwise
into 40 ml 10 wt% silver nitrite (AgNO3) aqueous solution while stirring, until the fluid turns
back to a clear and transparent solution:
2AgNO3 (𝑎𝑎𝑎𝑎) + 2NH3 ∙ H2 O(𝑎𝑎𝑎𝑎) �⎯⎯⎯� Ag2 O(𝑠𝑠) ↓ +NH4 NO3 (𝑎𝑎𝑎𝑎) + H2 O (Equation 7-1)
𝑎𝑎𝑎𝑎

Ag2 O(𝑠𝑠) + 2NH3 ∙ H2 O(𝑎𝑎𝑎𝑎) + 2NH4 NO3(𝑎𝑎𝑎𝑎) �⎯⎯⎯⎯� 2Ag(NH3 )2 NO3 (𝑎𝑎𝑎𝑎) + 2H2 O

(Equation 7-2)

1 g of the microPCMs is then added into this solution. After 10 minutes stirring, sufficient
amount of reducer such as glucose or formaldehyde solution is added into the suspension
dropwise. The following chemical reaction produces a silver layer on the surface of the
microPCMs:
2Ag(NH3 )2 NO3 (𝑎𝑎𝑎𝑎) + HCHO(𝑎𝑎𝑎𝑎) + 3H2 O

𝑎𝑎𝑎𝑎

�⎯⎯⎯⎯�

HCOOH(𝑎𝑎𝑎𝑎) + 2Ag + 2NH4 NO3(𝑎𝑎𝑎𝑎) + 2NH3 ∙ H2 O(𝑎𝑎𝑎𝑎)

(Equation 7-3)

The mixture is filtered after 10 hours reaction, and the black-to-gray powder is then washed
with water and acetone and dried for future use.

Figure 7-2. Sample PCM-Ag pellets with various thickness and composition. The
diameter of each cylindrical pellets is ½ inch.
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In the final step of synthesis, the PCM-Ag microcapsule powder is further pressed with
a YLJ-20TA Desktop Electric Laboratory Press to make bulk thermal conductive PCMs for
further TES applications. The press was operated at room temperature, and the pressure of 110 MPa is applied, varying with silver contents in different samples. Figure 7-2 shows the asproduced PCM-Ag pellets.

7.3

Characterization of the PCM-Ag Powder and Pellets
7.3.1 Morphology of the PCM-Ag Particles

Figure 7-3. SEM images of the PCM-Ag microcapsules [67, 226]. a) and b) typical SEM
images of the PCM-Ag particles with different silver ratio. c) and d) elemental (Ag and C,
correspondingly) distribution in the PCM-Ag microcapsule.

SEM images with EDS of PCM-Ag microcapsules are shown in Figure 7-3. EDS
shows that silver is uniformly distributed on the surface. Measured with both DSC and
chemical titration, silver volume fraction in the products is as high as 45 vol%. Because of
high volume fractions of metal layer, the resulting metal framework is more thermal conductive
than the state-of-the-art PCM/polymer composites. Large volume fraction of silver also ensure
a continuum three dimensional metal structures for heat transfer. Competitively, a high fraction
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of encapsulated PCM leads to a high heat capacity of the composite. As a result, a Pareto
optimized balance is needed to be found for a certain application.
7.3.2 Thermal Conductivity Analysis of the PCM-Ag Pellets
Typical thermal conductivity of paraffin is 0.15 W/mK in liquid state and 0.35 W/mK
in solid state [195]. Typical thermal conductivity of MFR is 0.2 W/mK [136, 218]. In the
thermal conductivity measurement of PCM-Ag pellets, it is found that a volume fraction of
3.4 % Ag loading increases its thermal conductivity to 1.34 W/mK, significantly larger than
that without coating. For PCM-Ag pellets with a silver volume fraction of 25%, the thermal
conductivity is 10.8 W/mK, much higher than the traditional PCMs. With a higher silver
volume fraction of 45%, thermal conductivity can be as high as 14.6 W/mK. The results are
shown in Figure 7-4.
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Figure 7-4. Experimental and theoretical thermal conductivities of different models of
metal-PCM composites with different metal ratio.
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The experimental thermal conductivity results of PCM-Ag pellets are compared with
predictions based on effective media models typically used to evaluate the thermal conductivity
of randomly distributed homogeneous microspheres in a continuous media. The MaxwellEucken model [95, 227] is shown below as
1+2𝑥𝑥(𝑘𝑘𝑐𝑐 −𝑘𝑘𝑝𝑝)/(𝑘𝑘𝑐𝑐 +2𝑘𝑘𝑝𝑝 )

𝑘𝑘𝑠𝑠_𝑀𝑀𝑀𝑀 = 𝑘𝑘𝑝𝑝 � 1−𝑥𝑥(𝑘𝑘

𝑐𝑐 −𝑘𝑘𝑝𝑝 )/(𝑘𝑘𝑐𝑐 +2𝑘𝑘𝑝𝑝 )

�

(Equation 7-4)

In this model, thermal conductive microspheres are dispersed in bulk PCMs in a volumetric
ratio x, and thus no effective thermal conductive network is formed by aligning the
microspheres. 𝑘𝑘𝑐𝑐 and 𝑘𝑘𝑝𝑝 are the thermal conductivities of the bulk continuous phase and the

dispersed silver particles, correspondingly. Thermal conductivity predicted in this model is
significantly lower than the experimental results.
Another simple theory to predict thermal conductivity of a composite with well-formed
thermal conductive network is
𝑘𝑘𝑠𝑠_𝑓𝑓 =

(1−𝑥𝑥)𝑘𝑘𝑝𝑝
3

+

𝑥𝑥𝑘𝑘𝑚𝑚

(Equation 7-5)

3

in which interface thermal boundary resistance is assumed negligible. As shown in Figure 7-4,
without considering interface resistance, thermal conductivity of the samples could be much
higher than the experimental values. For example, the thermal conductivity increases from 0.25
W/mK for the pure paraffin to 10.8 W/mK with 25 vol% silver coated. The striking differences
among the models and experimental result indicate that there is a different heat transfer
structure in PCM-Ag pellets. The heat transfer network is partially built up in the pellets, and
thermal conductivity of the pellets may further be elevated by both controlling the interface
resistance either between the paraffin/MFR microPCMs and the silver shell or among the silver
shells. Eliminating trapped air in the pellets during the sample preparation may also promote
their thermal conductivity.
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7.3.3 Trade-off between Heat Capacity and Thermal Conductivity
It need to be mentioned that there is a trade-off of overall latent heat capacity when
enhancing the thermal conductivity by coating with silver. On one hand, the fraction of silver
coating significantly contribute to thermal conductivity of PCM-Ag; on the other hand, the
fraction of PCM provides latent heat capacity to the composite. The trade-off between thermal
conductivity and heat capacity is shown in Figure 7-5. It is necessary to find an optimum to
balance the thermal conductivity and heat capacity of PCM-Ag microcapsules for certain
applications.
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Figure 7-5. The change of thermal conductivity and heat capacity of silver-coated PCMAg versus the mass and volume fraction of silver.
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7.4

Summary
Silver was applied as a coating layer on the surface of as-produced paraffin/NMR

microPCMs to enhance their thermal conductivity.

PCM-Ag microcapsules were also

compressed to make bulk PCM pellets with stabled shape and structure for applications in TES.
With silver coated on the microcapsules, thermal conductivity of PCM-Ag pellets is
significantly larger than that of normal PCMs. Meanwhile, silver coating decreases the overall
latent heat capacity of the microPCMs dramatically. It is necessary to choose proper fraction
of the thermal conductive layer to balance the thermal conductivity and heat capacity of this
material.
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Chapter 8．Application of MicroPCMs in Heat Transfer Fluids
8.1

Introduction
Interest in engineered suspensions of micro/nanoparticles in liquids has increased in

recent years, particularly in pursuing higher fluid thermal conductivity and heat capacity [91,
93-95, 219, 228-230]. For higher thermal conductivity, researchers have experimentally
investigated the convective heat transfer of aqueous metal oxide or nitride nanoparticles in
circular tubes and results show enhancement of the heat transfer when nanoparticles are added
to the cooling fluid [18, 96, 97, 99, 101, 102]. For higher heat capacity, microPCMs can
mitigate PCM leakage and potential undesirable interactions between the PCM and the base
fluid [5, 8, 17, 57, 65, 91, 196, 209, 210, 229]. The main enhancement provided by PCMs is a
significant increase in thermal storage density due to latent heat of PCMs [5]. However, a
combination of these two advantages to enhance the heat transfer properties of a heat transfer
fluid is rarely found.
In last chapters, we developed a comprehensive process to microencapsulate paraffin
PCMs in MFR shell for high heat capacity and suppressed supercooling, and to further elevate
the thermal conductivity of the microPCMs with a layer of silver coating on the surface of the
microPMs. In this chapter, dispersions of this type of thermal conductive microPCMs in PAObased heat transfer fluids were produced, and thermophysical properties and heat transfer
performances of the enhanced heat transfer fluid were investigated in a microchannel cold plate
[67, 226].
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8.2

Characterization of the Phase Changeable Heat Transfer Fluids
8.2.1 Materials
The synthesis of microPCMs and PCM-Ag microcapsules are described in Chapters 6

and 7, correspondingly. For applications in heat transfer fluids, two modifications of silver
coating were attempted to improve their performance in fluids. Firstly, less silver were coated
comparing with PCM-Ag microcapsules shown in Chapter 7, so as to control the average
density of microPCMs and to avoid quick sedimentation due to large density difference
between silver-coated PCMs and heat transfer fluids. Secondly, surface of as-synthesized
paraffin/MFR microPCMs was pre-engineered and activated for different distributions of silver
deposition. PCM-Ag microcapsules with both rough silver coating and smooth silver coating
were synthesized, as shown in Figure 8-1.

Figure 8-1. The strategy of synthesizing PCM-Ags by coating microPCMs with thin
coating of silver [67].

As described in Section 7.2, coating a smooth silver layer on surface of microPCMs
was performed in an aqueous solution based on the silver mirror reaction. To create a rough
silver layer on the microPCMs, the MFR surface needs to be activated by stirring in diluted tin
chloride solution for 10 minutes [223, 224]. After that, the same process as described in Section
7.2 was performed, using surface-activated microPCMs instead of the original ones. In a
typical synthesis, 1 g of microPCMs, surface activated or not, is added into diluted Tollen’s
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reagent produced following Equation 7-1 and 7-2. After 10 minutes stirring, sufficient amount
of reducer such as glucose or formaldehyde solution is added into the suspension dropwise.
During this process, metallic silver is reduced from the solution and deposit on the surface of
the microPCMs. Specifically, with surface-activated microPCMs, silver tends to deposit on
the activated sites, inducing a rough silver-coated surface with non-uniform silver deposition.
On the contrary, the deposition of silver on the non-activated microPCMs are uniform and
smooth. The difference of the products os characterized with SEM and shown in Figure 8-2.
The fluid is filtered after 10 hours reaction, and the gray powder is then washed with water and
acetone and dried for future use.

Figure 8-2. SEM and EDS of the microPCMs with rough silver coating and smooth
silver coating [67]. The EDS yellow images show the distribution of silver on the surface of the
above microPCM, and the red ones correspond to that of carbon.

8.2.2 Thermal Conductivity and Viscosity of the Heat Transfer Fluids
Thermal conductivity of the fluids with different microPCMs distributed in are shown
in Table 8-1. It is interesting that the PCM-Ag microcapsules with smooth silver coating is
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significantly more thermal conductive than the rough ones, even though the silver fraction of
the later (3.4 vol%, in PCM-Ag2) is apparently larger than that of the smooth coated PCM-Ag3
microcapsules (2.4 vol%). Meanwhile, PCM-Ag1 and PCM-Ag2 with rough silver coating
elevate viscosity of heat transfer fluids more significantly than PCM-Ag3. This phenomenon
indicates that the rough coating of silver does not form a thermal conductive layer but only
discrete silver clusters on the surface of microPCMs. As a result, it can be expected that heat
transfer performance of the heat transfer fluid with smooth coated PCM-Ag3 is better than that
of the other two PCM-Ag samples.
Table 8-1. Properties the latent functional heat transfer fluids with addition of
microPCMs and PCM-Ag particles [67, 226]. Thermal Conductivity, Viscosity, and Latent Heat
Capacity of the heat transfer fluids were all measured from a 20 wt% suspension of the PCMs
in PAO.
Sample

Pure PAO

microPCM
PCM_Ag1
PCM_Ag2
PCM_Ag3

Shell

Ag

Material

Vol %

N/A

Ag Thickness

Thermal

(nm)

Conductivity

0

0

0.140

Polymer

2.2%

73.1

Polymer

3.4%

Polymer

2.4%

Polymer

Rough Ag
Rough Ag
Smooth Ag

0

0

(W/mK)

Viscosity
(cP)
7.3

Latent heat
capacity
(J/g)
0

0.152

11.8

213

116.7

0.239

13.6

145

81.6

0.251

11.2

160

103

0.153

13.1

165

8.2.3 Specific Heat Capacity of the Heat Transfer Fluids
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Figure 8-3. Average specific heat enhancement of the latent functional thermal fluids
with addition of 20 wt% PCM-Ag3 microcapsules [67].

Based on Equation 5-3, the addition of microPCMs in heat transfer fluids induces an
elevation of overall heat capacity and thus apparent specific heat of the fluids over a certain
range of operation temperature.

The elevations of apparent specific heat over certain

temperature ranges were calculated and shown in Figure 8-3. The elevation of apparent heat
capacity is proportional to the weight fraction of microPCMs and the reciprocal of operation
temperature range. There is a limitation for each of the parameters. The mass fraction of the
microPCMs in a fluid increases its apparent specific heat, but there is also trade-off from the
increase of viscosity induced simultaneously by adding microPCMs. Apparently, this tradeoff restricts t heat transfer performances of the fluid. The operation temperature range needs
to be large enough so that the processes of melting and freezing can be operated cyclically. To
utilize the latent heat of microPCMs, the operation temperature should cover the range from
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𝑇𝑇𝑚𝑚 to 𝑇𝑇𝑓𝑓 , i.e., the operation temperature range ∆𝑇𝑇 > ∆𝑇𝑇𝑆𝑆𝑆𝑆 . Otherwise, no phase transition
happens in cycles and no latent heat is available.

Nonetheless, a significant increase of apparent specific heat has been demonstrated
with the addition of PCM-Ag3 microcapsules

For example, with an operation temperature

range of 5 K and a PCM-Ag3 weight ratio of 20 %, only latent heat of phase transition α can
be utilized, and the apparent specific heat could be increased to 7.45 J/g, 2.38 times larger than
that of the base fluid PAO. Apparently, a trade-off between thermal conductivity and heat
capacity occurs with the coating of Ag on the paraffin/MFR microPCMs, before which the
apparent specific heat of the LFTF could be as high as 9.30 J/g with the addition of the same
mass fraction of uncoated microPCMs in the same temperature range [65].

8.3

Fluidic and Heat Transfer Performance of the Heat Transfer Fluids

Figure 8-4. Schematic diagram (left) of the experimental set-up for heat transfer
measurement and a photograph of the microchannel (right) with size [67, 226].
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Figure 8-5. Photograph of the experimental setup for heat transfer measurement [226].

A heat transfer loop was designed and built specifically for evaluating heat transfer
performance of the PCM fluids in a microchannel cold plate, and a schematic of the loop is
shown in Figure 8-4. A photograph of the system is also shown in Figure 8-5. The hold-up
volume of the entire system is about 80 mL. The individual components in the heat transfer
loop include a reservoir tank, a centrifugal pump, a Coriolis flow meter, two heat exchangers,
and a microchannel cold plate used for the test section [226]. The reservoir tank consists of a
modified 120 mL polyethylene bottle, which insures the system is full of liquid and allows the
fluid level to be monitored. A centrifugal pump circulates the fluid through the entire system
and the flow rate is measured using a mass flow meter. The coolant is preheated before entering
the test section and cooled upon leaving the microchannel using two heat exchangers, which
consist of two copper cold plates with internal crisscrossed fins brazed together. Temperatures
of the working fluids (50/50 aqueous ethylene glycol) in the secondary loops of these two heat
exchangers are controlled by two thermal baths. The test section consists of a Microcool CP101 microchannel cold plate and a 10 x 10 mm ceramic heater soldered to the bottom. The
temperature of the heater was monitored using two T-type thermocouples attached to the
106

bottom of the cold plate. Two multi-meters were used to measure the voltage and current being
supplied to the heater wires and the power input is adjusted using a variable transformer. The
cold plate is incorporated into a milled Teflon block to reduce heat losses. Four thermocouples
were placed in the system to measure the bulk temperature of the coolant after each heat
exchanger and the test section. All thermocouples were calibrated in a thermal bath and the
maximum deviation is ±0.2ºC.
8.3.1 Pressure Drop

Figure 8-6. Pressure drop (Y axis) in the cold plate at different inlet temperatures
versus flow rate (X axis) of the heat transfer fluids comparison of PAO, PAO with 20 wt%
paraffin/MFR microPCMs(without silver coating), and PAO with 20 wt% PCM-Ag3 [67, 226].

The microchannel cold plate was tested with pure PAO, PAO suspensions containing
uncoated paraffin/MFR micriPCMs (labelled as PCM), and PAO suspensions containing PCMAg3 microcapsules (labelled as PCM-Ag3). Flow rates from 60 – 220 mL/min, heater power
input from 30 – 70 W, and inlet temperatures from 20℃ – 35℃ were tested. Additionally,
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pressure drop tests were conducted without heat input at four different fluid inlet temperatures.
The results are depicted in Figure 8-6. As expected for this range of Reynolds number, the
pressure drop increases linearly with flow rate. It was also found that the fluids with PCM
particles have a higher viscosity than pure PAO.

Figure 8-7. Friction factor (Y axis) versus Reynolds number (X axis) comparison of
PAO, PAO with 20 wt% paraffin/MFR microPCMs(without silver coating), and PAO with 20 wt%
PCM-Ag3 [67, 226].

Figure 8-7 compares the friction factor f obtained for each of the three different fluids
(PAO, microPCM, and PCM-Ag3) in the experiments:
𝑓𝑓 =

∆𝑃𝑃𝐷𝐷𝐴𝐴2𝑀𝑀𝑀𝑀
𝜌𝜌𝜌𝜌𝑉𝑉̇ 2

(Equation 8-1)

where D, AMC, and L are the diameter, area, and length of the microchannel, and ∆𝑃𝑃, ρ, 𝑉𝑉̇ are
the pressure drop, density, and volume flow rate of the flow in the microchannel,

correspondingly. In addition, the results are compared with the Darcy friction factor for a
rectangular duct based on the channel width/height ratio [231], 𝑓𝑓 =
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84.9
.
Re

It can be seen that

the results for the three fluids are in good agreement with the numerical model, given the
uncertainties in the viscosities of the fluids, the dimensions of the microchannel, and the
increased pressure drop in the entrance and exit of the cold plate and developing regions in
channels.

8.3.2 Heat Transfer Results
The trials with heat input were conducted over a range of flow rates and heater powers
and the average heat transfer coefficients h were calculated for each power input using the
equation
ℎ=

𝑄𝑄

𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠 �𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 −𝑇𝑇𝑖𝑖𝑖𝑖 �

(Equation 8-2)

where Q is the heater power input, Asuf and Tsuf is the area and average surface temperature of
the heater, correspondingly, and Tin is the inlet temperature of the fluid. The experimental
results are plotted in Figure 8-8 and Figure 8-9. For the pure PAO tests, heat transfer coefficient
increases as temperature is increased, due to a slight increase in the fluid’s heat capacity with
temperature. However, the absorption of heat by the melting of PCMs results in a much more
complex relationship of the heat transfer coefficient, the flow rate, the inlet temperature, and
the heat input. The heat transfer coefficients for the PCM fluids increase as the inlet temperature
is increased from 20℃ to 30℃, but then decreases at higher temperature. The amount of PCM
that melts in the cold plate depends on the inlet temperature, flow rate, and heat input. The
greater the amount of PCM that melts in the cold plate, the higher the heat transfer coefficient
becomes. However, at inlet temperatures above 30℃, a portion of the PCM has melted before
entering the test section, decreasing the amount of PCM available for phase change in the cold
plate, thus resulting in decreased heat transfer coefficients.
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Figure 8-8. Heat transfer coefficient (Y axis) versus flow rate (X axis) of the heat
transfer fluids PAO, PAO with 20 wt% paraffin/MFR microPCMs(without silver coating), and
PAO with 20 wt% PCM-Ag3 at different inlet temperatures [67, 226].

The fluids containing PCM-Ag3 microcapsules had lower heat transfer coefficients
than the fluid containing paraffin/MFR microPCMs, which is surprising given its higher
thermal conductivity.

The PCM-Ag3 microcapsules have a lower latent heat than the

paraffin/MFR microPCMs, thus it is suspected that this reduction in latent heat is dominating
the improvement in thermal conductivity. As described above, the latent heat is responsible
for altering the temperature gradients near the heat transfer surfaces, which increases the flow
of heat into the fluid.
As shown in Figure 8-9, Nusselt numbers of the PCM fluids are higher than those of
the pure PAO and the PCM-Ag3 fluids, due to the higher heat transfer coefficients. The Nusselt
numbers of the PCM-Ag3 fluid are actually lower than those of pure PAO because of the higher
thermal conductivity of the PCM-Ag3 fluid.
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Figure 8-9. Nusselt number (Y axis) versus Reynolds number (X axis) of PAO, PAO
with 20 wt% paraffin/MFR microPCMs(without silver coating), and PAO with 20 wt% PCM-Ag3
at different inlet temperatures [67, 226].

Using the equation below, the pumping power P and the thermal resistance R were also
calculated in order to compare the thermal performance of pure PAO, the paraffin/MFR
microPCM fluid, and the PCM-Ag3 fluid:
𝑃𝑃 = 𝑉𝑉̇ ⋅ Δ𝑝𝑝

𝑅𝑅 =

(Equation 8-3)

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 −𝑇𝑇𝑖𝑖𝑖𝑖

(Equation 8-4)

𝑄𝑄

where 𝑇𝑇max is the maximum heater temperature. The results are plotted in Figure 8-10. It can
be seen that, as expected, the pumping power of the pure PAO decreases with increasing inlet

temperature, due to the viscosity of the fluids decreasing with temperature. At 30oC, thermal
resistance of the PCM fluid is about 20% lower than that of the PAO over the range of flow
rates tested and the heat transfer coefficient of the PCM fluid is about 36% higher than that of
pure PAO. However, the advantage of this large increase in heat transfer rate is reduced by the
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increase in pumping power. As can be seen in Figure 8-10, a similar result is found at other
temperatures.

Figure 8-10. Thermal resistance comparison at different inlet temperatures of PAO,
PAO with 20 wt% paraffin/MFR microPCMs(without silver coating), and PAO with 20 wt% PCMAg3 [226].

8.3.3 Stability of the Heat Transfer Fluids
To investigate the stability of the microPCM enhanced fluids, experiments were run
for several hours without heat input. The tests were conducted with the PCM-Ag3 fluid for
three hours. The pressure drop versus time is plotted in Figure 8-11. The pressure drops were
relatively constant over the duration of the test, which indicates that no accumulation of PCM
particles in the microchannel. The small pressure drop variation can be attributed to fluctuations
in the room temperature and flow rate.
Another set of experiments was conducted to monitor the settling of particles in the
heat transfer components over short periods of time. In these tests, the operating pump was
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turned off after 5 minutes of pumping for 10 minute breaks. The results are presented in Figure
8-12. Again, the pressure drop remains relatively constant.

Figure 8-11. Extended duration pressure drop of a PCM-Ag3 enhanced fluid [226].

Figure 8-12. Pressure drop in idel experiments with 10 minutes break [226].
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8.4

Uncertainty Analysis
The uncertainties in this work comprise two parts: the systematic biases and the

random errors. For most of the measurements involved in this work, the systematic biases are
small compared with the random errors. For example, the deviation of viscosity measured with
a Brookfield DV-I prime viscometer is ±0.1 cP. In contrast, the random error of viscosity is
up to 0.6 cP and the uncertainty of this measurement is 4.4%, due to the unpredictable
fluctuations during the measurement.
The uncertainties of the measured values are shown in Table 8-2. The range of the
measured uncertainties is from 0.2% to 7.0%, varying from property to property. Based on
these values, the uncertainties of the calculated values can be estimated using the following
equations:
𝛿𝛿ℎ
ℎ

=

𝛿𝛿𝛿𝛿𝛿𝛿
𝑁𝑁𝑁𝑁

𝛿𝛿𝛿𝛿
𝑅𝑅

𝛿𝛿𝛿𝛿 2
𝑄𝑄

= �� � + �−
𝛿𝛿𝛿𝛿 2
𝑄𝑄

= �� � + �−
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�
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�
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(Equation 8-5)

(Equation 8-6)

The results are shown in Table 8-2 as well.
Table 8-2. Uncertainties of the measured and calculated properties of the fluids [226].
Measured
values
Q̇
L

D
T
k

Uncertainty of

Calculated

3.1%

h

measurement
0.2%
2.5%

values

Uncertainty

Nu

8.4%

R

2.3%
7.0%
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Calculated
4.6%
4.6%

8.5

Summary
PCM fluids with uncoated paraffin/MFR microPCMs and silver-coated PCM-Ag3

microcapsules were synthesized and characterized, and their heat transfer performance was
compared with that of pure PAO, the base fluid for the microPCM enhanced fluids. The PCM
fluid with uncoated microPCMs has a 36% higher heat transfer coefficient relative to pure PAO
over a range of flow rates and temperatures, when compared at the same flow rate. The thermal
resistance of this PCM fluid at a given pumping power is about 20% lower than that of pure
PAO. A silver-coated PCM-Ag3 fluid also shows an increased heat transfer coefficient, which
is greater than that of pure PAO, but less than that of the PCM fluid. It is suspected that the
reduced performance of the PCM-Ag3 fluid is due to its relatively smaller latent heat. Pumping
tests conducted over several hours showed no effect of either particle accumulation or settling
within the heat transfer loop. From these results, it is clear that the microPCM enhanced heat
transfer fluids would provide improved performance relative to pure PAO in heat transfer
applications.
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Chapter 9．Conclusions and Future Directions

9.1

Conclusions of Experimental and Analytical Work
This dissertation provides comprehensive information for the design, the synthesis, the

characterization and the application of microPCMs, which have been regarded as potential
advanced material for heat dissipation and thermal management. MicroPCMs based on solidsolid PCM neopentyl glycol and liquid-solid PCM n-octadecane were synthesized with wetchemical methods utilizing colloidal systems as the reaction media. Properties of the emulsion
systems as reaction media, properties of the PCMs and microPCMs, and applications of
microPCMs to thermal management were carefully investigated. The conclusions reached in
the course of this dissertation are summarized below:
1. A method to determine the CMC of a surfactant in a solution by measuring the
thermal conductivity of the solution is developed. The minimum of thermal conductivity
occurs at the CMC during the increase of surfactant concentration, which provides a simple
and straightforward way to determine the value of the CMC. It was found experimentally that
there is a minimum thermal conductivity occurs in the AOT/n-octane solution with an AOT
loading of around 0.1 ~ 0.2 wt%. The existing theories such as effective medium theory
apparently fail to explain the fact of the minimum thermal conductivity. With the hypothesis
of inter-molecular low-density region and hydrogen bond network enhanced energy transfer,
this phenomenon can be explained.
2. The NPG/silica microPCMs were synthesized using a modified sol-gel method. The
size of these microPCMs is in the range of 0.2 - 4 μm. It was found that the endothermic phase
transition of these NPG-silica microcapsules was initiated at around 39 ℃ and the latent heat
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was about 96.0 J/g. A large supercooling of about 43.3 ℃ was observed in NPG microparticles without silica encapsulation. Encapsulated in silica, the supercooling of NPG was

reduced to about 14 ℃ due to the heterogeneous nucleation sites provided by silica. The
NPG/silica microPCMs were also added into heat transfer fluid PAO to enhance its heat

capacity.
3. An in-situ polymerization method was used to synthesize paraffin/MFR microPCMs.
This type of microPCMs comprising n-octadecane encapsulated in melamine-formaldehyde
resin shell were synthesized in O/W emulsion. The microPCMs are 5 - 15 μm in diameter. The
supercooling of these octadecane microcapsules can be as large as 13.6 ℃ , when the
homogeneous

nucleation

is

dominant

during

the

melt

crystallization

into

the

thermodynamically stable triclinic phase. Supercooling suppression of the microPCMs has
been accomplished by optimizing the composition and structure of the MFR shell. It is
discovered that the homogeneous nucleation can be mediated by shell-induced nucleation of
triclinic phase and metastable rotator phase when the shell composition and structure are
optimized, without using additional nucleate agents. The effects of synthesis parameters, such
as ratio of melamine to formaldehyde, pH of pre-polymer, and pH of emulsion, on the phase
transition properties of the microPCMs have been investigated systemically. The optimum
synthesis conditions have been identified in terms of minimizing supercooling while
maintaining heat capacity.
4. Silver was applied as a coating layer on the surface of the as-produced paraffin/MFR
microPCMs to enhance their thermal conductivity.

The PCM-Ag microcapsules were

compressed to make bulk PCMs pellets with stabled shape and structure for TES applications.
With silver coated on the surface of microPCMs, thermal conductivity of PCM-Ag pellets can
be as high as 14.6 W/mK, significantly larger than the thermal conductivity of normal PCMs.
The disadvantage is that silver coating decreases overall latent heat capacity dramatically.
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5. Adding thermally-conductive PCMs to PAO can significantly improve the fluid heat
transfer properties. Paraffin/MFR microPCMs and silver-coated PCM-Ag microcapsules were
added in PAO. Thermal performance of the microPCM enhanced fluids was studied in a
microchannel cold plate and compared with that of pure PAO. A test loop was designed and
fabricated to evaluate the synthesized PCM fluids.
The PCM fluid with uncoated microPCMs has a 36% higher heat transfer coefficient
relative to pure PAO over a range of flow rates and temperatures, when compared at the same
flow rate. The thermal resistance of this PCM fluid at a given pumping power is about 20%
lower than that of pure PAO, despite the PCM fluid's higher viscosity. The silver-coated PCMAg3 fluid also shows an increased heat transfer coefficient, which is greater than that of pure
PAO, but less than that of the PCM fluid. It is suspected that the reduced performance of the
PCM-Ag3 fluid is due to its relatively smaller latent heat. It is clear that the microPCM
enhanced heat transfer fluids would provide improved performance relative to pure PAO in
heat transfer applications.

9.2

Limitation and Future Works
The objective of the research is to apply the colloidal systems in the fields of thermal

management and water vapor recovery, by developing new colloidal-based synthesis methods,
building reliable thermophysical measurement equipment, synthesizing novel materials such
as microPCMs, silver-coated thermal conductive microPCMs, and the heat transfer fluids
enhanced with the thermal conductive, phase changeable microcapsules, obtaining
comprehensive experimental data and appropriate theoretical models of thermal and water
managements, and using them to guide the applications. Although the use of microPCMs in
thermal management has a brilliant future in a wide variety, the main blockade that hindering
the development of this research and applications is that the detailed molecular-level
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understanding of all the mechanism which are responsible for the observed change of properties
remains unclear.
There are still several important clues indicating the mechanisms of heat and mass
transfer in the synthesis and the products of the microPCMs, which can be drawn from
numerous research projects:
1. Phase change materials, in form of both nanoparticles and microcapsules, are useful to
improve the thermal conductivity and heat capacity of both bulk solid materials and
heat transfer fluids simultaneously, and further increase the heat transfer efficiency.
MicroPCMs have been developed and characterized in this research based on two types
of PCMs, the hydrophobic paraffin and the hydrophilic polyalcohol, with promising
results observed. Other combinations of PCMs, shell materials, possible nucleate
agents, and base fluids are going to be explored.
2. The supercooling of the encapsulated paraffin can be suppressed by optimizing the
polymeric structure of the MFR shells. Though the shell structure can be manipulated
by controlling the parameters of the chemical reactions, it remains unclear how the
resin is structured and how the difference structure induce heterogeneous nucleation of
the encapsulated paraffin. It is meaningful to take a comprehensive investigation of
the structure of the MFR for better understanding and further design of more efficient
shell material as nucleate agents of encapsulated PCMs.
3. As a novel method to improve the thermal conductivity of PCMs, metal coating on the
surface of the PCM microcapsules results to significant elevation of thermal
conduction abilities. However, based on theoretical prediction, there are still plenty of
rooms for further enhancement of thermal conductivity of the material. The main
reason of thermal resistance is the interfacial resistance between the MFR shell and the
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metal layer, as well as that among the metal grains in layer. In addition, in this work,
the pellets of thermal conductive microPCMs were produced in air, and thus traps a
certain amount of air inside, which is another reason of thermal resistance. Further
research can be done to explore the surface properties of the microPCMs and origin of
the interfacial resistance, and seek a proper way to eliminate it.
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Appendices
A.1

Techniques for Characterization of Heat Transfer Fluids
A.1.1 The 3ω – Wire Method
The 3ω -wire method was employed to measure the thermal conductivity of liquids.

Most of the published thermal conductivity data on the heat transfer fluids were obtained using
the hot-wire method, which measures the temperature response of the metal wire in the time
domain. The 3ω-wire method is actually a combination of the 3ω method and the hot-wire
method. Similar to the hot-wire method, a metal wire with a length of L and a radius of r is
suspended in a liquid acts as both a heater and a thermometer [91, 92, 232, 233].

Figure A-9-1. Setup of the 3ω - wire method for thermal conductivity measurement of
heat transfer fluids [167].

In the beginning, a sinusoidal AC current I at frequency ω is passed through the metal
wire:
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𝐼𝐼(𝑡𝑡) = 𝐼𝐼0 cos(𝜔𝜔𝜔𝜔)

(Equation A-1)

where I0 is the amplitude of the AC current. The current heat the metal wire, the power of
which can be expressed as a superposition of DC heating source and a 2ω modulated heating
source:
𝐼𝐼 2 𝑅𝑅

𝐼𝐼 2 𝑅𝑅𝐸𝐸 cos(2𝜔𝜔𝜔𝜔)

𝑃𝑃(𝑡𝑡) = 𝐼𝐼0 𝑅𝑅𝐸𝐸 cos 2 𝜔𝜔𝜔𝜔 = � 02 𝐸𝐸� + � 0

2

(Equation A-2)

�

where RE is the resistance of the metal wire under the experimental condition which is a
function of temperature. The corresponding temperature rise in the sample to be measured is
also a superposition of a DC part and a 2ω modulated part, similar to the heat generation:
𝑇𝑇(𝑡𝑡) = 𝑇𝑇𝐷𝐷𝐷𝐷 + 𝑇𝑇2𝜔𝜔 cos(2𝜔𝜔𝜔𝜔 + 𝜑𝜑)

(Equation A-3)

in which T2ω is the amplitude of the AC temperature rise and φ is the phase shift induced by
heating the thermal mass of the sample. Because of the temperature, the resistance of the wire
has also a 2ω component:
𝑅𝑅𝐸𝐸 (t) = 𝑅𝑅𝐸𝐸0 [1 + 𝐶𝐶 (𝑇𝑇𝐷𝐷𝐷𝐷 + 𝑇𝑇2𝜔𝜔 cos(2𝜔𝜔𝜔𝜔 + 𝜑𝜑))]

(Equation A-4)

where C is the temperature coefficient of resistance for the metal wire, RE0 is the reference
heater resistance at a reference temperature T0. Thus, the voltage applied over the metal wire is
𝑉𝑉(𝑡𝑡) = 𝐼𝐼(𝑡𝑡)𝑅𝑅𝐸𝐸 (𝑡𝑡)

= 𝐼𝐼0 𝑅𝑅𝐸𝐸0 (1 + 𝐶𝐶𝑛𝑛 𝑇𝑇𝐷𝐷𝐷𝐷 ) cos(𝜔𝜔𝜔𝜔) +

𝐼𝐼0 𝑅𝑅𝐸𝐸0 𝐶𝐶𝑛𝑛 𝑇𝑇2𝜔𝜔
2

cos(𝜔𝜔𝜔𝜔 + 𝜑𝜑) +

𝐼𝐼0 𝑅𝑅𝐸𝐸0 𝐶𝐶𝑛𝑛 𝑇𝑇2𝜔𝜔
2

cos(3𝜔𝜔𝜔𝜔 + 𝜑𝜑)

(Equation A-5)

in which the voltage contains the voltage drop due to the DC resistance of the wire at 1ω, and
two new components proportional to the temperature rise in the wire at 1ω and 3ω, respectively.
With applying a lock-in amplifier, the 3ω term of the voltage can extracted and used to deduce
the temperature rise amplitude at 2ω:
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2𝑉𝑉3𝜔𝜔

𝑇𝑇2𝜔𝜔 = 𝐶𝐶𝐼𝐼

(Equation A-6)

0 𝑅𝑅𝐸𝐸0

Meanwhile, the frequency dependent temperature rise 𝑇𝑇2𝜔𝜔 can be approximated[234]

based on

𝑇𝑇2𝜔𝜔 =

𝛼𝛼𝑓𝑓
𝑃𝑃
1
1
� ln � 𝑟𝑟2 � − 2 ln𝜔𝜔
2𝜋𝜋𝜋𝜋𝑘𝑘𝑓𝑓 2

+ 𝜂𝜂 − 2𝑖𝑖�

(Equation A-7)

in which P is the applied electric power, L is the length of the metal wire, αf and kf are the
thermal diffusivity and thermal conductivity of the fluids, correspondingly, the later can be
calculated by
𝑘𝑘𝑓𝑓 = −

𝑃𝑃

𝜕𝜕𝑇𝑇

−1

� 2𝜔𝜔 �
4𝜋𝜋𝜋𝜋 𝜕𝜕ln𝜔𝜔

(Equation A-8)

The 3ω -wire method has several advantages over the traditional hot-wire transient
method. It has little effect to the fluid system, and the temperature oscillation of this method
can be kept as small as less than 1K, compared to about 5K for the hot-wire method. Meanwhile,
the background noises such as temperature variation have much less influence on the
measurements due to the use of the lock-in technique. These advantages make the 3ω-wire
method ideally suited for measuring the thermal conductivity of heat transfer fluids.
A.1.2 Differential Scanning Calorimetry
The DSC determines the temperature and heat flow associated with material transitions
as a function of time and temperature. It also provides quantitative and qualitative data
endothermic and exothermic processes of materials during physical transitions that caused by
phase transition, chemical reaction, and other heat-related changes. The information is helpful
for identifying processing and end-use performance [235].
In DSC analysis, the sample is placed in an aluminum pan, and the sample pan and an
empty reference pan are placed on small platforms within the DSC chamber. Thermocouple
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sensors lie below the pans, as shown in Figure A-2. DSC measurements can be made in two
ways: by measuring the electrical energy provided to heaters below the pans necessary to
maintain the two pans at the same temperature (power compensation), or by measuring the heat
flow (differential temperature) as a function of sample temperature (heat flux) [236]. The DSC
ultimately outputs the differential heat flow (heat/time) between your material and the empty
reference pan. Heat capacity may be determined by taking the ratio of heat flow to heating rate.

Figure A-9-2. Scheme of the setup of a DSC cell [236].

A.2

Theories of Thermal Conductivity
A.2.1 Effective Medium Theory (EMT): the Maxwell Model
Effective thermal conductivity of composites or nanofluids, kEMT, are dependent only

on the thermal conductivity of base fluids, kf, the thermal conductivity of dispersed particles,
kp, and the volumetric fraction of particles, φ, and can be expressed as
𝑘𝑘𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑓𝑓(𝑘𝑘𝑓𝑓 , 𝑘𝑘𝑝𝑝 , 𝜙𝜙)

(Equation A-9)
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An empirical version of this equation is given as [237]
𝑛𝑛
= (1 − φ)𝑘𝑘𝑓𝑓𝑛𝑛 + 𝜙𝜙𝑘𝑘𝑝𝑝𝑛𝑛 ,
𝑘𝑘𝐸𝐸𝐸𝐸𝐸𝐸

-1 ≤ n ≤ 1

(Equation A-10)

Maxwell investigated the conduction of liquid suspensions analytically by considering
a very dilute suspension containing spherical particles and ignoring the interactions among
particles [238]. If the radius of spherical particles are identical, and can be denoted as rp, in a
temperature field T and temperature gradient GT, the governing equation for the steady-state
condition is the Laplace equation:
𝛻𝛻 2 𝑇𝑇(𝒓𝒓) = 0

(Equation A-11)

By introducing a large sphere of radius R0, within which all the solid spherical particles
are included in this large sphere, so that from a point r>>R0, the sphere with radius R0 is
considered as a system with an effective thermal conductivity kEMT embedded in a matrix or
base fluid with a thermal conductivity of kf. Solving the Laplace equation with the boundary
conditions of
𝑇𝑇(𝑟𝑟)| 𝑟𝑟→𝑅𝑅− = 𝑇𝑇(𝑟𝑟)| 𝑟𝑟→𝑅𝑅+
0

𝑘𝑘𝐸𝐸𝐸𝐸𝐸𝐸

(Equation A-12)

0

𝜕𝜕𝜕𝜕(𝑟𝑟)
�
−
𝜕𝜕𝜕𝜕 𝑟𝑟→𝑅𝑅0

= 𝑘𝑘𝐸𝐸𝐸𝐸𝐸𝐸

𝜕𝜕𝜕𝜕(𝑟𝑟)
�
+
𝜕𝜕𝜕𝜕 𝑟𝑟→𝑅𝑅0

(Equation A-13)

the temperature field outside the sphere R0 is then expressed as
𝑘𝑘

−𝑘𝑘𝑓𝑓 𝑟𝑟03
3
𝐸𝐸𝐸𝐸𝐸𝐸 𝑟𝑟

𝑇𝑇(𝑟𝑟) = �2𝑘𝑘𝐸𝐸𝐸𝐸𝐸𝐸
+𝑘𝑘
𝑓𝑓

− 1� 𝑮𝑮 𝑇𝑇 ∙ 𝒓𝒓

(Equation A-14)

At the same time, the temperature field T(r) can also be viewed as all the spherical
solid particles with radius rp being embedded in the matrix with a thermal conductivity of kf.
Using the superposition principle, the following equation can be derived:
𝑘𝑘𝑝𝑝 −𝑘𝑘𝑓𝑓 𝜙𝜙𝑟𝑟03
2𝑘𝑘𝑓𝑓 +𝑘𝑘𝑝𝑝 𝑟𝑟 3

𝑇𝑇(𝑟𝑟) = �

− 1� 𝑮𝑮 𝑇𝑇 ∙ 𝒓𝒓
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(Equation A-15)

Equating Equation A-14 and A-15, the effective thermal conductivity for suspensions
of spherical particles can be obtained:
𝑘𝑘𝐸𝐸𝐸𝐸𝐸𝐸 =

𝑘𝑘𝑝𝑝 +2𝑘𝑘𝑓𝑓 +2𝜙𝜙(𝑘𝑘𝑝𝑝 −𝑘𝑘𝑓𝑓 )
𝑘𝑘𝑝𝑝 +2𝑘𝑘𝑓𝑓 −𝜙𝜙(𝑘𝑘𝑝𝑝 −𝑘𝑘𝑓𝑓 )

𝑘𝑘𝑓𝑓

(Equation A-16)

A.2.2 Hashin-Shtrikman (H-S) Model
For nanocomposite and heat transfer fluids filled with irregularly shaped nanoparticles,
fitting of the experimental results was found to be more challenging. While Equation A16 works for the nanocomposite where the filler remained spherical and uniformly distributed,
the thermal conductive nanoparticles may change the effective shape, the aspect ratio, and the
volume fraction in different part of the nanocomposite or fluids. The percolation concentration
was reported to strongly depend on the shape and the aspect ratio of the particles [239]. Fitting
with Equation A-10, this may result in n > 1, which is outside the expected range. A more
general model by Hashin and Shtrikman to estimate the lower and upper bounds of the thermal
conductivity of heat transfer fluids and nanocomposite with irregular shaped particles [240]:
𝑘𝑘𝑓𝑓 �1 + 3𝑘𝑘

3𝜙𝜙(𝑘𝑘𝑝𝑝 −𝑘𝑘𝑓𝑓 )

𝑓𝑓 +(1−𝜙𝜙)(𝑘𝑘𝑝𝑝 −𝑘𝑘𝑓𝑓 )

3(1−𝜙𝜙)(𝑘𝑘𝑝𝑝 −𝑘𝑘𝑓𝑓 )

� < 𝑘𝑘 < 𝑘𝑘𝑝𝑝 �1 − 3𝑘𝑘

𝑝𝑝 −𝜙𝜙(𝑘𝑘𝑝𝑝 −𝑘𝑘𝑓𝑓 )

�

(Equation A-17)

where the lower bound is for well-dispersed and isolated nanoparticles in the matrix, and the
upper limit represents the thermal conductivity for a perfectly networked structure of the filler
in the matrix [241].
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