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Abstract

Cold storage, as a sub-subject of thermal energy storage (TES), has been tracked more and more
attention due to its growing application possibilities on different scenarios. These scenarios include
food reservation and transportation, building air-conditioning, liquid air gasification. etc. Phase change
material (PCM) has been considered as a good media in cold storage applications due to its high energy
storage density, adjustable temperature range. However, PCMs work at low temperature always suffer
from low thermal conductivity, low specific heat and slow freezing and melting rate, which are major
properties highly related to the charge/discharge performance of a cold storage system.

In this study, carbon nanotube (CNT) was added into ethylene glycol-water mixture and salt-water
mixture to formulate nano-composite PCM with -10 °C to -30 °C melting point. Rheological behaviour
of all samples was investigated at different CNT concentration, different temperature, and different
shear rate. The modified Krieger-Dougher (K-D) model was introduced to explain and fit the
experimental viscosity data. Then, the fitting parameter of modified K-D model was used to illustrate
the CNT cluster morphology, including cluster size, cluster shape and cluster inner structure.

Thermal conductivity of nano-composite PCM was measured at different CNT concentration and
different temperature. The CNT cluster effect was considered to explain the thermal conductivity
enhancement mechanism. Firstly, the effective thermal conductivity of one individual CNT cluster was
calculated by using Nan’s equation with the cluster information from rheological analysis. Then, the
effective thermal conductivity of CNT cluster and effective concentration of CNT cluster was applied
in Hamilton-Crosser (H-C) model to predict the overall thermal conductivity. The predicted thermal

conductivity was approved to show good consistence with the experimental data.



Other thermophysical properties including melting point, specific heat, latent heat and supercooling

degree were investigated as well. Conclusions can be drawn that: CNT shows negligible effect on the

melting point; specific heat and latent heat decreases linearly with CNT concentration; supercooling

degree decreases when CNT concentration increases, but the exact value depends on the method of

measuring.

Freezing process was observed under a microscope with temperature control stage. Then, the

crystallization rate was calculated. One can see that the appearance of CNT cluster helps accelerating

the crystallization rate in salt-water PCM. Also, temperature plays an important role in freezing process.

The higher the difference between the temperature and the melting point, the slower the crystallization

rate was observed. This phenomenon can be contributed to high viscosity and low Brownian motion at

low temperature, which constrain the self-diffusivity of molecular, thus limit the molecular transfer

from liquid to solid state.
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Fig 6-20 Temperature-history results of MgCl,-water based MCNT nanofluids (a) whole view, (b)
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Fig 6-21 Modulus-temperature curves of MgCl,-water based MCNT nanofluids: (a) freezing and (b)
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1 Introduction

1.1 Background

Growing concerns over increased greenhouse gas (GHG) emissions and climate change have triggered
attempts to conserve energy at every step of global technological and economic developments. A key
step in addressing this is the use of renewable energy sources. The major challenge for this step is the
intermittency and fluctuation of energy sources. As a result, scientists, engineers, industrialists, and
technologists across the globe have been developing energy-efficient and cost-effective technologies for
bridging the gap between the energy supply and end-use energy requirements.

Thermal energy storage (TES) is one of the potential technologies to store (time-shift) and redistribute
the energy to meet the less predictable end-user energy demands. The basic concept of TES, wherein the
term thermal refers to either heat or cold, is depicted in Fig 1-1. In normal operation, a heat source
provides energy to end users directly and a portion of the energy is often wasted during transfer,

transport and transformation. The integration of TES on intermediate between heat source and end users

Charging
process

Discharging
process

Direct/partial
critical load offset

Fig 1-1 The principal and typical operational mode of a TES system.



has the potential to reduce significantly waste of useful thermal energy and hence minimize GHG
emissions.

Typically, during off-peak periods, the heat source supply can far exceed the end-user demands. The
excess of thermal energy is stored in the TES device which is called the charging process. During peak
hours, the energy supply can not meet the end-user demand, the stored thermal energy is retrieved from
the TES devices to make up the difference. This is termed discharging process. By incorporating a TES
with conventional energy supply systems, the time shift and redistribution of the energy can be
effectively achieved. This in turn enables the heat supplier to operate at the nominal capacity and thereby
helps enhance energy efficiency, operational performance, and costs.

TES technologies can be divided into three major categories of sensible thermal energy storage (STES),
latent thermal energy storage (LTES) and thermochemical energy storage (TCES). The STES works by
raising the temperature of a storage material, and the amount of stored thermal energy depends on the
specific heat of the storage material, the temperature change during charging/discharging process and the
mass of the storage material. This can be quantified by:

Q= fTTL_f mc, dT 1-1
where m, ¢, Trand T; are the mass, specific heat, final temperature and initial temperature of the storage
material, respectively. The LTES works by storing/releasing heat when the storage material undergoes a
phase change process, e.g. from solid to liquid or vice versa. Such materials are often termed as phase
change materials (PCMs). Different from the STES, the temperature of PCMs is almost constant during
the phase change process. Like the STES process, the thermal energy storage capacity of PCMs also
depends on the temperature difference if the initial and final temperature of the process alter from the

phase change temperature. And in this case, the storage capacity is the sum of both latent heat during
2



phase change process and the sensible heat caused by the difference between final and initial temperature
during the energy storage process. This can be quantified by:
0= fTTipc mc, dT + mH,, + fTch mc, dT 1-2

where T, and Hy are the phase change temperature and the latent heat of the phase change, respectively.
The TCES makes use of reversible reaction and/or sorption processes in which thermal energy is
absorbed or released due to breaking or reforming molecular bonds. The thermal energy storage capacity
of TCES materials depends on the mass of chemical components, the endothermic/exothermic heat of
reaction and the extent of the reaction.
Of these TES technologies, LTES is particularly attractive due to high energy storage density and
constant temperature during phase change. However, several technological challenges need to be
addressed to bring PCMs to wide industrial applications. Among the challenges, low thermal stability,
corrosion, limited crystallization rate and high costs are regarded as the most important factors for
industrial uptake of PCM technologies.
1.2 Aims and objectives
The primary aim of work presented in this thesis is to address some of the challenges outlined above.
More specifically, this work is to study the thermophysical properties and the phase change behaviour of
EG-water and Salt-water based PCMs for cold storage applications, and to investigate the role
nano-additives play on the thermophysical properties and the phase change processes. These objectives
are detailed in the following:

i)  To understand how the composition of base PCMs and concentration of nano-additives affect

heat transport properties including thermal conductivity and viscosity.



ii) To understand how the composition of base PCMs and concentration of nano-additives affect
heat storage behaviour including melting enthalpy, specific heat and solidification and melting
behaviour.

1.3 Methodologies

A combined experimental work and theoretical analysis is used in this work. The experimental work is
mainly to investigate thermophysical properties and the phase change behaviour, whereas the theoretical
analyses are to establish relationship between concentration of nano-additives and thermal energy
storage behaviour and also to interpret the experimental observations.

1.4 Layout of the thesis

This thesis is organised into seven chapters as briefly outlined in the in following:

Chapter two provides a detailed literature review relevant to this work.

Chapter three details the sample preparation and experimental methods.

Chapter four presents the results on thermal conductivity and rheological behaviour of nano-composite
PCMs and analyses of the results.

Chapter five provides the results on the melting enthalpy, specific heat, supercooling and crystallization
of nano-composite PCMs, and analyses of the experimental results.

Finally chapter seven summarises the main conclusions and gives recommendations for future work.



2 Literature review

PCMs are clearly the most important part of LTES technologies. An ideal PCM should have
appropriate thermophysical properties to meet practical applications. These properties includes
thermal conductivity, specific heat and latent heat of fusion. The PCM should also have appropriate
kinetics during phase change, e.g. nucleation and growth rates, supercooling degree. In addition,
chemical properties and economics need also to be considered during material screening stage for large
scale industrial applications.
As a subcategory of PCMs, the above criteria are also applicable for cold storage PCMs, and the
literature review is focused on these properties and is organised as follows:

a) PCMs for sub-ambient applications

b) Formulation and production of well dispersed nano-composite PCMs

¢) Thermal conductivity of nano-composite PCMs

d) Rheological behaviour of nano-suspensions

e) Melting enthalpy, specific heat and crystallization/solidification of nano-composite PCMs

2.1 Phase change materials for sub-ambient temperature

applications

In this thesis, cold storage PCMs refers to materials that melts/freezes at a temperature below zero
degree Celsius and are mainly used for sub-zero temperature applications, see Fig 2-1. Typical cold
storage PCMs include ice, eutectic salt solutions, alcohol solutions, paraffin, alkanone and their multi —

component mixtures[1]. These cold storage PCMs have very different physical and chemical



characteristics due to different molecular structure and compositions. The radar charts shown in Fig 2-2

compares major properties of eutectic water-salt PCMs, non-eutectic organic PCMs and ideal PCMs,

respectively. It is obvious that typical water-salt solution takes the advantages of high latent heat, high

thermal conductivity, high density and non-flammability. However, it suffers from high corrosivity and

high supercooling degree. Compared with water-salt PCM, organic PCM has relatively lower harm of

corrosion and supercooling degree, but the thermal conductivity and latent heat are sacrificed at the

same time. From comparison , one can find that each type of PCM has its own merits and drawbacks,

thus leads to the difficulty of formulating an all-purpose PCM.

0 [Cold air distribution, railway cold storage transportation logistics, fermentation of beer industry, ski resort

—-25 Frozen food transportation and preservation, liquefaction of petroleum gas (propane, etc.)

Freezing process of working faces of mines

-5
Low temperature climatic chamber, production process of dry ice (CO;)

o

-100 Liquefaction of ethane and ethylene, cryomedicine, cryobiology

=125

—150 HLiquefaction of natural gas

Temperature (°C)

-175=
Air liquefaction and separation, noble gas separation, synthetic gas separation, hydrogen and argon
reduction, liquid oxygen and liquid ammonia application, low temperature space environment simulation

—200 [(heat sink)
—225F
Liquefaction of neon and hydrogen, simulation of space shuttle vacuum environment chamber (helium
-950 Imopump) —273. 15°C
Superconductivity, liquefaction of helium /

U» Ly 4= ] =
=

"He liquefaction, He superfluidity, Jnscphso;?cﬂbct and related physical research

Application

Fig 2-1 Classification of applications of PCMs with different sub-zero phase change temperatures. [1]

This work focuses on water based cold storage PCMs because of their relatively higher latent heat,

thermal conductivity, and specific heat, and better chemical stability. More Specifically, eutectic

water-salt solutions and water-ethylene glycol (EG) mixtures are chosen for the work.
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Fusion heat Fusion heat Fusion heat

Thermal

conductivity Density

Corrosion Flammability Corrosion Flammability

Supercooling Supercooling Supercooling

(a) Eutectic water-salt PCM (b) Non-Eutectic organic PCM (c) Ideal PCM

Fig 2-2 Comparison of properties of different PCMs.[1]



2.1.1 Cold storage PCMs: eutectic water-salt solutions

An eutectic water-salt solution is a mixture of water and salt, in particular proportion providing a certain

melting/freezing point. By adding a salt the freezing point of water can be depressed and the extent of

the depression depends on the concentration of the salt added. Fig 2-3 shows an illustrative relationship

between the freezing point and the salt concentration of the water/salt mixture. This figure is often

called a phase diagram. In the phase diagram, the freezing curve (solid line MPN) and the dotted line

passing through point P parallel to the horizontal axis divides the phase diagram into four zones. The

freezing point reduces with increasing salt concentration until the so-called eutectic point P, the lowest

N
)
Py S
=] v
3 =
= H
5 W
5 ..
- 8o
E Salt solution Solid salt+salt solution =
2 N
S
|_lcetsaltsoluyon |
Solill salt+ice
rl Il 'l l 1 ' L
0 25 50 75 100
0% salt Wt.% salt 100% salt
100% water = 0% water

Increasing percentage by mass of salt

Fig 2-3 Phase diagram for a water-salt mixture.



point on curve MNP, is reached, and beyond which the freezing point increases with increasing salt

addition. Theoretically, at the eutectic concentration of the salt, the solution freezes or melts completely

at a constant temperature with the cold/hot energy stored or released.

Table 2.1 gives the thermal properties of some typical eutectic water-salt solutions[1]. These PCMs are

considered likely suitable candidates for various potential cold storage applications at different

temperatures with fairly high latent heat of fusion.

Most cold storage applications of eutectic water-salt PCMs have been investigated with an aim to

improve the efficiency of performance of freezers. For example, as early as 1989, Onyejekwe et al. [2]

studied the possibility of using eutectic water salt solutions as a PCM on domestic freezers. In their study,

NaCIl+H,0 was packed and installed in a domestic freezer, and the optimal performance of the cold

storage system was investigated by taking into account the volume of the PCM and geometric

configuration of the PCM container. Azzouz et al. [3] developed a dynamic mathematical model of the

refrigeration system in the presence of an eutectic salt water PCM with a phase change temperature

ranging from -9 C to 0 °C. They claimed that by the incorporation of PCM on the back of the

evaporator, as shown in Fig 2-4, they could achieve a higher evaporating temperature and hence a higher

coefficient of performance of refrigeration. Later, they [4] conducted an experimental study of the

performance of a PCM imbedded household refrigerator. The PCM they used was also an eutectic water

salt mixture with a melting temperature of -3 C. The results showed an enhancement of the system

performance and a reduction of the temperature fluctuation in the refrigerated cell. Gin et al.[5] used

NH,Cl and water (19.5/80.5 wt. %) as a PCM with -15.4 ‘C melting point to maintain a stable

temperature in a freezer. They found that the energy consumptions during defrost cycles and door

openings could be decreased by 8% and 7% respectively by using the PCM.
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The effect of the use of PCM on temperature stability in refrigerated cells has also been a subject of
significant research . Gin et al studied[6] the temperature fluctuation in a freezer with and without PCM.
They found that the temperature was kept closer to the steady operation temperature of the PCM
imbedded freezer, which gave better quality ice cream during a power loss period. Oro et al[7]
performed a similar study on the performance of a freezer using PCMs under door opening and power
failure scenarios. In their study, a commercial PCM (eutectic of Na,NO; and water) with -18 °C melting
point was selected. The experimental data showed that the PCM could maintain interior freezer
temperature almost constant for a long period when electrical power was cut off and reduce the

temperature fluctuation caused by opening doors.

insulation

evaporator

phase change

= material
Fig 2-4 Schematic presentation of a refrigerator with a PCM. [3]
Table 2.1 Thermal properties of some selected eutectic water-salt solutions. [1]
Salt concentration Eutectic temperature Latent heat of fusion
Eutectic salt-water
(Wt. %) (‘C) (kJ/kg)
ZnCly/H,0 51 -62 116.84
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FEC|3/H20

CaClz/Hzo

CUCIlezo

K,CO3/H,0

MgC|2/H20

AI(NO3),/H,0

Mg(NO3),/H,0
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175.69
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187.75
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199.35
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NaH,PO,/H,0 324 -9.9 214.25

BaCl,/H,0 22,5 -7.8 246.44
ZnS0O4/H,0 27.2 -6.5 235.75
Sr(NO3),/H,O 245 -5.75 243.15
KHCO3/H,0 16.9 -5.4 268.54
NiSO4/H,0 20.6 -4.15 258.61
Na,SO4/H,0 12.7 -3.55 284.95
NaF/H,0 3.9 -3.5 314.09
NaOH/H,0 19 -2.8 265.98
MgSO,/H,0 19 -3.9 264.42
KNO3/H,0 9.7 -2.8 296.02
Na,CO3/H,0 5.9 -2.1 310.23
FeSO4/H,0 13.04 -1.8 286.81
CuSO4/H,0 11.9 -1.6 290.91

Although the benefits of eutectic water-salt based PCMs have been demonstrated in cold storage

applications both by experimental and by numerical studies, there are several drawbacks for this type of

PCMs including as phase separation, supercooling and corrosion. Practically implementation of the

eutectic water-salt based PCMs requires these challenges to be addressed.
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2.1.2 Cold storage PCMs: Alcohol solutions

Different from eutectic water-salt based PCMs, alcohol solutions consist of organic compositions. For

cold storage in subzero applications, alcohols have been mainly used as freezing point depressants in ice

slurry storage system for supermarkets, industry refrigeration, etc. Due to the freezing point depression

phenomenon of adding alcohols into water, these type of solutions could be potential PCMs for cold

storage applications. Hagg [8]studied effect of the concentration of different alcohols on the freezing

point and their results are shown in Fig 2-5. It can be found that different alcohols give a different extent

freezing point depressio

n, and thus meet different cold storage requirements.
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Fig 2-5 Freezing point curves of different alcohols. [8]

70

Kumano[9] studied the relationship between the degree of freezing point depression and the latent heat

of different alcohol solutions. Their results are reproduced in Fig 2-6, which shows that the latent heat
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decreases with a decreasing freezing point, and the ethylene glycol solution gives the highest latent heat

among the three solutions for a given freezing point.
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Fig 2-6 Latent heat of different alcohol solutions. [9]

2.2 Formulation of nano-suspensions of PCMs

Recent years have witnessed an increased interest in the emerging nanoscience and nanotechnology
areas. Such areas focus on the science and technology related to materials with a characteristic
dimension below 100 nm. The properties of these nanoscale materials can be significantly different from
their in bulk counterparts, providing great potential for the enhancement of material properties through
tailoring the size. More specifically, in thermal energy storage field, the possible applications of
nano-composite PCMs are enormous due to their favorable thermophysical properties achieved by

embedding nanostructured materials with PCMs.
14



The nano-composite PCMs can be divided into three major categories of nano-suspension based PCMs,

nano-matrix based PCMs and nano-encapsulated PCMs. Fig 2-7 illustrates schematically these

materials..

(a) (b)

Fig 2-7 Schematics of (a) nano-suspension based PCMs, (b) nano-matrix based PCMs, (c) nano-encapsulated PCMs.

The nano-suspension based PCMs consist of a base liquid with nanomaterials such as nano-particles,

nano-tubes and nano-sheets dispersed in the liquid. Nanomaterials in such suspensions properly act as

thermal enhancers to improve the performance of thermal energy storage and release processes. The

base fluids are made from PCMs to store latent heat. The nano-matrix based PCMs consist of PCMs

embedded with a nano-matrix with nano-pores or nano-channels. The nano-encapsulated PCMs have

core/shell structure with core being a PCM and shell a polymer in solid state. This work focuses on

nano-suspension based PCMs.
2.2.1 Formulation method of nano-suspension based PCMs

Preparing a stable and durable nano-suspension based PCMs is the prerequisite for all potential

applications. There are a number of methods for producing such suspensions and they can be divided

into two categories of single-step and two-step method.

In single-step method, nanoparticle manufacturing and nano-suspension preparation steps occur

simultaneously, which could be continuously. An example of such method is that nanoparticles are

15



directly produced by physical vapor deposition (PVD), and the in-situ prepared nanoparticles enter the
flowing base fluid, forming nanofluids. Fig 2-8 shows schematically the process .

—

~

< ™~

Resistively heated
Crucible

Base fluid

Cooling system
Fig 2-8 Schematic diagram of the single-step nano-suspension production system.
The method used by Akoh et al.[10] in 1978 is a one-step method for producing extremely fine particles,
though that is called VEROS (Vacuum Evaporation on Running Oil Substrate) and is shown in Fig 2-9.
They claimed that the production rate is several times faster than that of the conventional gas-evaporation
method. Later, Eastman et al.[11] modified the VEROS method, and produced Cu nanoparticles in oil
with excellent stability. Lo et al.[12] developed a Submerged Arc Nanoparticle Synthesis System (SNSS)
to produce nano-suspensions. Such a method involves heating a pure metal rod to melt and vaporize by a
submerge arc to a high temperature between 6000 and 12000 “C. The authors claimed that the SANSS
method has advantages of avoiding nanoparticle agglomeration and producing uniform dispersion of

nanoparticles.
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Fig 2-9 A schematic diagram of the VEROS method. [10]
In two-step method, dry nanomaterials are produced first followed by dispersion of the particles. This
two-step method is most widely used for the producing nano-suspensions. An unavoidable issue of the
two-step method is the aggregation and agglomeration of nanoparticles due to high surface energy of
nanoparticles. The aggregation and agglomeration issue makes the redispersion step difficult and later
on sedimentation of the aggregated particles if they cannot be broken. As a result, a considerable
amount of effort has been made to re-dispersing the agglomerated and aggregated nanoparticles,

particularly by ball milling[13]-[21], high shear homogenization[22]-[24], high pressure
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homogenization[25], [26] and ultrasonication[27]-[37]. To obtain high quality suspensions, often two or

more of the above methods are used in sequence [38]-[42].

So far, a varieties of nanomaterials have been successfully dispersed in different base fluids. Table 2.2

shows a list. This list is incomplete, which aims to show the types of base fluid and nanomaterial used,

size range, and concentration range.

Table 2.2 Examples of nanofluids reported in the literature.

Particle Base fluid Size Concentration Surfactant Reference
0.0005-0.5
Cu Water 25 nm SDBS and CTAB [43]
wt.%
0.5, 1.0 and
Al203 Water 20 nm, Chitosan [44]
3.0wt.%

TiO2 water 21 nm 0.2-2.0 vol.% CTAB [45]
MCNTs water 10-30 nm 0.2 wt.% Triton X-100 [46]
MCNTs water 10-20 nm 1.0 wt.% Gum Arabic [47]

0.025-53.0

Fe304 water 15-22 nm Tetramethylammoniumhydroxide [48]

vol.%

2.2.2 Stability of nano-suspensions and inter-particle forces.

Long term stability of nano-suspensions is one of the most important prerequisite for their utilization in

thermal energy storage and heat transfer intensification. Yu et al[49] suggested that a good stability

mean the nanoparticles aggregate and precipitate at a unnoticeable rate. This is insufficient as there is a

lack of time scale in their consideration. This time scale should be relative to the storage time.

Aggregation of nanoparticles may deteriorate or enhance the apparent thermophysical properties of the

18




nano-suspensions. This would, consequently, affects the benefits of nano-suspensions in practical
applications. As a result, optimization of the structures of nanoparticles may be needed.

According to DLVO theory[64—-66], the stability of a nano-suspension is determined mainly by two
inter-particle forces between nanoparticles. One is an attractive force termed van der Waals forces, and
the other one is a repulsive force due to electrostatic actions. Fig 2-10 shows schematically the principal
of the DLVO theory for two particles, where V,, Vg and V7 indicates van der Waals attractive
potential, electrical double later repulsive potential and the total potential, respectively. One can see

three zones from the figure: the primary minimum, the primary maximum and the secondary minimum.
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Fig 2-10 Energy interaction between two particles in DLVO theory.
The behavior of the particles depends on the inter-particle distance. For example, if the two particles
are very close, so they are in primary minimum area, the total energy is far below zero, indicating a
strong attractive force between the particles, and hence a high probability of aggregation. If the
particles have a separation distance corresponding to the primary maximum area, the repulsive force

overwhelms the attractive force leading to a stable suspension. Note that the primary maximum area is
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not a necessary stable zone for suspensions, they can slide to the left side to the primary minimum area

when suspended particles are subject to high external Kinetic actions that can overcome the total

repulsive potential energy barrier. In secondary minimum area, particles could stick to each other

forming a loose aggregates, such weak aggregates could be fairly easily broken by external forces.

Apart from the above discussed DLVO forces, non-DLVO forces could also play an important role in

the suspension stability[67—72]. This has been a subject of numerous studies. These studies are mainly

through modelling , which can be divided into hydration force[73-95], hydrophobic force[96-101] and

steric force[102-108]. To summarize all the interaction force between particles in colloidal system,

Liang et al. [95] gave comprehensive review on the area covering both DLVO and non-DLVO aspects.

Table 2.3 gives some major characteristics of interaction forces between nanoparticles, which are

highly relevant to this study.
2.2.3 Stability enhancement methods.

As discussed above, the stability of a nano-suspension depends on the properties of both the

nanoparticles, and the base fluid. It is normally easy to disperse hydrophilic particles, (e.g. some metal

oxide particles) into polar basefluid (e.g. water). Dispersing hydrophobic particles into water, however,

presents challenges because the total repulsive forces between particles may not strong enough to

overcome their attractive forces, leading to the formation of aggregation and sedimentation.

To improve the stability, surfactants are often introduced to modify the surface of nanoparticles. The

surfactants have functional groups which interacts with nanoparticle surfaces, could increase the

repulsive forces between nanoparticles.
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Table 2.3 Interaction forces between nanoparticles. [95]

Interaction force Van der Waals Electrical double layer Hydration Hydrophobic Steric
Interaction distance 50-100 nm 5-30 nm 10 nm 10 nm 20-200 nm
Type of force attractive repulsive attractive attractive repulsive
4TikTC? 1
. AR 1 H H 3V X (E B X) %
Interaction energy — U 2me RO§In[1+e ] B ppp v oTie B nRR Ve e 1

12H

H\? Hy [5]
(h=2) x BR+2h+3)

[1] A: Hamaker constant.
[2] e,: dielectric constant; ¢, : surface potential of particles; «: reciprocal of Debye length.
[3] ho: decay constant; V;: hydration constant.

[4] V.: hydrophobic constant.

[5] x: Boltzmann constant; C: concentration of absorbent; h: thickness of the steric layer; y: Flory-Huggins interaction parameter.
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The surfactants can be divided into three categories according to the charge state of their functional

groups: cationic surfactant (positively charge), anionic surfactant (negatively charge) and non-ionic

surfactant (neutral). Table 2.4 shows some typical surfactants used in the nano-suspension preparation.

Fig 2-11 illustrates how surfactants work to enhance the suspension stability. When particles absorb

ionic surfactants molecules on their surface as shown in Fig 2-11 (a), one end of the surfactant

molecules attaches to the surface of the particles, whereas the other end with a different charge extends

to the base fluid. In this thesis, anionic surfactant SDS was used to enhance the stability of MCNT in

EG-water based nanofluids. The hydrophobic chain of SDS was attached to the MCNT surface due to

the effect of hydrophobic absorption, while the hydrophilic head was exposed to the water based fluids.

Table 2.4 Some typical surfactants used in the nano-suspension preparation.

Type surfactant reference

Anionic Sodium dodecylbenzene sulphonate (SDBS), sodium dodecylsulphate | [110-116]

(SDS), Ammonium lauryl sulphate (ALS), Potassium lauryl aulphate

(PLS), Sodium stearate, etc

Cationic Cetyl trimethyl ammonium bromide (CTAB), dodecyl trimethyl | [117-118]

ammonium bromide (DTAB), Cetrimonium chloride, etc

Non-ionic Gum Arabic (GA), poly vinyl pyrrolidone (PVP), Tween 80, Oleic

acid, etc

A diffuse layer of opposite charged ions therefore forms around the particles, providing additional

repulsive force between particles upon approaching each other. The thicker the electrical layer, the

stronger the repulsive force among the particles, and hence an enhanced stability due to the use of
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surfactants. The use of non-ionic surfactants can also enhance the suspension stability. This works due

to steric forces as illustrated in Fig 2-11 (b). Non-ionic surfactants are polymers that have large

molecular weight and long polymeric chains. When particles absorb non-ionic surfactant molecules on

their surfaces, the polymeric chains can extend to the base fluid to form a barrier to prevent further

attraction when the particles approach each other.

Fig 2-11 Mechanisms of the use of (a) ionic, (b) non-ionic surfactants for suspension stabilisation.

For aqueous suspension of nanoparticles, their stability can be enhanced by adjusting the pH value of

the solution. According to the DLV O theory, the electrical double layer around particles contributes to

the repulsive force to overcome the van der Waals attractive force. The electrical repulsive potential at

the surface of the double layer is called zeta-potential which acts as an indicator of the stability of the

particles in the base fluid. Normally, a nano-suspension can be considered stable if the zeta-potential of

the particles is larger than +30 mV or smaller than -30 mV[105]. For water based system

nano-suspension, zeta-potential is highly related to the pH value of the base fluid. Fig 2-12 shows a

typical functional dependence of the zeta-potential on pH.

One can see that the curve passes across the horizontal axis at a point which is commonly known as

isoelectric point (IEP). At this point, the zeta potential is zero, indicating no electrical repulsive forces
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between suspended particles and hence an instable suspension. By adjusting the pH away from the IEP,

the stability of the suspension can be enhanced.
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Fig 2-12 Zeta potential vs pH curve.
Suspension stability could also been enhanced from particle aspects, e.g. surface modification. In this
method, functional groups are firstly grafted onto the surface of the particles by chemical or physical
treatment, followed by dispersing the functionalized particles into the base fluid Table 2.5 shows some
reported studies on surface modification for nano-suspension preparation.

Table 2.5 Surface modification for nano-suspension preparation.

nanoparticle Base fluid grafted group reference
CNT Water, ethylene glycol C-0-C,C=0 [106]
CNT Water -COOH, -OH [107]
Zn0 Water -OOCR [108]
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TiO2 Silicone oil PDMS [109]

Si02 Water PEG [110]

2.2.4 Characterization of suspension stability

A main and most used method for measuring the stability of nano-suspensions is the visual observation

particle sedimentation. Wan et al.[111] studied the stability of graphite/ethylene glycol

nano-suspensions. Fig 2-13 shows the photos of different samples taken at different time, illustrating

that sample ¢ has a clearly high stability that sample a.

Fig 2-13 Picture of sample a, b and c after 1day, 3 days and 1 week. [111]

Although visually observing particle sedimentation is an easy way to compare stability of suspensions,

it is qualitative and less accurate. A more qualitative method is the use of zeta potential measrements

according to the DLVO theory. However, such a method is only applicable to polar liquid based

suspensions (e.g. water or aqueous solution). It cannot be used for stability of suspensions based the

steric forces.
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The suspension stability can be quantified by using a UV-VIS spectroscopy. Such a method is based on

the Beer-Lambert’s Law[112], which shows that the absorbance of a suspension is proportional to the

concentration of a suspension. A relationship between the absorbance intensity and particle

concentration of the suspension can therefore be established[101]. By recording the absorbance

intensity with time, one can then plot the relative concentration of nanoparticles as a function of time of

different samples. Fig 2-14 shows an example of such relationship[113].
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Fig 2-14 Concentration versus sediment time. [113]
The change in concentration illustrates the stability of the nano-suspension.
Other quantitative methods for measuring suspension stability include measuring particle size as a

function of time, and measuring particle concentration as a function of time.

2.3 Thermal conductivity enhancement of nano-suspensions

Enhancement of thermal conductivity of PCMs has been at the top of the priority list of most studies as
most PCM based devices suffer from low charging/discharging kinetics, and low PCM thermal

conductivity contribute a significant potion to such an issue. Recent advances in nanoscience and
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nanotechnology has inspired scientists and engineers to introduce nanoparticles into PCM for

enhancing their properties.

2.3.1 Experimental observations of thermal conductivity of nano-suspension

A significant amount of studies has been carried out on thermal conductivity enhancement of

nano-suspesnions. This section reviews the relevant literatures, particularly the factors that affects the

thermal conductivity of naon-suspensions including: nanoparticle concentration, nanoparticle size and

shape and nanoparticle materials.

Nanoparticle concentration

The literature reported effect of particle concentration on thermal conductivity enhancement is fairly

consistent, see Fig 2-15, for water based Al,O5 nanofluids with nanoparticles of the same nominal size,

and for water based CuO nanofluids.

—oe— Lee et al. [2] (38 nm)
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Fig 2-15 Effect of particle volume concentration on thermal conductivity enhancement for water based nanofluids.[114]
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Fig 2-15 and Fig 2-16 show a clear functional dependence that the thermal conductivity enhancement

increases with increasing particle concentration.
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Fig 2-16 Effect of particle volume concentration on thermal conductivity enhancement for water based CuO nanfluids. [114]
Nanoparticle size and shape
The effect of particle size on the thermal conductivity enhancement is still a subject of debate. Fig 2-17
shows an example set of data for water based Al,O; nanofluids. One can see that for a given particle
concentration, nanofluids with 60 nm nanoparticles show the highest thermal conductivity
enhancement, followed by that with 28 nm nanoparticles, and the 38 nm nanoparticles.
The exact reason for the particle size effect are unclear, but are likely to be associated with the
following:
® Interfacial thermal resistance which increases with decreasing particle size;
® Size effect of nanoparticles on thermal conductivity which becomes significant when particle size
is close to the mean free path of phonon;

® Inaccurate size measurement and aggregation of particles;
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Fig 2-17 Effect of particle size for Al203 in water. [114]

The number of studies on the effect of particle shape on the thermal conductivity enhancement is fairly
small. However, the results of these studies are fairly consistent. Fig 2-18 shows an example of a set of
studies, which demonstrates (though more on qualitative basis) rod-like particle give a higher
enhancement.

Nanoparticle materials types

A considerable amount of work has been done on the effect of particle material type on the thermal
conductivity enhancement. The results of these studies are not always possible for a meaningful
comparison due to more than one variables. Fig 2-19 shows a comparison of these materials with the

rest of the variables being the same. One can only see a small effect of the material type.
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Fig 2-18 Effect of particle shape on thermal conductivity enhancement for water based SiC nanofluids. [114]
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Fig 2-19 Effect of particle material type for water based nanofluids. [114]

30



However, the situation changes when high thermal conductivity particles are used, as illustrated in Fig

2-20 (a). The data shown in the figure are for two metallic and one oxide particles[14][49][115][116].

The metallic particles produce the same extent of enhancement as the oxide particles but at a much

lower volume. Fig 2-20 (b) shows a comparison between nanofluids containing oxide, silicon carbide,

and metal alloy particles. One can see a 2.3 times increase in thermal conductivity of metallica alloy

based nanofluids at a particle concentration of 2.5%. compared to a much smaller enhancement of

metal oxide based nanofluids.
2.3.2 Mechanisms of thermal conductivity enhancement due to introduction of nanoparticles

There are numerous studies on understanding the mechanisms of thermal conductivity enhancement.

The most accepted mechanisms are Brownian motion of nanoparticles, clustering of nanoparticles,

nano-layering of the liquid at the liquid-nanoparticle interface, and ballistic transport[13][14]. Most of

the studies focus on the discussion of the roles of the Brownian motion of the nanoparticles,

molecular-scale layering at liquid/particle interface (nano-layer) and nanoparticle clustering. These are

briefly reviewed in the following.
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Fig 2-20 Effect of particle material type on ethylene glycol based nanofluids: (a) low concentration, (b) high concentration. [114]

Brownian Motion
The effect of particle Brownian motion is often neglected due to the large sized particles. As particle

size reduces, particularly when particles approach the nanometer scale, the particle Brownian motion
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and its effect on the surrounding liquids could become significant. The contribution of the Brownian

motion enhance thermal conduction could occur in two ways. First, the movement of the nanoparticles

transfers heat via convection., Second, the motion of particles induces fluid motion and hence heat

transfer around individual nanoparticles. The first one has been shown theoretically to be

negligible[117]. The second one has also been shown to have a minor effect on the thermal

conductivity by theoretical analysis[118].

Keblinski et al.[119]performed molecular dynamics (MD) simulations to calculate the thermal

conductivity of a nanofluid using simplified intermolecular potential model. Their results suggested

insignificant effect of nanoparticle Brownian motion on thermal conductivity enhancement. This is

consistent with the ratio of thermal diffusion to the Brownian diffusion would indicate. Keblinski et al.

also indicated that the Brownian motion may have an effect on the formation of particle cluster, which

could improve the thermal conductivity of naonfluids.

Nano-layer

The nano-layer refers to a solid-like liquid layer at the interface between the solid nanoparticles and the

surrounding base liquids[120]. An interfacial thermal resistance is known to be present at such

interfaces, which is termed as the Kapitza resistance[121]. Although liquid molecules close to a solid

surface are easier to form a layered solid-like structure, little is known about the thermal properties of

such a nano-layer and interaction between this layer and the base fluid and the solid. According to Yu

et al.[122], the layered molecules are in an intermediate physical state between a solid and a base fluid.

Therefore, the solid-like nano-layer of liquid molecules would be expected to lead to a higher thermal

conductivity than that of the base fluid. This suggests that the solid-like nano-layer would acts as a
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thermal bridge between a solid nanoparticle and a base fluid, leading to one of the explanation of the

experimentally observed thermal conductivity enhancement.

Although the nanolayer effect is thought by some researchers to play an important role in the thermal

conductivity enhancement of nanofluids, experiments and simulations have shown that the thickness of

such a layer is only in the order of a few atomic distances (0.5 to 1 nm)[123]. This length scale is

smaller than the mean free path of phonons, and hence is not expected to give a dominant effect rather

than enhancement.

Clustering

As discussed earlier, nanoparticles are prone to aggregation due to van der Waals forces. This

aggregated structure could act as a local percolation mechanism, leading to local enhancement of the

effective thermal conductivity of nanofluids.

Clearly, a nanofluid consisting of all nanoparticle clusters would give a high extent of thermal

conductivity enhancement, which is difficult to realize in practice, particularly when the fluid is under

shear and the cluster can be destroyed. However, local clustering is possible and they have been

experimentally observed. These clusters are more thoroughly conductive than the nanofluid made of

well dispersed nanoparticles. As a result, the volume fraction of the highly conductive phase is larger

than the actual solid volume fraction and may significantly increase the thermal conductivity.

Wang et al.[124] proposed a new model for the thermal conductivity of nanofluids based on the

effective medium approximation and the fractal theory for accounting for the effect of nanoparticle

clusters. They considered that size effect and the nano-layer in the model. Although their model agrees

with the experimental data of CuO-water nanofluid, its validity requires more experimental effort.
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Karthikeyan et al[125]. experimentally studied the effect of nanoparticle clustering on the thermal
conductivity of CuO nanoparticles based aqueous nanofluid. They showed that the cluster size had a
significant effect on the thermal conductivity of the nanofluids, which decreases with time due to the
clustering of CuO nanoparticles. Furthermore, they indicated that the finer the particle size with
monodispersity, the larger the enhancement in the thermal conductivity of nanofluids. They also noted
that the nanoparticle clustering may exert a negative effect on heat transfer enhancement when the
clusters start ot settle in the fluid.

Prasher et al[126], by using the effective medium theory, showed that the thermal conductivity of
nanofluids can be significantly enhanced by the aggregation of nanoparticles into clusters. They
claimed that the observed thermal conductivity of nanofluids can be explained by aggregation Kinetics.
Their predictions using the effective medium theory were in excellent agreement with detailed
numerical calculations on model nanofluids involving fractal clusters and showed the importance of
cluster morphology on thermal conductivity enhancements.

Although a lot of work have been done on the development of prediction models for thermal
conductivity of nanofluids, most of the models are only valid under their own experimental condition

and they are in most cases in disagreement with other literature data.

2.4 Viscosity of nano suspensions

Viscosity is an important fluid property that affects pressure drop and hence pumping power and
convective heat transfer of a fluid flows. There have been numerous studies on the area and they are
summarized in the following according to the effects of particle shape, particle size, volume fraction

and particle aggregation on nanofluids’ viscosity.
35



2.4.1 Effects of particle size and shape on the viscosity

The viscosity of nanofluids is a function of particle size given other conditions. Nguyen et al.[127]

studied the viscosity of alumina—water nanofluids. They observed that at 4 % particle volume

concentration, 36 and 47 nm alumina/water nanofluids showed almost the same viscosity; however,

when the volume concentration was increased, the nanofluids with 47 nm nanoparticles gave a higher

viscosity than that with 36 nm particles. Similar results were reported by the same auther for nanofluids

with 7 % and 9 % concentration[128]. Their results are in agreement with He et al[129] for aqueous

based TiO, nanofluids with 95 nm and 145 nm particles.

Namburu et al.[130] reported that the viscosity reduced with increasing particle size for SiO, based

nanofluids. Similar observations were reported by Chevalier et al.[131] for SiO2—ethanol nano

suspensions of three different particle sizes of 35, 94 and 190 nm, Pastoriza-Gallego et al.[40], Lu and

Fan[132] and Anoop et al.[133] for CuO-water and Al,Os—water nanofluids, respectively. These

observations contradict to that of He et al and Nguyen et al, and the exact reason are unclear. Very few

studies have been found in the literature on the effect of particle shape on the viscosity of nanofluids.

Timofeeva et al.[134] reported that nanofluids with elongated particles had a higher viscosity of

nanofluids than that with spherical nanoparticles. Ferrouillat et al.[135] studied the shape factor of

nanoparticles on convective heat transfer of water based SiO, and ZnO nanofluids. They found that the

water based ZnO nanofluids with rod-like nanoparticles had slightly lower viscosity compared to that

with polygonal particles, whereas the SiO, nanofluids with banana-shaped particles had a viscosity

close to that with spherical particles.
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2.4.2 Effect of volume concentration

Several studies have been published on the effect of particle loading on the viscosity of nanofluids.

Almost all these studies show that the addition of nanoparticles, even at a low volume fraction,

increases the viscosity.

Prasher et al.[136] observed that the viscosity of alumina—water nanofluids increased with an increase

in nanoparticle volume fraction. Das et al.[137] observed that the alumina-water nanofluids exhibited

Newtonian behavior and that the viscosity of the nanoflud increased with particle concentration.

Duangthongsuk and Wongwises[138] noticed an increase in the viscosity of TiO,—water nanofluid by

4-15 % with particle volume concentrations increased from 0.2 % t02.0 %. Similar observation were

made by Chevalier et al.[131] on the viscosity of SiO,—ethanol nanofluids, Schmidt et al.[139] on

Al,O5 based decane and isoparaffinic polyalphaolefin (PAO) nanofluids, Ding et al.[23] on CNT based

aqueous nanofluids; and Chandrasekar et al.[140] on alumina—water nanofluids.
2.4.3 Effect of particle aggregation

The effect of particle aggregation on nanofluid viscosity could be significant. Chen et al.[141] studied

Peff —
@

this effect using the fractal theory. They introduced the so-called effective particle volume:
(%)H’, where d and d. are diameters of the primary nanoparticles and aggregates, respectively, and
D is the fractal index with a typical value of 1.6-2.5 for aggregates of spherical nanoparticles. With this,
it was possible to fit the data with a modified Krieger-Dougherty equation by replacing ¢ with @,
This approach was supported by Duan et al.[142]who studied the viscosity of Al,Os-water nanofluids
and found and the increase in the relative viscosity due to nanoparticle aggregation fits the modified

Krieger-Dougherty model.
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2.5 Thermal properties of nano-suspensions

Thermal properties related to storage application includes melting point, melting enthalpy, specific heat
and supercooling degree and so on. These properties have been studied extensively, particularly for

temperatures above the ambient.
2.5.1 Melting point and melting enthalpy

Most reported studies on the area concern the melting point of PCM containing nanoparticles, and the
results show little changes to the melting point. For example, Harikrishan et al[143] added TiO,
nanoparticles into palmitic acid with a particle mass concentration ranging from 0.1 wt% to 0.3wt%,
and found that the maximum deviations of melting temperature were 0.19 %. This is consisted with the
findings of Wu et al.[144], who observed a maximum change of the melting temperature of 0.6% by

adding 2 wt% Cu nanoparticle in paraffin.

The addition of nanoparticles could have significant effect on the latent heat of PCMs. For example,
Shuiying et al.[144] found that the latent heat of melting reduced by 11.1 % due to the addition of Cu
to paraffin. According to the theory of mixtures, the latent heat of Cu/pafaffin can be calculated by
multiplying the latent heat of the pure paraffin with the mass fraction of the PCM in the mixture.
However, the experimental latent heat does not agree with theory, as demonstrated in Fig 2-21. From
the figure, one can see the deviation increases with increasing mass concentration of nanoparticles.
Sari and Karaipekli[145][146] , Ho and Gao[147], and Xie[148] have also observed similar results. The

mechanisms for the observation are still subject to further investigation.
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Fig 2-21 Latent heat of Cu/paraffin with different mass fraction.
2.5.2 Specific heat

Besides latent heat, the energy storage capacity of a thermal energy storage system mainly depends on

specific heat during no-phase change period. There are reports on the effect of nanoparticle on specific

heat of nanofluids. Zhou and Ni[149] found that the specific heat will decrease by adding Al,O3 into

water, and the decrease is in linear relationship with nanoparticle volume fraction, which is in good

agreement with the simple mixing role. Similar observation were found by O’Hanley[150] on water

based SiO,, Al,O3 and CuO nanofluids. However, little studies has been carried out on specific heat of

PCM at low temperature, especially sub-zero temperature, which forms the motivation of specific heat

study in this thesis.
2.5.3 Supercooling degree

Supercooling degree is defined as the difference between the ideal melting point and the real freezing

point of PCM. For example, we all know that the melting point of water is 0 °C, but the real

temperature when water starts turn from liquid to solid can be down to ~-18 °C due to the existence of

supercooling[151]. Such kind of big delay of freezing point of PCM could cause very large energy cost
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on refrigerator side, further lead a low efficiency of the cold storage system. As a result, reducing

supercooling degree becomes an important target of using PCM in cold storage area.

Nanoparticle as a nucleation agent has been widely used to reduce supercooling degree. Wu et al.[152]

investigated the cold storage performance of an Al,Os—H,O nanofluid and found that adding 0.2%

Al,O; nanoparticles can shorten the crystallization time of the nanofluid by 20.5% and reduce its

supercooling degree from 7.0 °C to 2.3 °C. Kumaresan et al.[153] discovered that dispersed

multi-walled carbon nanotubes in deionized water can act as a nucleating agent to reduce the

supercooling degree of water from 8 °C to 4 °C.

However, researches on supercooling degree of PCM at sub-zero temperature remains insufficient. He

et al.[154] explored the supercooling degree of BaCl, solution with TiO, nanoparticles. They found that

adding 1.13 vol% TiO, nanoparticles significantly reduce the supercooling degree from 3.78 °C to 0.57

°C. The lack of experimental study on supercooling degree of sub-zero cold storage PCM forms the

motivation of supercooling degree study in this thesis.
2.5.4 Crystallization rate

Crystallization process of water was observed by many researchers and the crystallization rate was

calculated based on the observations. Ivall et al.[155] provided an experimental setup to visually

observe the freezing of water. The schematic of this experimental apparatus mainly consists a camera

with a macro lens, a cooling stage and a sample plate. A droplet of water was deposited on the sample

plate and the sample plate was set on the cooling stage. The camera was set aside to record the live

image of the droplet during cooling. Then, they measured the solid-liquid front position continuously
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and calculated the front velocity, which indicates the crystallization rate. Murray et al.[156] used an
optical microscope instead of digital camera and the water droplets were placed in a sealed cell in his
experiments. Images were recorded while the droplet-cell was cooled down and the number of frozen
droplets was counted, yielding the crystallization rate. Pasieka et al.[157] observed the front moving
and mushy zone in cooled water by an infrared camera and the front velocity was calculated afterwards.
Although some approaches have been used to observe freezing of water, few research has been carried

out on sub-zero PCMs, which forms the motivation of crystallization study in this thesis.

2.6 Summary

This chapter mainly reviewed the basic and typical researches relating to work in this thesis, including:
types of sub-zero PCM; formulating methods of nano-suspension; effect of nanoparticle on thermal
conductivity, viscosity, melting point, latent heat, specific heat, supercooling degree and crystallization

of nano-suspension.

However, existing researches are mainly focusing on properties and mechanisms at ambient
temperature, very few work is reported covering sub-zero temperature. In contrast, the growing
attention is paid on the cold storage field, leading to a serious need for further knowledge on material
side in low temperature area. This forms the motivation of a systematic study on material side
concerning cold storage at sub-zero temperature. The work in this thesis presented parts of the efforts
of understanding the mechanism of thermal and physical properties in nano-composite PCM at

sub-zero temperature.
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3 Materials and methodologies

This chapter gives details of materials used in this work as well as methods for preparing

nano-suspensions and measuring the preferred thermophysical properties.

3.1 Materials and methods for nano-suspension preparation.

3.1.1 EG-water based MCNT nanosuspensions

Ethylene glycol (EG) with a purity of 99.5 % was purchased from Sigma Aldrich, UK (CAS number:
107-21-1). The multiwalled carbon nanotube (MCNT) with 10 nm outer diamter, 4.5 inner diameter and
3~6 um length was also purchased from Sigma Aldrich, UK (CAS number: 308068-56-6). Distilled
water was obtained from a lab water stiller (Calypso water still, Fistreem International Ltd, UK). Sodium
dodecylbenzenesulfonate (SDBS) purchased from Sigma Aldrich (CAS number: 25155-30-0) was used
as a surfactant for particle stability enhancement. These materials were used as-received without
purification. The EG-water based MCNT nano-suspensions were prepared using the two-step method.
EG and distilled water were mixed at to produce basefluids with EG/water ratio of 20/80, 25/75 and
30/70 respectively. A preset amount of MCNT, together with the some amount of SDBS, was then
dispersed into the EG-water basefluids. Through this process, nanofluids with MCNT volume
concentration of 0.0625%, 0.125%, 0.25% and 0.5% were produced. The corresponding mass of MCNT

for a given amount of nanofluids was determined by the following equation:

MMCNT/PMCNT
= Eg. 3-1
¢ (mment/PMeNT)+H(Mp/PD) q

where ¢ represents the volume fraction of the nano-suspension; mycnt and my, are the mass of MCNT

and the base fluid, respectively; and pucnt and p, are the density of the MCNT and base fluid,

respectively.
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During the preparation of the nano-suspensions, magnetic stirring was applied and a ultrasonication
probe(Elmasonic S 70 H, EIma Schmidbauer GmbH) was used to proccess the suspension for one hour
with an aim to break down nano-aggregates. The pulse of the ultrasonication was set as 5 s/5 s on/off
mode and the samples were placed in a jacked beaker conncected to a chiller. The use of the chiller was
to void excessive local temperature rise during the ultrasoniction. Fig 3-1 shows schematically the
prepartion process, which also illustrates the effect of surfactant on the stability of the produced

nano-suspension.

I low stability sample ™

n ty samp! )
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surfactant .

Fig 3-1 A schematic diagram of the nano-suspension preparation process.

3.1.2 Salt-water based MCNT nanofluids

KCI, NaCl and MgCl, were used to formulate aqueous solutions with different freezing points. These

salts were purchased from Sigma Aldrich, UK(CAS number: 7447-40-7, 7647-14-5 and 7786-30-3,

respectively). These salts were used as-received without purification. These salts, together with the

distilled water, were used to produce salt solution containing 19.5 % KCI, 22.4 % NaCl and 25 %

MgCl,. Gum Arabic purchased from Sigma Aldrich was used as the surfactant for the salt-water based

MCNT nanofluids production. The method for the nanosuspension production was the same as briefly

discussed in 3.1.1.
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3.2 Methodologies of nano-suspension characterization
3.2.1 Thermal conductivity

The thermal conductivity of the samples were measured by a Laser Flash Apparatus (LFA), supplied by
NETZSCH, Germany(model LFA427). This measurement is equipped with liquid nitrogen cooling
control unit which can provide an environment of -196 °C. The principle of the LFA technology si
shown schematically in Fig 3-2. A short laser focuses on the lower flat surface of a disk-shaped sample
placed in a temperature and environment controlled chamber. This creates a temperature rise on the

upper flat surface of the sample, which is captured by an infrared detector.

detector

® protective
® tube

®
sample
thermo- ® —
couple
[} ®
© T ®
- heating
® - element/
W
furnace
® source L

Flash Technique
Fig 3-2 Schematic diagram illustrating the principle of a LFA devices.
Fig 3-3 shows a typical temperature response of a measurement, where a is the thermal diffusivity, c, is
the specific heat capacity, m is the mass and d is the thickness of the sample. t;,, represents the time
corresponding to the half of the maximum temperature difference. From the equation shown in the
figure, one can see that a is proportional to the sample thickness squared, and inversely proportional to
the time ty, The thermal diffusivity can therefore be obtained if t;;, and d are given and the thermal

conductivity, k can be calculated by using k = a - p - ¢,. These processes are embedded in the software
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package of the Netzsch system. The LFA provides a very quick method of measurement of the thermal

conductivity, compared with the hot plate and even hot wire methods.

— - — -

1/2 ATmax

(mcp)

ti2

Fig 3-3 A typical temperature response as a function of time, illustrating how the thermal conductivity is obtained.
3.2.2 Rheology

As nano-suspension may exhibit non-Newtonian behavior, the rheological behavior was measured. The
measurements gave shear rate and temperature dependence of the shear viscosity of the
nano-suspension. An Anton Paar MCR 502 rheometer (Austria) from was used in the work, which is
equipped with a liquid nitrogen cooling control unit attached to the measuring chamber, thus enabled
the subambiant temperature measurements needed for this work. Fig 3-4 shows a schematic diagram,
illustrating the principle and configuration of the MCR502 system. The rheometer was equipped with a
measuring cell and this work used a parallel plate (L-PP35/CTD) with a diameter of 35 mm.
Nano-suspensions with different concentration (0.0625%-0.5%) by volume for MCNT suspensions
were studied using the rheometer at a shear rate of 100-800 s™ and the temperature of the sample was

controlled to be between 25 °C and the freezing points of the suspensions.
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Fig 3-4 Schematic diagram illustrating the principle and configuration of the MCR502 system.
3.2.3 Specific heat

The specific heat was measured by using a differential scanning calorimeter (DSC). The DSC works by
measuring the difference in the amount of heat for increasing the temperature of a sample and that of a
reference. Fig 3-5 is a schematic diagram showing the principle and configuration of a typical DSC.
There are numerous DSC supplier. This work used a DSC 3 from Mettler Toledo, Swiss. Such a device
has an immersion cooling system which can provide a temperature environment as low as to -80 °C.

The testing chamber is sealed and can be filled with gas atmosphere if necessary.

] Oven
Sample crucible Reference crucible Inlet:
sample gas
o
O
Reference
- temperature
Cooling
Purge gas
Thermocouples _|
Inlet: o o Inlet:
purge gas Temperature difference cooling gas

Fig 3-5 A schematic diagram illustrating the principle and configuration of a typical DSC.
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Fig 3-6 shows a signal of a typical DSC measurement for the specific heat. Here lines I, 11, I1l and IV
represent the heat flow at the first isothermal stage, the second isothermal stage, the dynamic stage for
the reference and the dynamic stage for the sample. Ideally, lines | and Il overlaps with horizontal axis.
The specific heat, ¢, of the measured sample is calculated by using following equation:

Eq. 3-2

(9}
=
|
T
RIS
(9}
=
©n

where, h and H are respectively the heat flows of the sample and the reference, m and M are respectively

the mass of the sample and the reference, and c, is the specific heat of the reference.

III
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Fig 3-6 A typical DSC signal for the specific heat measurement.

There are a number of type for an measurement of the specific heat. For example, crucibles should be
located exactly on the sensors in every measurements. The mass difference of the crucible of sample and
that of reference should be as low as possible (<0.01 mg). Good thermal contact is needed between the

sample and the crucible, and the heat flow to the sample and that to the reference similar, namely, the
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mass and the specific heat of the sample and that of the reference should follow the following

relationship ¢, - m = ¢y, M.
3.2.4 Melting point/freezing point and melting/solidification enthalpy

The melting/freezing point and the melting enthalpy are also measured by using DSC device. The main
difference lies in the dynamic stage of the temperature program due to the freezing and melting
processes. A typical DSC signal of a sample undergoing phase change is shown in Fig 3-7. One can see
two peaks on the diagram; a freezing or crystallization peak, and a melting peak. The onset of the
freezing peak and melting peak is termed as the freezing point, and that of the melting peak is termed as

the melting point. The integration of the peaks gives the melting/solidification enthalpy.

Summit of crystallization peak
! P AH.: enthalpy of

crystallization

§ Onset of crystallization peak
§ A7 AHy: gnthalpy
T of melting
i Onset of melting peak
B Summit of melting peak
| Te IToc l TomI T I

Temperature

Fig 3-7 A typical signal of a DSC measurement of a sample undergoing phase change.
In this work, all samples are water based solutions. Preliminary experiments indicated that the optimal
sample mass for water is very small, ~1 mg or 1 pl in volume. The reason for such a small amount of
sample size is because the latent of water is very high ~334 J/g. When a large amount of heat is released,

the accuracy will be reduced.
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3.2.5 Supercooling degree

Two methods were used to measure the supercooling degree. One is the widely used

temperature-history method, and the other is a method proposed by the author, in the following.

The temperature-history method, records the temperature of a PCM samples during the whole freezing

period process. Fig 3-8 shows a schematic diagram, illustrating the configuration of a typical

Temperature-history measurement device. The cooling bath provides a constant temperature

environment for freezing the sample. The Data logger records the temperature history of the sample

during freezing. By analyzing the difference between the onset of freezing and the flat (constant )

temperature stage, the supercooling degree of the PCM can be obtained.

**********************

1
I
I
I
| pcM
I
I
I
I
I

______________________

Computer Data logger Cooling bath

Fig 3-8 A schematic diagram showing the component of a typical temperature-history device.

The modulus-temperature method measuring the supercooling degree indirectly. Such a method records

the sudden change of the dynamic modulus of the PCM against temperature using a rheometer as

discussed early in this chapter. The turning point of the modulus provides an indication of phase

changing either during freezing or melting. A typical modulus-temperature curve is shown in Fig 3-9, in

which the red curve | presents the modulus-temperature relationship during the cooling process, and the

black curve Il represents the modulus-temperature relationship during heating process. ldeally, the

dynamic modulus jumps suddenly from a low level to a high level (the freezing processs), so that the
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onset of the modulus increase can be identified as the freezing point of the PCM. Conversely, a steep
modulus drop from the high level back to the low level (the melting process), makes it easy to define the
melting point. The supercooling degree can be obtained by taking the difference between the freeing

point and the melting point.

Modulus

TJ T,

Temperature

v

Fig 3-9 A typical freezing and melting curves measured with the modulus-temperature method.

3.2.6 Crystallization rate

The crystallization rate was studied with a transmission optical microscope interfaced to a computer,
coupled with a liquid nitrogen cooling stage. The experimental process involved placing the sample on
the stage and adjusting the microscope focus to obtain a clear and sharp image, setting up a temperature
program of the cooling stage with a proper cooling rate and a targeted temperature. In this work, a
digital camera was used to capture the live image of the sample every second during cooling. A
software package was used to analyze these images, which involved the marking of the crystal
boundary, identifying the size of the crystals as a function of time and calculating the growth rate using

the size as a function of time.
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3.3 Summary

This chapter briefly explained the method for the formulating and production of nano-suspension, and
introduced the methods and associated devices for the characterization of the thermophysical properties
of the nano-suspensions, particularly those related to the phase change of the nano-suspensions,
including: (a) LFA for thermal conductivity; (b) rheometer for dynamic viscosity and dynamic modulus;
(c) DSC for specific heat, melting point and melting enthalpy; (d) temperature-history and
modulus-temperature for supercooling degree and (e) temperature controlled microscope for crystal

growth observation.
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4 Results and discussion (I): rheological behaviour

This chapter presents the viscosity results of salts based and EG based water solutions containing
MCNT. Analyses and discussion on these will then be performed with an aim to build a relationship
between the measured viscosity and MCNT structure considering temperature and particle concentration

effect.

4.1 Experimental results of rheological measurements

In this section, the rheologyical data of liquid PCM suspensions containing nanoparticles are presented
first. Theses experimental results are presented in the form of viscosity against shear rate (100 to 800 s™).
Relative viscosity defined as the ratio of the effective viscosity of nano-suspension to the viscosity of the
basefluid (all measured at given shear rate 100 s™) is also calculated and plotted against particle
concentration at different temperatures. This section is organised according to the type of different

basefluids.
4.1.1 Rheological data of 20% EG-80% water based nano-suspensions

Fig 4-1 to Fig 4-3 show the dynamic viscosity versus shear rate curves for 20/80 EG/water based MCNT
nano-suspensions with various particle concentration at 25 °C, -5 °C and -10 °C, respectively. From Fig
4-1, one can see that the viscosity of all samples is nearly constant with increasing shear rate from 100 to
800 s, suggesting that the so-called Newtonian behaviour of the suspensions at the room temperature.
The measured viscosities are 2.05, 2.06, 2.09, 2.27 and 2.57 mPa = s for 0 %, 0.0625 %, 0.125 %, 0.25 %
and 0.5 % volume concentrations of MCNT, respectively.

At -5 °C, however, as illustratetd in Fig 4-2, the 0.25 % and 0.5 % MCNT suspensions show

shear-thickenning behavior during the whole shear rate range. For the 0.25 % sample, the viscsoity
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increases approximately linearly from 8.72 to 11.29 mPa s and for the 0.5% sample, the viscosity climbs
from 12.80 to 17.77 mPa - s. The figure also shows that the 0.0625 % and 0.125 % samples still show

the Newtonian behaviors.

With decreasing temperature further down to -10 °C. Very different rheological behavior is observed in
Fig 4-3. First, the curve of the 0.125% sample shows the shear thickening behaviour at -10 °C, which
does not occur at -5 °C. Second, the viscosity of the 0.5% sample at -10 °C shows an increasing trend at
the beginning but followed by declining trend at ~ 400 s™. at -10 °C. The reason for the different
obserfations at different MCNT concentration under different temperature will be discussed later in this

chapter.
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Fig 4-1 Shear viscosity of 20%EG-80%water based nano-suspensions as a function of shear rate at 25 °C.
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Fig 4-2 Shear viscosity of 20%EG-80%water based nano-suspensions as a function of shear rate at -5 °C.
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Fig 4-3 Shear viscosity of 20%EG-80%water based nano-suspensions as a function of shear rate at -10 °C.
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Fig 4-4 shows the relative viscosity of the nano-suspension. At 25 °C, the changes ot the realative
viscosity is small, especially for 0.0625 % and 0.125 % concentrations. With an increase in the
concentration to 0.25 % and 0.5 %, the relative viscosity rises dramatically to 1.10 at 0.25 % suspension
and 1.24 at 0.5 % suspension, respectively. This big increase in the relative viscosity does not follow a
linear relationship with the particle concentration. This non-linear relationship will be discussed further

in a later section of this chapter.

At -5 °C, the relative viscosity of the 0.0625% concentration sample is ~1.02, which is only slightly
higher than that at 25 °C. However, the samples of other particle concentration show a significantly
higher relative viscosity value than that at 25 °C. The relative viscosities are 1.12, 1.39 and 2.03
respectively for the 0.125 %, 0.25 % and 0.5 % MCNT concentrations at -5 °C. Which are over ~4

times the respective samples at 25 °C, signifying the importance of the temperature effect.
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Fig 4-4 Relative viscosity of 20%EG-80%water based nano-suspensions at different tempeartures.
At -10 °C, the relative viscosity of the EG-water-MCNT samples are significantly higher than that at -5
°C., which are 1.07, 1.21, 1.70 and 3.12 respectively for 0.0625 %, 0.125 %, 0.25 % and 0.5 % samples,

further reinforcing the important effect of temperature on the viscosity of the nano-suspension.
4.1.2 Rheological behaviour of 25% EG-75% water based nano-suspensions

Fig 4-5 to Fig 4-8 show the dynamic viscosity as a function of shear rate of 25/75 EG/water based
MCNT nano-suspensions with various particle volume concentrations at 25 °C, -5 °C, -10 °C and -15 °C
respectively. The rheological behavior of the 25.75 EG/water nano-suspensions at 25 °C is similar to
that of the 20/80 EG/water based nanofluids at the sample temperature, namely, all samples show a flat
curve with increasing shear rate from 100 to 800 s™ as shown in Fig 4-5. The viscosity increases due to
the addition of nanoparticles at 25 °C appears to scale with the viscosity of the base liquid. For the 0.5 %
MCNT suspensions, the enhancement of viscosity for the 25/75 EG/water system is 13.60 % whereas

that for 20/80 EG/water system is 14.00 % at 25 °C.
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Fig 4-5 Shear viscosity of 25%EG-75%water based nano-suspensions as a function of shear rate at 25 °C.

At -5 °C, the shear-thickenning behavior is observed for the 0.25 % and 0.5 % samples as shown in Fig
4-6. This is similar to the observation of the 20/80 EG/water system, but the difference lies in the
starting point of the shear thickenning. The 0.25 % and 0.5 % 25/75 EG/water based suspensions starts
to show the shear thickenning behaviour at a shear rate of ~300 s™. Fig 4-6 also shows that the viscosity
curve of 0.125 % sample tilts up slightly at shear rate above 600 s, while the 0.0625 % sample shows

the Newtonian behavior over the whole range of shear rate studied.

The results at -10 °C are shown in Fig 4-7. Very different behaviour is apparent. For example, the
vicsoity of 0.0625 % and 0.125 % samples increase with increasing shear rate; the 0.25 % sample
shows an increasing trend first until ~400 s where a decreasing trend occur; the 0.5 % sample,

however, whos a shear thinning behaviour.
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Fig 4-6 Shear viscosity of 25%EG-75%water based nano-suspensions as a function of shear rate at -5 °C.
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Fig 4-7 Shear viscosity of 25%EG-75%water based nano-suspensions as a function of shear rate at -10 °C.

When the temperature reduces to -15 °C, all samples exhibit the shear thinning behavior, except for the

base liquid, as illustrated in Fig 4-8.

58



40

o = pure
e 0.0625%
35 < A 0.125%
‘ v 0.25%
4 P 4 0.5%
< «
30 “
w
@
o
E
> 25 4
©
o
? \d
= 204 v
¥
v
M v
154, v ¥
& A A a
»
S T T
T T T T T T T T T T T T T T
100 200 300 400 500 600 700 &00

shear rate / 5™

Fig 4-8 Shear viscosity of 25%EG-75%water based nano-suspensions as a function of shear rate at -15 °C.

Although significant difference can be seen in the rheological behaviors of 25/75 EG-water solution
based nanofluids from that of the 20/80 samples, similar conclsusions could still be drawn, such as that
the viscosity increases monotonously with the particle concentration given other conditions, and that
the viscosity increases with decreasing temperature, due to the increased viscosity of 25 % EG-75 %

water basefluid from 2.33t0 7.17, 9.50, and 11.80 mPa « s at 25 °C -5 °C, -10 °C and -15 °C, respectively.

Fig 4-9 shows the relative viscosity versus MCNT volume fraction at different temperatures from 25 °C
to -15 °C, which is similar to the result shows in Fig 4-4 for the 20%EG-80%water based system. At 25
°C, the viscosity ratio increases from ~1 for 0.0625% concentration sample to 1.25 for the sample with
0.5 % particle concentration. This suggests a non-linear dependence of the viscosity ratio on the particle

concentration.

59



A inspection of Fig 4-4 and Fig 4-9 also shows difference between them. First, the data set for -15 °C
are not in Fig 4-4 as measurements were not done on the 20 % EG-80 % water based samples due to the
freezing point. Second, the gap of the data points between -15 °C and -10 °C is much smaller than that

between -10 °C and -5 °C. More discussion on this will be done in section 4.2.
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Fig 4-9 Relative viscosity of 25 % EG-75 % water based nanofluids at different tempeartures.

4.1.3 Rheological data for 30% EG-70% water based nano-suspensions

The measured dynamic viscosity data for the 30/70 EG-water based MCNT nanofluids containing
different particle volume concentrations and plotted against shear rate in Fig 4-10 to Fig 4-13 at 25 °C,
-5 °C, -10 °C and -20 °C, respectively. The data for 25 °C is similar to that shown in Fig 4-1 and Fig 4-5,
namely, all of 30/70 EG-water based nanofluids behave like a Newtonian fluid.

Fig 4-11 shows clear shear thickenning behavior of the sample at -5 °C at a shear rate of ~400 s, which
is larger than that for the 25/75 EG-water sample (300 s™). Also, the extent of the shear thickening

within the shear rate range tested is different. For example, the thickening extent for the 30/70
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Eg-water with 0.25% particle is 14%, which is far lower than that for 25/75 system (38%) given other

conditions.

All samples exhibit shear thining behavior at -10 °C to -20 °C as illustrated in Fig 4-12 and Fig 4-13.

4.0
" pure
e (0.0625%
A 0.125%
v 0.25%
3.5+ 4 0.5%
[}
a
E “ « < < « < < )
>
‘B
[=]
L&}
E 3.0+
v v v v v v v v
ry F Y F Y
1 1 1 ] ] t t t
25 T T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800

shear rate / s

Fig 4-10 Shear viscosity of 30%EG-70%water based nano-suspensions as a function of shear rate at 25 °C.
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Fig 4-11 Shear viscosity of 30%EG-70%water based nano-suspensions as a function of shear rate at -5 °C.
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Fig 4-12 Shear viscosity of 30%EG-70%water based nano-suspensions as a function of shear rate at -10 °C.
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Fig 4-13 Shear viscosity of 30%EG-70%water based nano-suspensions as a function of shear rate at -20 °C.
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Fig 4-14 plots the relative viscosity against MCNT particle volume concentration at 25 °C, -5 °C, -10 °C
and -20 °C. An inspection of data at at 25 °C, -5 °C and -10 °C reveals that the relative viscosities of
nanofluids at these temperatures are almost the same as that for 25/75 EG-water and 20/80 EG-water.
For example, at 25 °C, the relative viscosities of the samples with 0.0625 % - 0.5 % concentrations are
1.01, 1.03, 1.12 and 1.25, respectively in Fig 4-9, and they are respectively 1.00, 1.01, 1.10, 1.25 as

shown in Fig 4-4.
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Fig 4-14 Relative viscosity of 30%EG-70%water based nanofluids at different tempeartures.

4.1.4 Rheological data for KCl-water nano-suspensions

This section presents the viscosity data for salt-water based nanofluids. The salt used in this work

include KCI, NaCl, MgCl, and CaCl,. The result are shown according to the type of salt used.

63



Fig 4-15, Fig 4-16 and Fig 4-17 show the shear viscosity of KCl-water based MCNT nanofluids at 25 °C,
-5°C and -10 °C is presented. At 25 °C, shear thinning behaviour occurs for all nanofluids. The results
for -5 °C and -10 °C are similar. The results also indicate that the viscosity decreases with increasing

temperature as expected.

The data shown in Fig 4-15, Fig 4-16 and Fig 4-17 can be reprocessed to give relative viscosity as a

function of particle concentration. Fig 4-19 shows the results.
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Fig 4-15 Shear viscosity of KCl-water based nano-suspensions as a function of shear rate at 25 °C.
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Fig 4-16 Shear viscosity of KCl-water based nano-suspensions as a function of shear rate at -5 °C.
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Fig 4-17 Shear viscosity of KCl-water based nano-suspensions as a function of shear rate at -10 °C.
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Fig 4-18 Partial enlarged viscosity data of low concentration samples at (a) -5 °C and (b) -10 °C

The dependence of the relative viscosity on particle concentration is similar in trend to that for

EG/water based nanofluids as shown in Fig 4-4, Fig 4-9 and Fig 4-14, although the actual relative

viscosity is higher for the KCl-water based nanofluids.
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Fig 4-19 relative viscosity of KCl-water based nanofluids at different tempeartures.
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4.1.5 Rheological data for NaCl-water based nano-suspensions

The shear viscosity of NaCl-water based MCNT nanofluids is shown in Fig 4-20, Fig 4-21 and Fig 4-22

at 25 °C, -10 °C and -20 °C. Clear shear thinning behaviour is seen, which is similar to the KCI-water

based nanofluids. However, the viscositsy of NaCl-water based nanofluids is considerable higher than

that of the NaCl-water based nanofluids, and the difference is 45.6 % and 64.6 % higher at 25 °C and -10

°C, respectively.

Rearrangement of the data in Fig 4-20, Fig 4-21 and Fig 4-22 gives the relative viscosity, which is

illustrated in Fig 4-23. The Results are very similar in numeric values to that for KCl-water based

nanofluids at 25 °C. However, recognizable distinctions can be seen between the KCI and NaCl

systems when temperatre decreases to -10 °C and -20 °C. First, at -10 °C, the relative viscosity of

NaCl-water based nanofluids is much lower than that of KCl-water based samples. For KCI based

samples, the relative viscosities are 1.15, 1.21, 1.70 and 3.71 at 0.0625 %, 0.125 %, 0.25 % and 0.5 %

particle volume concentration respectively, whereas the values for the NaCl-water based samples are

respectively 1.08, 1.16, 1.39 and 1.98 at -10 °C. When temperature decreases to -20 °C (near the

freezing point), the increase in the NaCl based nanofluids viscosity still keeps at a relatively low level

compared to that of the KCI based nanofluids at a temperature near its own freezing point (-10 °C).
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Fig 4-20 Shear viscosity of NaCl-water based nano-suspensions as a function of shear rate at 25 °C.
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Fig 4-21 Shear viscosity of NaCl-water based nano-suspensions as a function of shear rate at -10 °C.
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Fig 4-22 Shear viscosity of NaCl-water based nano-suspensions as a function of shear rate at -20 °C.
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Fig 4-23 Relative viscosity of NaCl-water based nanofluids at different tempeartures.
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4.1.6 Rheological data for MgCl,-water based nano-suspensions

The measured shear viscosity of MgCl,-water based MCNT nanofluids is plotted against shear rate in
Fig 4-24,Fig 4-25, Fig 4-26 and Fig 4-27 for 25 °C to -30 °C. The viscosity is 4.12, 14.20, 24.21 and
43.12 mPa * s at 25 °C, -10 °C, -20 °C and -30 °C respectively. These are over twice as that of the

NaCl-water basefluid, which is respectively 2.14, 5.76 and 9.01 mPa s at 25 °C, -10 °C and -20 °C.

Similar to the KCl-water and NaCl-water based nanofluids, shear behaviour is shown at all temperature
investigated. The results of shear thinning is a function of particle concentration with a higher particle

concentration giving a more considerable extent of shear thining as reflected by the slopes.

The relative viscosity of MgCl,-wate based nanofluids are plotted against particle concentration in Fig
4-28. At 25 °C, an almost linear dependence can be seen of the relative viscosity on the particle
concentration, which is different from that for the NaCl and KCI based nanofluids. A similar trends can

be observed at -10 °C, -20 °C and -30 °C.
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Fig 4-24 Shear viscosity of MgCl-water based nano-suspensions as a function of shear rate at 25 °C.
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Fig 4-25 Shear viscosity of MgCl-water based nano-suspensions as a function of shear rate at -10 °C.
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Fig 4-26 Shear viscosity of MgCl,-water based nano-suspensions as a function of shear rate at -20 °C.
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Fig 4-27 Shear viscosity of MgCl-water based nano-suspensions as a function of shear rate at -30 °C.
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Fig 4-28 Relative viscosity of MgCl,-water based nanofluids at different tempeartures.
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4.2 Discussion of the experimental results

Further analysis and discussion on the experimental data presented in 4.1 are performed in this section.
First, the data are compared with models for suspensions of nanoparticles. An attempt is then made to
fit the data to the most suitable model. Finally, the fitting parameters are linked to the microstructure of
particles that may form in the suspensions. The eventual goal is to interpret the experimental data using

fundamental physics.
4.2.1 Comparison of experimental data with viscosity models

In Table 4.1, several well-known models of viscosity of nanofluids are listed where the range of
applications is also given. Fig 4-29 compares the experimental data for 20/80 EG/water nanofluids with
these models at 25 °C.

Table 4.1 list of viscosity models of suspension containing nano-sized particles.

Model Expression Remarks

Applicable for relatively low particle

Einstein[158] n=1ne(1+ 2.5¢) concentration suspensions in which

particles are spherical and non-interacting

Applicable for semi-dilute suspensions in

Batchelor[158] n =11+ 2.5¢ +6.5) which interaction of pair-particles are

considered.

Full range of concentration of particles,
0 [n] is the intrinsic viscosity with a typical
Krieger-Dougherty[158] 71 =1o(1 — (p—)_["]“’m
m

value of 2.5, ¢,, is the maximum particle

packing fraction.
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Modified

n=n (1 ¢a>—[ﬂ
=7nol1—-—

Pm

Krieger-Dougherty[158] ¢, = (p(rf)H)

lom

Aggregation of particles are considered, r,

and r are the radius of the cluster of

particles and primary partilce respectivley,

D is the fractal index

Fig 4-29 (a) shows clearly that the Einstein equation, Batchelor equation and Krieger-Dougherty

equation all fail to predict the experimental data. An underestimate can be seen for all particle

concentration and difference increases with increasing particle concentration. If the low particle

concentration region is reproduced with a higher resolution, Fig 4-29 (b) is obtained. One can see that

all model reduce to Einstein model at very low particle concentration.
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Fig 4-29 Viscosity of 20/80 EG-water-MCNT nanofluids against particle volume fraction at 25 °C for (a) the whole concentration range,

(b) the low concentration range up to 0.125%.

The modified form of K-D equation however can agree well with the experimental data if a right R

value is used; see the solid line in Fig 4-29 (a). Detailed explanation of modified K-D equation is




following: n, is the viscosity of basefluid, ¢, is the concentration of clusters, which can be
calculated by ¢, = (p(TT“)3‘D, where r, and r is the radius of cluster and particle respectively, ¢ is the
concentration of particle, D is fractal index, which is considered in the range from 1.6 to 1.9 for
nanofluids[141]. ¢,, is the maximum particle packing fraction, taken between 0.505 to 0.705 due to
different shapes of nanoparticle[159]. Fig 4-29 (a) shows a R value of 2 for 0.0625 % sample, 3.5for

0.125 % sample and 6 for 0.25 % and 0.5 % samples, implying that a higher particle concentration gives

a larger effective aggregate size.
4.2.2 Further discussion on the modified K-D model

As illustrated in section 4.2.1that the modified K-D model can match the measured viscosity data at 25
°C for 20/80 EG-water-MCNT nanofluids by adjusting the R value. More discussion is therefore focused

on this model for all EG/water and salt/water based nanofliuds at all temperatures.
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Fig 4-30 Modified K-D model predictions vs experimental data for (a) 20/80, (b) 25/75 and (c) 30/70 EG-water based MCNT nanofluids.
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Look at Fig 4-30 (a) first, which is for 20/80 EG-water based nanofluids, the relative viscosity at 25 °C
for the 0.0625 % and 0.125 % samples follows the modified K-D model very well with R=2. This
implies that at the room temperature, most of the MCNT particles in the dilute suspensions keep
separate from each other with very slight aggregation. As particle concentration increases to 0.25 % and
0.5 %, while temperature is kept at 25 °C, the fitting parameter R increases to approximately 5,
indicating that individual MCNT particles starts aggregating with their close neighbours leading to
larger effective cluster dimensions. When the temperature is reduced to -5 °C, the viscosity data agree
with modified K-D model, but the effective cluster size values are higher at at -5 °C, which are 10 for
0.0625 % and 0.125 % samples and 13 for 0.25 % and 0.5 % samples, respectively. At -10 °C, the
modified K-D model can also reproduce the measured viscosity data for 0.0625 %, 0.125 %, 0.25 % and

0.5 % nanofluids, but corresponding R values are a lot higher, at 13, 15, 17 and 17, respectively.

From the above fitting results, one could obtain two main conclusions, one is that the effective cluster
size of nanoparticles is different at a different particle concentration. MCNT particles in concentrated
nano suspensions will form larger clusters than that in a dilute nano suspensions. However, there are two
data point in Fig 4-30 (a), which are 0.5 % sample at -5 °C and -10 °C. The two points are lower than the
corresponding predicted line. There are two possible reasons, one is that the large cluster might break to
give two or more parts, leading to the reduction in the effective cluster size. The second reason may be
associated with the fractural index value D in the modified K-D equation. Even the effective cluster size
R keeps unchanged, the change of D value from 1.55 to 1.6 could lead to the lower viscosity as shown on

the figure.
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Look now at Fig 4-30 (b) for the relative viscosity of 25/75 EG-water based MCNT nanofluids with the

fitted lines by the modified K-D model. A similar trend can be observed as shown Fig 4-30 (a). The

effective cluster size R at 25 °C, -5 °C and -10 °C are respectively 6, 13 and 18. It is also noticed that

when the temperature drops to -15 °C, close to the freezing point, the growing rate of the effective cluster

size slows down. This could be contributed to the relatively stable structure of the base fluid close to the

freezing point which constrains the movement of the MCNT particles, and hence the inhibition of the

aggregation process.

Finally, look at Fig 4-30 (c), the validity of the modified K-D model to explain the viscosity increase is

further shown. The lowest temperature is now reduced to -20 °C due to the use of the 30/70 EG-water as

the basefluid. One can see relatively small differences of viscosity increase with different EG-water ratio

at a given temperature. The effective cluster size of the 30/70 EG-water based samples increases slightly

because the more the EG in the basefluid, the higher the viscosity, and hence the harder the Brownian

motion to keep particles away from each other, leading to a larger cluster size in 30/70 water-EG based

MCNT nanofluids.

Inspection of Fig 4-30 suggests a common phenomenon at the lowest measurement temperature, for

example, -15 °C in Fig 4-30 (b) and -20 °C in Fig 4-30 (c), the fitted effective cluster size stops becoming

larger with cooling. An extreme example is that, at -20 °C, the relative viscosity of 30/70 EG-water based

nanofluids are nearly identical with that at -15 °C, indicating an almost constant fitted effective particle

cluster size. This is because the viscosity of the basefluid at low temperatures, particularly at freezing

point is very high, and the Brownian motion and self-diffusion motion are both contained at a very low
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level. Therefore, high resistance and low kinetic energy together contribute to the relatively stable cluster

sizes of the nanoparticles at low temperatures.

Fig 4-31 shows the measured relative viscosity data of salt-water based MCNT nanofluids at different

temperatures together with the fitted curves using the modified K-D model.
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Fig 4-31 Modified K-D model fitting of viscosity data for (a) KCI, (b) NaCl and (c) MgCl, aqueous solution based MCNT nanofluids.
In Fig 4-31 (a), shows the viscosity data of KCl-water based MCNT nanofluids at 25 °C, -5 °C and -10 °C,
together with K-D model fitting. One can notice that the relative viscosity agrees well with the modified
K-D model; but the effective cluster size value R is much larger than that for EG-water based samples.
The R value is 10 for the 0.0625 % MCNT sample at the room temperature, which is 5 times that of the
EG-water based sample. The effective cluster size increases to 13 for 0.25 % and 0.5 % samples. Such a

huge difference of R value between the KCl-water and the EG-water based samples is attributed to the
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difference in composition of their basefluids. The particles in the EG-water based samples are stabilized
by the electrostatic repulsive force. On the contrary, the KCl-water based nanofluids have a high ion
concentration compressed the electrical double layers around, leading to a much larger effective cluster

size.

When the temperature reduces to -5 °C, the R value increases to 13 for 0.0625 % and 0.125 % samples,
and to 18 for 0.25 % and 0.5 % samples, which are clearly It is clear much larger than that of EG-water
based nanofluids at the same temperature. When the temperature decreases to -10 °C, the relative
viscosity data give a fitted R value of 18, which is only slightly larger than that at -5 °C. Such a small
difference in the relative viscosities of the KCl-water based nanofluis between -5 °C and -10 °C is
probably because that the aggregation extent of MCNT has already reached the upper limit at -5 °C with
an effective cluster size of 18, and the cluster structure becomes fragile when it exceeds the upper limit.
This explanation could also apply to the EG-water based nanofluids, for which the upper limit of all

EG-water based samples were observed.

In Fig 4-31 (b) shows the results of NaCl-water based MCNT nanofluids at 25 °C, -10 °C and -20 °C
respectively. At 25 °C, the fitted R to the modified K-D model gives a value between 10 and 14.This is
similar to the data in Fig 4-31 (a), suggesting that the Na* and CI" ions play a similar role in
compressing the electrical double layer, leading to a similar aggregation extent of MCNT in the
nanofluids. However, a difference is observed when temperature is -10 °C; the fitted R value of
NaCl-water based nanofluids is 14, which is smaller than that of KCI-water based nanofluids which is 18.

This could be contributed to the difference in the viscosity of the two types of basefluid. At -10 °C , the
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viscosity of the KCl-water basefluids is 3.51 mPa « s while that of the NaCl based nanofluids is 5.76
mPa * s. A high viscosity gives a weak self-diffusion of MCNT making the particles to have a low
kinetic energy to move through the liquid to meet other particle at very low temperature. As a result, the

extent of aggregation in the NaCl-water nanofluids is lower than that in the KCI-water nanofluids.

Although the cluster size of the KCl-water samples is different from that of the NaCl-water system at
-10 °C, the upper limit of the effective cluster size seems unaffected by the basefluids and the fitted R
value is around 17 for NaCl-water based nanofluids, which is very close to that of the KCl-water
nanofluids. This can be explained by using the DLVO theory. The electrical double layer of a particle is
compressed when ions are added, and the extent of compression is related to the valence of the ions for
which bot the NaCl and KCI only have monovalent ions. In specific, ions of the electrolyte have higher
valence will have stronger repulsive force on the ions located in the diffusion layer, thus cause thinning
of this layer. In this comparative experiment case, the electrolyte that we used to prepare the cold storage

basefluid are KCI and NaCl, both of them has only monovalent ions in their aqueous solution.

In Fig 4-31 (c) shows the result of MgCl,-water based MCNT nanofluids at 25 °C, -10 °C, -20 °C and -30
°C respectively. Comparing the data in Fig 4-31 (a) and (b), one can easily observe that the fitted R values
of MgCl,-water based MCNT nanofluids are very similar with that in NaCl-water based samples, and are
smaller than that of the KCI-water based nanofluids. These results do not agree with what the DLVO
theory predicts for the MgCl,-water based MCNT nanofluids. The R value of MgCl,-water nanofluids
should be larger than that of the NaCl and KCI based nanofluids because MgCl, solutions have Mg**

and CI" ions and the valence of the magnesium ion is +2.
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The fitted R value in MgCl,-water system are almost constant and are smaller than that of the NaCl and
KCI nanofluids. Such controversial findings indicates a doubt about validity of both the modified K-D
model and the DLV O theory in salt-water nanofluids. The results of this work, however, are insufficient
for in-depth discussion on the validity of the DLVO theory and as a result, the following discussion is

focused on the K-D model.

The modified K-D model is expressed as: n = 7, (1 - r—;)_[nwm, where ¢, = @(%)3"). One can see
that the effective viscosity is determined by three main factors; R, the ratio of r, to r; D, the fractal index;
and ¢,,, the maximum packing fraction. The physical meaning of R is easy to understand, it reflects
how relatively big the cluster is. D indicates the geometrical properties of a cluster structure. Normally,
higher D value means denser structure and higher surface coverage area. Clearly, the use of the R value
is not sufficient to reflect the aggregation structure of MCNTSs in the nanofluids. The value of D and ¢,,
also need to define. Based on this thought, the fitting parameters of all the salt-water based MCNT
nanofluids are listed for 25 °C , -10 °C , and -20 °C in Table 4.2 to Table 4.4.

Table 4.2 Fitting parameters of salt -water based MCNT nanofluids at 25 °C

KCl-water NaCl-water MgCl,-water
sample n/mo R D $m M/ R D ¢m  M/M R D Pm
0.0625% 1.06 10 1.7 0405 1.05 10 1.7 0.405 101 10 175 0.605
0125% 110 10 1.7 0405 111 10 1.7 0.405  1.09 10 175 0.405
0.25 % 1.33 12 1.7 0405 128 1 1.7 0405 127 12 175 0.405
0.5 % 172 12 1.73 0405 172 12 173 0405 1.63 12 175 0.405
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First, look at the KCl-water based nanofluids at 25 °C, the fitting parameters of low particle

concentrations (0.0625 % and 0.125 %) are the same, with R=10, D=1.7, ¢,,=0.405. When particle

volume fraction increases to 0.25 %, the effective cluster size R increases to 12 whilst the fractural index

D and the maximum packing parameter ¢,, keep the same, suggesting the cluster size in the 0.25 %

sample increases while the distribution of MCNT in individual clusters and the shape of the clusters have

not changed At the highest particle volume concentration investigated in this work, 0.5 %, the R value

does not go greater but the fractural index D increases slightly from 1.70 to 1.73. This suggests that the

MCNT particle in the clusters formed in the 0.5 % sample are more densely packed. To illustrate how

we predict the MCNT aggregation structure with the varying value of R and D in modified K-D model, a

brief schematic is drawn as shown in Fig 4-32 illustrates how the aggregated structure changes with

varying values of R and D of the modified K-D model. An increase in the R value implies that the total

length of the clusters increases, whereas an increased value of D implies more MCNT particles are

packed within the clusters.

Focus is now on the columns of the NaCl-water and MgCl,-water nanofluids for which most data are

similar and the data could be explained in a similar manner. For example, the effective cluster size in

the 0.5 % sample is larger than that in 0.25 % sample due to a large R. On the other hand, the MCNT

particles are distributed more evenly in the 0.5 % samples because the D value is larger.
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Fig 4-32 A schematic illustration of MCNT clusters with changing R and D.

A specific data point can be seen in the MgCl,-water system at a particle volume fraction of 0.0625 %,
with the R, D and ¢,, respectively being 5, 1.8 and 0.605, which are very different from that of the
KCl-water and NaCl-water samples. The structure of the clusters of this case is speculated to be in Fig
4-33. First look at the left-hand, the MCNTSs are aggregated and aligned in one (horizontal) direction,
which gives a large effective cluster size R, with a low D because the rest part of the effective cluster
volume is empty and a low ¢,,, due to the elliptic shape of the cluster. On the contrary, low R and ¢,,
values and and a high D value lead to a more spherical and more dense structure of MCNT clusters as

shown in the right-hand side of Fig 4-33.

Increase D

)

Fig 4-33 Schematic of cluster shape changing

Decrease R, ¢,

Attention is paid to Table 4.2, one can see that the viscosity (1.01) although the sample has the same
particle concentration as the other two samples. This could be explained by a smaller radius and a more

spherical shape of the cluster supported by the fitted R, D and ¢,,, values. For the case shown in the last
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row of Table 4.2, all three samples have the same R value but different D values of 1.73, 1.73 and 1.75.

This could be explained as that the individual clusters have the same size but there are fewer such

clusters in the MgCl,-water based samples, and hence the lower effective viscosity increase in

MgCl,-water-0.5 % MCNT nanofluids.

Table 4.3 compare the fitting parameters of all salt solution based nanofluids at -10 °C. Comparing with

the data in Table 4.2, the fitting parameters of R, D and ¢,, have significantly changed, suggesting

changes of the structure of the MCNT cluster with temperature. Look at the data of the KCl-water

samples in Table 4.2 and Table 4.3. One can easily find that the clusters of MCNT grow significantly

and the ellipticity of the clustersalso increase when temperature reduces from 25 °C to -10 °C. These

results provide an explanation of the changes of the fitting parameters of the modified K-D model and

hence the high relative viscosity at the KCl-water based MCNT nanofluids at -10 °C.

Table 4.3 Fitting parameter of salt-water based MCNT nanofluids at -10 °C.

KCl-water NaCl-water MgCl,-water
sample n/mo R D ¢m n/m R D ¢m  M/Mm R D Pm
0.0625% 1.15 18 1.72 0.365  1.09 14 1.75 0390 1.04 9 175 0.50
0125% 121 18 1.72 0.365 1.16 14 1.75 0390 113 13 1.7 0.40
0.25 % 1.70 18 1.72 0.365 1.38 14 1.75 0390 1.31 13 1.7 0.40
0.5% 3.71 18 1.72 0.365 198 14 1.75 0390  1.89 13 1.7 0.40
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Attention is then paid to the results of different suspensions in Table 4.3 particularly the shape of

MCNT clusters. Firstly, one can notice that the fitting parameters of each of the salt solutions do not

vary with the particle volume fraction except for 0.0625 % MgCl,-water nanofluid. It is therefore

reasonable to assume that the structure of MCNT clusters are approximately the same for a given salt

solution at -10 °C.

When temperature is -20 °C, the KCl-water is excluded from the contrast group because it becomes solid

at this temperature. Then, the relative viscosity data Table 4.4 shows that at low temperature the effective

cluster size of MCNT in a given salt solution is becoming larger, this relationship between temperature

and cluster size has the same trend in EG-water based nanofluids.

Table 4.4 fitting parameter of salt-water based MCNT nanofluids at -20 °C.

KCl-water NaCl-water MgCl,-water
sample  n/no R D ¢m M/m0 R D ¢m /M R D Pm
0.0625% N/A N/A N/A N/A 1.09 14 1.75 0390 1.06 1 1.75 0.45
0125%  N/A N/A N/A N/A 1.26 17 1.72 0390 1.16 14 1.7 0.395
0.25 % N/A N/A N/A N/A 1.54 17 1.72 0390  1.40 14 1.7 0.395
0.5% N/A N/A N/A N/A 2.28 17 1.78 0.400 211 14 1.72 0.395

To summarise, an attempt has been made in this section to analyse the experimental data using the

modified K-D model and interpret the results using the cluster structure and their changes under

different conditions.
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4.2.3 Microstructure of particle clusters and rheological behavior

In this section, the rheological behavior of both EG-water and salt-water based MCNT nanofluids is
discussed. An attempt is to demonstrate the formation and deformation of microstructures of the MCNT

clusters in a dynamic process using the flow behavior.

The rheological data presented before in section 4.1 show three different types of shear behavior;
Newtonian, shear-thinning and shear thickening. Such shear behavior is related to particle structure, as
demonstrated in the previous section of this study. To simplify the analysis, only the data of such a set
of results of 30 % EG-70 % water based nanofluids are taken as an example, and are representative,
which includes all three types of shear behavior and covers a wide temperature range from 25 °C to -20

°C.

First, a dimensionless Peclet number is introduced, which is defined as the ratio of the rate of advection
by the flow to the rate of diffusion by the Brownian motion in a nanofluids. The expressions of the
Peclect number, Pe, of nanofluids containing sphere or rod particles are given respectively in the
following:
spherical particle:
P, = "”’%“3 Eq.4-1

rod-like particle:

P, = #ﬁ)—w Eq.4-2

where n,, isthe dynamic viscosity of the basefluid, y is the shear rate, a is the radius of the sphere, L is

the length of the rod-like particles, d is the diameter of the rod, T is temperature and kg is the Boltzmann
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constant. The rheological behaviour is plotted against Pe in Fig 4-34 to Fig 4-37 at different

temperatures.
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Fig 4-34 Shear viscosity of 30/70 EG-water-0.0625% MCNT nanofluids as a function of Pe at different temperatures.
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Fig 4-35 Shear viscosity of 30/70 EG-water-0.125% MCNT nanofluids as a function of Pe at different temperatures.
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Fig 4-36 Shear viscosity of 30/70 EG-water-0.25% MCNT nanofluids as a function of Pe at different temperatures.
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Fig 4-37 Shear viscosity of 30/70 EG-water-0.5% MCNT nanofluids as a function of Pe at different temperatures.
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Look at Fig 4-34 first, the data at different temperatures are seen to cover different ranges of Pe number
demonstrating that the relative importance of the hydrodynamic advection and Brownian motion varies
with not only the shear rate, but also the temperature. The Brownian motion effect plays an important
role at 25 °C, but this effect reduces with reducing temperature, leading to a more dominant role of the

convection due to shear at -10 °C and -20 °C.

Fig 4-34 also shows that the 0.0625 % MCNT nanofluids behaves as a Newtonian fluid over
Pe=0.01-100 and a weak shear thinning behaviour occurs at Pe>100. The Newtonian behaviour of the
0.0625 % samples at temperature between 25 °C and -10 °C illustrates that the MCNT particles are likely
to be aggregated to give spherical shaped clusters which do not grow due to the Brownian motion and
hydrodynamic advection. However, the high Pe number at -20 °C suggests that the hydrodynamic
advection contribution overtakes that due to the Brownian motion. This is likely to lead to the
formation of small elliptical clusters by the shear flow, such elliptical clusters would rearrange to give a
more aligned orientation with increased shear rate, leading to the shear thinning behaviour. Fig 4-38
illustrates the morphology evolution of MCNT clusters in both Newtonian fluids and shear thinning
fluids with a particle volume fraction of 0.0625 %. The red zig-zag lines in Fig 4-38 (b) are intended to

indicate weak connections between particles in a large MCNT cluster.
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Fig 4-38 A schematic illustration of the morphology evolution of MCNT clusters in (a) Newtonian and (b) shear thinning nanofluids

containing 0.0625 % MCNT.

Look then at Fig 4-35, which shows similar behavior of the 0.125 % samples to that of the 0.0625%
samples. Newtonian behavior is observed at 25 °C and -5 °C while shear thinning behaviour occurs at -10
°C and -20 °C. However, clear difference can be also be noticed for the 0.125% sample, the shear
shinning behaviour started to occur at -10 °C at which the 0.0625% sample remains Newtonian. It is
also noticed that the Peclet number at which the shear thinning occurs in both samples are the same,
around 200 to 300. This implies that only temperature is not sufficient to determine the shear behaviour,
other factors such as the particle cluster size are also important. This reflects the beauty of the Pe

number, which combines the effects of various factors.
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Now attention is on Fig 4-36 and Fig 4-37, one notice a controversial phenomenon. At -5 °C and Peclet
number in a range of 100 to 300, the 0.25 % and 0.5 % samples show shear thickening behaviour. This is
clearly different from that of the 0.125% samples and discussed above that dominant hydrodynamic
advection should have occurred at Pe>200 which would have broken the aggregation leading to shear
thinning. To interpret this controversial observation, one needs to look the schematic of the cluster
structure displayed in Fig 4-38. There is an important requirement for such a mechanism, the existence
of the intra cluster weak bonds. In 0.125 % sample, the proposed structure could be approved by the
observed shear thinning behaviour. Such weak bonds may not be there or less important and the

morphology change of the structure is proposed in Fig 4-39.

Increasing Pe

—

Fig 4-39 A schematic illustration of morphology evolution of MCNT cluster in shear thickening nanofluids.
In the proposed mechanism as shown in Fig 4-39, the MCNT particles tend to form a rod like cluster at a
relatively low Pe number which is dispersed stably in the basefluid. While the contribution of the
hydrodynamic advection increases, the rod like clusters could be forced together to form large loose
aggregate with a large effective size. Such shear induced large clusters would give a higher viscosity,

and therefore, the shear thickening behaviour is observed at -5 °C.
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4.3 Summary

In this chapter, the experimentally measured viscosity data are presented for both EG-water and
salt-water based MCNT nanofluids at a shear rate from 100 s™ to 800 s™. The relative viscosity was then
calculated and fitted to the modified K-D model to explain the viscosity data. The fitted parameters of
the modified K-D model, R, D and ¢,, are then used to analysis the cluster structures of MCNTS in the
different basefluids and at different temperatures. Finally, the Peclet number is used to explain the
experimentally observed rheological behaviour. Through the experimental study and analysis, the
structure of MCNT clusters is linked to the rheological behaviour of the nanofluids, leading to

plausible interpretation of the results.

93



5 Results and discussion (11): thermal conductivity

In this chapter, we will investigate the thermal conductivity of nano-compostie PCMs, which are salts
and ethylene glycol aqueous solution containing varying amount of MCNT. The detailed procedure of
sample preparation and equipment and methods of characterization of thermal conductivity have already
been clearly illustrated in the previous methodology chapter 3. Therefore, in this chapter we will directly
present the measured data of thermal conductivity of different samples. After that, we will discuss the
mechanism of thermal conductivity enhancement in different nanofluids based on the predicted MCNT

cluster structure we achieved in chapter 4.

5.1 Experimental results of thermal conductivity measurement

In this section, we will display the measured thermal conductivity data of both EG-water and salt-water
based MCNT nanofluids separately. Firstly, all of the thermal conductivity data of nanofluids with
varying particle concentration will be plotted against temperature. Then, the relative thermal
conductivity ,which is the ratio of the effective thermal conductivity of nanofluid to the original thermal
conductivity of basefluid will be calculated and plotted against particle volume fraction of MCNT (from
0.0625 to 0.5 %) at varying temperature. In the following paragraph, we will display thermal

conductivity results of EG-water and salt-water based MCNT nanofluids in sequence.
5.1.1 EG-water based nanofluids

Before showing the thermal conductivity results of nanofluids, we will study the relationship between
EG concentration and the thermal conductivity of EG-water basefluid at both liquid and solid state. In
Fig 5-1, the measured thermal conductivity data versus ratio of EG to water is plotted. And the thermal

conductivity is decreasing monotonically with the increasing proportion of EG. For example, when EG
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concentration is 0, we get 0.590 W/m « K for pure water, then the number drops to 0.527, 0.505 and 0.488
when the proportion of EG is 20%, 25 % and 30 % respectively. We also find that this thermal
conductivity data can match the mixing theory very well, which considers the overall thermal
conductivity of a mixture as the weighted average of thermal conductivity of each composition in the

mixture.

However, in Fig 5-2, we find a totally different trend of thermal conductivity with increasing EG ratio.
The tested thermal conductivity data of solid EG-water does not follow the mixing theory, on the
contrary, it deviates far below the expected value. As a result, the relationship between thermal
conductivity of solid sample and EG concentration is no longer linear, but follows a new equation,
k = Aexp (— %) + C, in which k is thermal conductivity of the mixture, x is the ratio of EG to water, A,B

and C are the fitting parameters.
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Fig 5-1 Thermal conductivity of EG-water mixture at liquid state.
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Fig 5-2 Thermal conductivity of EG-water mixture at solid state.
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The unexpected phenomenon could be contributed to the function of -OH in the EG. Due to the existence
of -OH group in EG, some water molecular are attached to the EG molecular by hydrogen bonding force,
and the ‘trapped’ water molecular cannot form ordered crystal structure like ice when the temperature
reaches the freezing point. In addition, the mechanism of heat conduction in non-metal matters is most
dominated by vibration of phono, which is an imaginary carrier of energy, and the thermal conductivity
can be expressed as, k = %Cvl, in which | is mean free path, v is velocity and C is heat capacity of
phonon. Among them, mean free path is a highly sensitive value with crystal structure, therefore we
could built relationship between the extra reduction of thermal conductivity in solid EG-water and the
shortened mean free path of phonon in the disordered water molecular cage surrounding the EG

molecular.
5.1.2 20EG-80water

Fig 5-3 shows the measured thermal conductivity data of 20EG-80water based MCNT nanofluids, and
the data at temperature from 25 °C to -10 °C is zoomed in and shown in the inserted figure. In the whole
temperature range from 25 °C to -40 °C, the thermal conductivity first keeps at a low level of nearly 0.5
W/m « K until temperature reaches -10 °C, and then it suddenly jumps to over 1.7 W/m < K when
temperature is -40 °C. This over three times difference on the boost of thermal conductivity can be
contributed to the occurrence of phase change of the samples from liquid to solid state during cooling, as

we know, normally, solid material has better heat conduction than liquid material.

It can be also seen on the inserted figure that the thermal conductivity of 20EG-80water basefluid is
decreasing during cooling process. For example, at 25 °C, the measured Kk value is 0.518 W/m <K, and the

number decreases to 0.511, then to 0.502 at -5 °C and -10 °C. This observed relationship between
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temperature and thermal conductivity is in accordance with most of other researcher’s work in nanofluids.
They also find that thermal conductivity of EG-water mixture will increase with temperature although
their experiments were conducted at above room temperature. However, we find that in samples

containing MCNT particles, the case is not always the same.
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Fig 5-3 Thermal conductivity of 20/80 EG-water based MCNT nanofluids.

To be specific, in 0.0625 % sample, the trend of thermal conductivity is the same with the basefluid,
increasing with temperature, while in 0.125 %, 0.25 % and 0.5 % samples, thermal conductivity
decreases with temperature contrarily, and the rate of the reduction rises with particle volume fraction.
To illustrate the relationship between thermal conductivity and temperature numerically, we compute the

percentage of the cooling induced change (both increasing and decreasing) of k. The variation are
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exhibited with the original experimental k value together in Table 5.1, in this table, we only considerate

samples at liquid state.

Table 5.1 Thermal conductivity of 20/80 EG-water based MCNT nanofluids.

Temperature 25°C -5°C -10°C Variation at -5 Variation at
% MCNT Thermal conductivity / W/m « K °Cc -10°C
0 0.518 0.511 0.502 -1.3% -3.1%
0.0625 0.519 0.514 0.511 -1.0% -1.5%
0.125 0.523 0.527 0.529 +1.0% +1.1%
0.25 0.535 0.559 0.573 +4.5% +6.6%
0.5 0.560 0.608 0.631 +8.6% +12.7%

From the table, we can notice that the higher the MCNT volume fraction in the nanofluids, the higher the

cooling induced enhancement of thermal conductivity at both -5 °C and -10 °C. For example, when

temperature is cooled to -5 °C and -10 °C, the enhancement of k in 0.125 % sample is 1.0 % and 1.1 %,

significantly improving to 8.6% and 12.7% by adding 0.5 % MCNT. This displayed phenomenon of

thermal conductivity trend changing with particle concentration was not observed before and we will

discuss it in the later section.

In addition, to show the particle concentration effect on the thermal conductivity, we calculated the ratio

of the effective thermal conductivity ke of nanofluids to the basefluid thermal conductivity ko. The
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results are plotted in Fig 5-4. It is easy to find that the thermal conductivity is increasing with MCNT
volume fraction at each given temperature. And we also observe that the degree of the enhancement
caused by MCNT is highly related with temperature. For instance, in 0.5 % sample, the enhancement at
25°C and -40 °C is 8.1 % and 26.0 % respectively and in 0.25 % sample, it is 3.2 % and 14.8 %. All of the
calculated relative thermal conductivity data demonstrates that when particle volume fraction is given,
the lower the temperature, the higher the thermal conductivity enhancement, especially when samples is

cooled to frozen.
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Fig 5-4 Relative thermal conductivity of 20/80 EG-water based MCNT nanofluids.
5.1.3 25EG-75water

Similarly, Fig 5-5 shows the measured thermal conductivity data of 25EG-75water based MCNT
nanofluids. The same as we observed in 20/80 EG-water based samples, in the inserted figure of Fig 5-5,
the thermal conductivity of basefluid and 0.0625 % nanofluids is increasing with temperature while

others are decreasing with temperature. And the details of experimental k value of 25/75 EG-water based
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MCNT nanofluids at liquid state are also listed in Table 5.2. One can still draw the same conclusion that
at a certain MCNT volume fraction, the enhancement of thermal conductivity is higher at lower
temperature. However, compared with the apparently large enhancement from -5 °C to -10 °C, it

becomes negligible from -10°C to -15 °C.

Also in Fig 5-6, relative thermal conductivity of all 25/75 EG-water based MCNT nanofluids samples are
plotted against particle volume fraction. The figure shows that thermal conductivity is increasing with
MCNT concentration at each set temperature. And at a given particle concentration, thermal conductivity

is increasing with decreasing temperature, particularly in solid samples.
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Fig 5-5 Thermal conductivity of 25/75 EG-water based MCNT nanofluids.

0.5%

0.25%

RRRRRRRIRIHKKKS
OO I ete
RRIRRRRRRRRRR

0.125%

I
0.0625%

% / /" Jo onel

volume fraction

Fig 5-6 Relative thermal conductivity of 25/75 EG-water based MCNT nanofluids.
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Table 5.2 Thermal conductivity of 25/75 EG-water based MCNT nanofluids.

Temperature 25°C -5°C -10°C -15°C Variationat ~ Variationat  Variation at
% MCNT Thermal conductivity / W/m « K -5°C -10°C -15°C
0 0.505 0.500 0.493 0.489 -1.0% -2.4% -3.1%
0.0625 0.506 0.502 0.500 0.499 -1.0% -1.2% -1.4%
0.125 0.509 0.514 0.519 0.519 +1.0% +1.9% +1.9%
0.25 0.519 0.545 0.560 0.561 +5.0% +7.9% +8.1%
0.5 0.544 0.593 0.616 0.616 +9.0% +13.2% +13.2%

5.1.4 30EG-70water

Fig 5-7 shows the measured thermal conductivity data of 30EG-70water based MCNT nanofluids. And

Fig 5-8 presents the relative thermal conductivity against MCNT volume fraction. Detailed experimental

value of thermal conductivity are listed in Table 5.3. Similarly, we can observe the thermal conductivity

is increasing with particle volume fraction, and the enhancement of k arises when temperature drops.

Particularly, from Fig 5-8, the increasing rate of each concentration is accelerating very fast during 25 °C

to -10 °C, and slows down when temperature is lower than -10 °C. However, a difference we could find

from Table 5.3 is that, when particle volume fraction is given, the thermal conductivity is no longer

increasing with cooling, but reaches highest point at -10 °C and drops down slightly at -15 °C.
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Fig 5-7 Thermal conductivity of 30/70 EG-water based MCNT nanofluids.

T T

rrn e it bt etttk RGN Kt toict
eletelelale it it e ettt el e e e

e et eieie

AR
NS

115

110 +

105 S
100—.
95
90

% / 054#®y jo oped

0.125% 0.25% 0.5%

0.0625%

volume fraction

Fig 5-8 Relative thermal conductivity of 30/70 EG-water based MCNT nanofluids.

104



Table 5.3Tthermal conductivity of 30/70 EG-water based MCNT nanofluids.

Temperature 25°C -5°C -10°C -20°C Variationat ~ Variationat  Variation at
% MCNT Thermal conductivity / W/m « K -5°C -10°C -20°C
0 0.489 0.480 0.475 0.471 -1.8% -2.9% -3.7%
0.0625 0.491 0.488 0.487 0.485 -0.6% -0.8% -1.2%
0.125 0.495 0.497 0.505 0.502 +0.4% +2.0% +1.4%
0.25 0.511 0.529 0.547 0.546 +3.5% +7.0% +6.8%
0.5 0.533 0.579 0.606 0.607 +8.6% +13.7% +13.9%

5.1.5 KCl-water

Fig 5-9 shows the measured thermal conductivity data of KCl-water based MCNT nanofluids. From the

plots in the inserted figure and one can easily find that nanofluids samples containing different amount of

MCNT show varying trend of thermal conductivity over temperature. For example, in KCl-water

basefluid, thermal conductivity decreases when temperature is falling from 25 °C to -5 °C then to -10 °C.

Similarly, in 0.0625 % sample, thermal conductivity decreases by 0.8 % during the first cooling stage

from 25 °C to -5 °C, and on the contrary, increases by 0.2 % when temperature is further dropped to -10

°C. The same situation happens in 0.125 % sample, thermal conductivity firstly decreases by 0.1 % at -5

°C, and then, at -10 °C, restored to the room temperature level. Unlike 0.0625 % and 0.125 % samples,

nanofluids containing 0.25 % and 0.5 % MCNT exhibits a monotonically increasing trend during the

whole cooling process from 25 °C to -10 °C. Especially in 0.5 % sample, apparent enhancement of 9.4 %

and 9.7 % are observed at -5 and -10 respectively.
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Fig 5-9 Thermal conductivity of KCl-water based MCNT nanofluids.

Table 5.4 Thermal conductivity of KCl-water based MCNT nanofluids.

Temperature 25°C -5°C -10°C Variation at -5 Variation at
% MCNT Thermal conductivity / W/m « K °Cc -10°C
0 0.482 0.474 0.470 -1.7% -2.5%
0.0625 0.488 0.484 0.489 -0.8% +0.2%
0.125 0.498 0.493 0.498 -1.0% +0.0%
0.25 0.533 0.544 0.546 +2.1% +2.4%
0.5 0.577 0.631 0.633 +9.4% +9.7%
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In addition, the relative thermal conductivity against MCNT volume fraction is plotted in Fig 5-10. It is
easy to see that at each temperature series, thermal conductivity keeps increasing with the particle
volume fraction although the increasing rate is different at different temperature. Generally speaking,
lower temperature leads to higher enhancement in thermal conductivity, except data in 0.125 % and 0.25 %
samples at -10 °C. Particularly, an obvious much higher enhancement of thermal conductivity is found
when temperature is -60 °C in 0.5 % sample. This result demonstrates that the solidification process
could significantly improve the MCNT induced enhancement of thermal conductivity in KCl-water

based nanofluids.
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Fig 5-10 Relative thermal conductivity of KCI-water based MCNT nanofluids.
5.1.6 NaCl-water

Fig 5-11 shows the measured thermal conductivity data of NaCl-water based MCNT nanofluids. Table
5.5 lists the raw data of thermal conductivity and temperature caused change of thermal conductivity in

liquid state samples. Compared with 0.482 W/m « K in KCl-water base fluid, NaCl-water basefluid has
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higher room temperature thermal conductivity which is 0.572 W/m « K. Also higher solid state thermal

conductivity of 2.10 W/m <K in NaCl-water is found when temperature is -40 °C, which is 17.6 % greater

than thermal conductivity in solid state KCI-water sample.

Additionally, In Table 5.5, different from previous samples, we firstly find the cooling induced reduction

of thermal conductivity in 0.0625 % samples are same at both -10 °C, and -20 °C, of which percentage is

2.1 %. Likewise, the enhancement at both temperature in 0.25 % samples are same as well, the

percentage is 1.2 %. However, in 0.125 % and 0.5 % samples; the trend of thermal conductivity against

temperature is still in accordance with that in KCl-water based nanofluids, namely, lower temperature

promotes the MCNT role on enhancing the thermal conductivity of nanofluids.
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Fig 5-11 Thermal conductivity of NaCl-water based MCNT nanofluids.

Table 5.5 Thermal conductivity of NaCl-water based MCNT nanofluids.

Temperature 25°C -10°C -20°C Variation at Variation at
% MCNT Thermal conductivity / W/m = K -10°C -20°C
0 0.572 0.560 0.553 -2.1% -3.3%
0.0625 0.579 0.567 0.567 -2.1% -2.1%
0.125 0.586 0.578 0.582 -1.4% -0.7%
0.25 0.608 0.615 0.615 +1.2% +1.2%
0.5 0.662 0.658 0.673 -0.6% +1.7%
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In addition, the relative thermal conductivity against MCNT volume fraction is plotted in Fig 5-12.
Without exception, the highest enhancement of thermal conductivity of each samples with given MCNT
volume fraction is found to appear at -40 °C, which means in solid state, the contribution of MCNT on
thermal conductivity is much higher than in liquid state at room temperature. Besides this, an interesting
phenomenon can be found in each samples when temperature is -20 °C. At this temperature, the effective
thermal conductivity is much higher than that at room temperature, some can even reach the level in solid
state at -40 °C, although at -20 °C, the sample is still in liquid state. The observed high thermal

conductivity at -20 °C in NaCI-MCNT nanofluids could be contributed to the similar MCNT structure
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Fig 5-12 Relative thermal conductivity of NaCl-water based MCNT nanofluids.
in nanofluids at both -20 °C and -40 °C. As we know, the thermal conductivity enhancement is highly
depended on the MCNT aggregation condition, thus similar MCNT structure will cause similar overall

effective thermal conductivity.
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5.1.7 MgCl,-water

Fig 5-13 shows the measured thermal conductivity data of MgCl,-water based MCNT nanofluids. Table

5.6 lists the raw data of thermal conductivity and temperature caused change of thermal conductivity in

liquid state samples. From the measured data, we noticed that the thermal conductivity of MgCl,-water

basefluid at room temperature is 0.547 W/m « K, which is higher than that of KCl-water, but lower than

NaCl-water basefluid, although MgCl,-water has the lowest freezing point. This result shows that, on the

contrary to EG-water system, the thermal conductivity of salt solution does not have the same trend with

its freezing point. Additionally, the solid state thermal conductivity of MgCl,-water is also found

between that of solid state KCl-water and solid state NaCl-water.

In Table 5.6, we can clearly compare the different effect of MCNT particle on thermal conductivity of

MgCl,-water during cooling from 25 °C to -30 °C. We found that when the particle volume fraction is

0.0625 %, although the thermal conductivity is decreasing with cooling, the decreasing rate is slowing

down when temperature drops lower and lower. And in 0.125 % and 0.25 % sample, we found at cooling

stage from 25 °C to -10 °C, thermal conductivity is decreasing when temperauter is dropping, however,

during the stage when the temperature is further cooled to -30 °C, the thermal conductivity shows a

opposite relationship with temperature, namely, thermal conductivity is increasing with decreasing

temperature. In 0.5 % sample, we found that cooling no longer causes decreasing of thermal

conductivity, in anther word, thermal conductivity in samples containing 0.5 % MCNT at both -10 °C

and -30 °C is higher than that of pure basefluid.
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Fig 5-13 Thermal conductivity of MgCl,-water based MCNT nanofluids.
Table 5.6 Thermal conductivity of MgCl,-water based MCNT nanofluids.
Temperature 25°C -10°C -30°C Variation at Variation at
% MCNT Thermal conductivity / W/m « K -10°C -30°C
0 0.547 0.534 0.529 -2.4% -3.3%
0.0625 0.549 0.538 0.537 -2.0% -2.2%
0.125 0.561 0.542 0.554 -3.4% -1.2%
0.25 0.589 0.565 0.584 -4.1% -0.8%
0.5 0.620 0.634 0.627 +2.3% +1.1%
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In addition, the relative thermal conductivity against MCNT volume fraction is plotted in Fig 5-14.
Similar with we observed in KCl-water and NaCl-water based nanofluids, it is apparent that the effective
thermal conductivity is increasing with MCNT concentration at each setted temperature. Also, regardless

of the MCNT volume fraction, all of relative thermal conductivity of frozen MgCl,-water MCNT
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Fig 5-14 Relative thermal conductivity of MgCl,-water based MCNT nanofluids.
nanofluids measured at -60 °C is much higher than its counterparts in liquid state. For example, when
particle volume fraction is 0.5 %, the ratio of effective thermal conductivity to thermal conductivity of
basefluid at room temperature is 113.4 %, and this number climbs to 126.2 % at -60 °C when all of the
sample has become solid. Particularly, some abnormal data is found in 0.125 % and 0.25 % samples at
-10 °C, instead of being higher than the room temperature thermal conductivity, it is even lower. This

unusual result could be caused by the randomly distributed MCNT structure at 25 °C due to relatively
strong Brownian motion.
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5.2 Discussion of the Experimental results of thermal

conductivity measurement

In this section, we will investigate the mechanism of thermal conductivity enhancement in both
EG-water and salt-water based MCNT nanofluids, according to the measured thermal conductivity data
which have been shown in the previous experimental results section. To conduct the research, firstly, we
will compare the experimental data in our work with several well-known thermal conductivity models
which have been proposed before and choose the most applicable model for subsequent study. Then, we
will substitute the MCNT structure parameter predicted in last chapter by rheological behaviour of
nanofluids into the thermal conductivity model which has aggregation term in the functional expression.
Lastly, we will check the validity of the method of using rheological behaviour to predict thermal
conductivity of nanofluids. Below we will divide the discussion into two parts: EG-water and salt-water,

and will study both thermal conductivity mechanism separately.
5.2.1 EG-water based nanofluids

In this part, we will focus on the discussion of the particle effect on the thermal conductivity of EG-water
based MCNT nanofluids. To begin with, several traditional and typical thermal conductivity models will
be listed as the candidate of our following research. As mentioned in literature review chapter, the
well-studied models including Maxwell-Garnett model (MG), Hamilton-Crosser model (HC) and Nan’s
model will be considered in our following study. The expression of function of these models are listed in
Table 5.7.

Firstly, we will compare the predicted thermal conductivity value by MG model and HC model with the

measured thermal conductivity value respectively. To simplify the comparison, we will only select 20/80
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EG/water based MCNT nanofluids as a representative and the result is plotted in Fig 5-15. From the

result, it can be found that the predicted thermal conductivity by MG model is much lower than the

measured value and the gap between the predicted data and measured data keeps enlarging with

increasing MCNT particle volume fraction. As we know, the MG model is only applicable for two phase

suspensions containing spherical particle, and moreover, there is also a limitation on the particle volume

fraction. Both of these factors could lead to the underestimation of the thermal conductivity of MCNT

nanofluid in our study.

Since MG model fails to predict the thermal conductivity of nanofluids containing tube-like particles,

HC model which considers particle shape factor is further used to calculate the thermal conductivity.

However, from the result, we can observe that although the theoretical thermal conductivity value

calculated by HC model is higher than that by MG model, the gap between the experimental data and

theoretical data remains unfilled. In HC model, the value of shape factor n is 10 for MCNT in our case.

Based on above findings, the conclusion is clear that traditional MG model and HC model are not valid

anymore in our MCNT based nanofluids due to their limitation on particle shape and particle volume

fraction. Thus, a new model is needed to give a reasonable prediction of thermal conductivity of MCNT

nanofluids.
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Fig 5-15 Relative thermal conductivity of 20/80 EG-water based MCNT nanofluids at 25 °C.

Table 5.7 Models on thermal conductivity of nanofluids

Investigator

Expression

Comments

Maxwell-Garnett[160]

Hamilton-Crosser[161]

Nan[162]

kess _ ky + 2kp + 2(kp — kp)o
kb kp + Zkb - (kp - kb)(p

kerr _kp + (= Dky — (n = Dky — kp)o
kp ky + (n— Dk, + (ky — kp)o

ka _ 3+ ‘pin[zﬁx(l - Lx) + ﬁz(1 B Lz)]

kp B 3 = @in[2BxLy + B,2]

Where,

Bx = (kx = kp)/lkm + Lx (ke = k)]

Bz = (kz = kp)/ [k + Lz (ke — k)]

For spherical particles and low

particle concentration

For non-spherical particles and

low particle concentration, n is

shape factor

For the randomly oriented

ellipsoidal particles, and has no

limitation on the particle

concentration
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Among all of advanced thermal conductivity models considering Brownian motion effect, nano-layer

effect and clustering effect trying to explain the abnormal high enhancement of thermal conductivity of

nanofluids, the aggregation model has been widely studied and its feasibility has been successfully

demonstrated in many reports as well. In our work, we will choose Nan’s model to compute the thermal

conductivity of MCNT aggregation and further predict the effective thermal conductivity of MCNT

nanofluids, the functional expression of Nan’s model is listed in Table 5.7.

As mentioned above, we will use Nan’s model to predict the effective thermal conductivity of MCNT

cluster, and subsequently, use otherwise the HC model to calculate the effective thermal conductivity of

- 3+9in[2Bx(1-Lyx)+B7(1-L7)]
3—@in[2BxLx+BzLz]

the whole MCNT nanofluid. The equation of Nan’s model is written like Z—‘; ,
where B, = (k, — k) /[kp + Ly (k: — k)] and B, = (k, — kp)/[ky + L,(k; — k3,)]. In the function,
k, isthe thermal conductivity of the MCNT aggregation, k,, is the thermal conductivity of the basefluid,
@in isthe concentration of MCNT in an individual cluster, k,, k, and k, isthe thermal conductivity of
MCNT along the transverse and longitudinal directions and isotropic thermal conductivity of the MCNT
respectively. In our research, k,, k, and k. are considered the same as the thermal conductivity k,, of
MCNT. And L, and L, are well-known geometrical factors dependent on the MCNT aspect ratio and

0.512
expressed as L, = ——

2
0.5rcosh™r/(r? — 1)3 and L, = 1 — 2L,, in which r is the ratio of the

r2-1

length of the MCNT to the diameter of the MCNT.

If we rewrite the left part of Nan’s equation we can get expression as following:

Ko _ 1 4 Oml2Bx*Bsl rig term 1 plus a fractional term means that the effective thermal
kp 3=@in[2BxLx+BzLz]

conductivity of nanofluids with cluster is alway larger than the thermal conductivity of the basefluid.
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Furthermore, the fractional term means that the enhancement of thermal conductivity is highly related

with the geometrical factors L, and L, which determines the value of 8, and S,.

Among all of the parameters mentioned in the last paragraph, most of them are inherent properties or can
be derived from given parameters except the value of ¢;,,. The concentration of MCNT in the cluster is
the key factor for predicting the thermal conductivity of nanofluids using Nan’s model, which is difficult
to be observed directly from experimental methods. In our work, to obtain the value of the ¢;,,, we will
quantify the microstructure of MCNT cluster by the rheological analyses. Below, we will discuss the
procedure of linking rheological property with thermal conductivity of MCNT nanofluids based on

different EG-water basefluids in sequence.
5.2.2 20EG-80water

From the rheological analyse in chapter 4, the conclusion has been achieved that by fitting the
experimental data of viscosity with modified K-D model, we can quantify the parameters describing the
MCNT cluster structure, such as R, the ratio of the effective size of cluster to the size of a primary
particle and D, the fractural index. Having the value of R and D, we can further calculate the value of ¢;,
based on the equation ¢;, = R®°~3). All of the MCNT cluster parameters at 25 °C, -5 °C and -10 °C are

listed in Table 5.8.

From the data in Table 5.8, if we look vertically comparing the fitting parameters of samples containing
different amount of MCNT, we will find that the amount of MCNT particle contained in the cluster is not

always the same, for example, in 0.0625 % and 0.125 % samples, the value of ¢, is 0.366, while in
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0.25 % and 0.5 % sampels, the value of ¢;, shrinks to one-fourth to 0.089, namely, much less of MCNT

is located in an individual cluster.

Table 5.8 Fitting parameters of MCNT cluster in 20EG-80water basefluid.

Temperature 25°C -5°C -10°C
% MCNT R D Pin R D Pin R D Pin
0.0625 2 1.55 0.366 5 1.50 0.089 13 1.50 0.021
0.125 2 1.55 0.366 10 1.45 0.028 13 1.50 0.021
0.25 5 1.50 0.089 13 1.55 0.024 17 1.55 0.016
0.5 5 1.50 0.089 13 1.58 0.026 17 1.60 0.019

Since we have already known the concentration of MCNT contained in an individual cluster through the
rheology analysis in chapter 4, subsequently, we will apply the value of ¢;, into Nan’s model to
compute the effective thermal conductivity of the MCNT cluster, which is k,. And we can also get the
concentration of MCNT cluster in the whole nanolfuids by using equation ¢, = :;;' After this, we will
substitute the calculated k, for the thermal conductivity of particle k, and substitute ¢, for the

©
ka+(n—1)kb—(n—1)(kb—ka)(p—i‘;

particle concentration ¢, in H-C model, then the function becomes as Ketr 7
Kp ka+(n-1kp+(kp—ka)

By this way, the predicted thermal conductivity considering cluster effect can be obtained and the results

are plotted in Fig 5-16 showing with the experimental value together. We can observe that the H-C model

modified taking into account the MCNT cluster by Nan’s model, agrees very well with the experimental

results at each temperature.
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Also in Fig 5-16, we can notice that at all temperature, the predicted thermal conductivity data of samples

containing various concentration of MCNT are all located within the range of the experimental error and

the variation between the predicted value and the average experimental value is slight as well. However,

one can see that there is no predicted value when temperature is -40 °C, this is because our prediction of

@ is derived from the shear viscosity measurement and the shear viscosity test is not achievable at -40

°C due to the solidifying of the sample. As a result, we didn't show the prediction of thermal conductivity

at -40 °C. However, from the results showed before in Fig 5-4, we know that thermal conductivity at -40

°C shows similar value with that at -10 °C. This is due to the microstructure of MCNT cluster does not

migrate very much during the cooling from the freezing point to a further low temperature, in this case,

from -10 °C to -40 °C.
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Fig 5-16 Effective thermal conductivity of 20/80 EG-water based MCNT nanofluids.
5.2.3 25EG-75water

Similar with the discussion in 20/80 EG-water based MCNT nanofluids, in this section, firstly, the results

of rheology analysis is also presented in Table 5.9. The different thing is that we applied -15 °C in 25/75

EG-water based samples, so that we can have more information to build relationship between thermal
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conductivity and viscosity that covers a wide temperature range. In aspect of the value of R and D,

generally, people can notice some distinction caused by changing the ratio of EG to water in basefluid.

For example, when temperature is 25 °C, the value of the fractal index D has increased from 1.55 to 1.60

even though the relative particle size keeps the same number in 0.0625 % and 0.125 % samples. That

leads to a higher value of ¢;, which will further influence the prediction of thermal conductivity

afterwards. Also, we can find that, at a given temperature, the value of R in 25/75 EG-water based

sampels are always higher, if not equal, than that in 20/80 EG-water based samples. This indicates that

more EG in the basefluid could promote the aggregation of MCNT particles which subsequently affects

the fitting parameter derived from the viscosity data. The positive correlation between EG concentration

and particle aggregation status is due to the MCNT is attached with the hydrophobic end of the surfactant

and the hydrophilic end stretches out into the basefluid. Thus, the surfactant coated MCNT presents a

hydrophilic behaviour, and the compatibility between MCNT and the basefluid is better when the whole

system contains more water, in another word, more EG will cause a less stable dispersion condition of

MCNT, which turns out to facilitate aggregating of particle.

Table 5.9 Fitting parameters of MCNT cluster in 25EG-75water basefluid.

Temperature 25°C -5°C -10°C -15°C
% MCNT R D Pin R D Pin R D Pin R Pin
0.0625 2 1.60 0.379 6 1.55 0.074 13 1.55 0.024 13 1.55 0.024
0.125 2 1.60 0.379 10 1.57 0.037 15 1.55 0.020 15 1.55 0.020
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0.25 6 155 0.074 13 1.55 0.024 18 1.52 0.014 18 155 0.015

05 6 1.55 0.074 13 1.58 0.026 18 1.61 0.018 18 1.56 0.016

Although increasing the proportion of EG in the basefluid makes worse stability of MCNT in the

suspension, to some extent, the further aggregation of particle could help promoting the heat conduction

of MCNT cluster, thus enhancing the total thermal conductivity of the nanofluids. The effective thermal

conductivity results are shown in Fig 5-17. We can see that the predicted thermal conductivity data

matches well with the experimental results at all particle concentration and it manages to follow the trend

that the lower the temperature, the higher the effective thermal conductivity. That is, the method of

predicting thermal conductivity through rheology analysis has been successfully demonstrated its

advantages of explaining the temperature effect on enhancement of thermal conductivity.
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Fig 5-17 Effective thermal conductivity of 25/75 EG-water based MCNT nanofluids.
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In addition, if we look at the numbers in depth, we will find that the ratio of effective thermal
conductivity to that of basefluid increases almost linearly with MCNT volume fraction at each
temperature. However, it doesn't show the same trend with temperature. For example, for samples
containing 0.5 % MCNT, the enhancement of thermal conductivity at 25 °C is 7.8 %, increases to 18.6 %
at -5 °C, then to 25.0 % at -10 °C, and then keeps nearly unchanged at 26.0 % and 26.6 % at -15 °C and
-40 °C. It is obvious that at the early stage of cooling, like from 25 °C to -5 °C, the temperature dropping
induced thermal conductivity increasing is very fast, while during the later cooling stage, like from -10
°C to -15°C, the enhancement of the effective thermal conductivity tends to keep increasing very slow,
even to a far lower temperature beyond the freezing point of the sample, the thermal conductivity is still
not increasing very much. This observing could be explained when we refer to the microstructure of
MCNT cluster. According to the fitting parameters of 0.5 % sample in Table 5.9, we can easily find that
during the cooling from 25 °C to -5 °C, the value of R increases from 6 to 13 with only a little change in D,
this leads to a big drop in ¢;,, from 0.074 to 0.026. The variation of these parameters indicates that
during this cooling stage, the MCNT cluster has more than doubled in its effective volume while
including the same amount of particle, which means that the pathway of heat contributed by MCNT has
been extended and spread to over twice as its original coverage rate in the base fluid. As a result, the total

thermal conductivity of MCNT naonfluids will increase more at -5 °C than at 25 °C.

However, the effective cluster size R in 0.5 % sample at -10 °C and -15 °C doesn’t show difference and
the only change is the slight increase of D from 1.56 to 1.61, which leads to an almost stable ¢,. As we

have already known the relationship between the value of ¢;, and the thermal conductivity of MCNT
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cluster, the little change in thermal conductivity at -10 °C and -15 °C could be contributed to the

relatively stable amount of MCNT particles in the cluster.

5.2.4 30EG-70water

Table 5.10 lists the fitting parameter of MCNT cluster in 30/70 EG-water basefluid derived from the

modified K-D model. Compared with that in 25/75 EG-water basefluid, MCNT particles in 30/70

EG-water basefluid tend to aggregate more closely and the cluster structure tend to be tighter. In terms of

fitting parameters by rheology analysis, the higher concentration of EG plays a restricting role on the

dispersion of MCNT, thus leads to higher effective cluster size R and fractural index D. The reason is the

same as we illustrated in last section, that is, more EG makes the compatibility between surfactant coated

MCNT and basefluid worse, therefore particles tend to aggregate to form a larger and tighter cluster.

Table 5.10 Fitting parameters of MCNT cluster in 30EG-70water basefluid.

Temperature 25°C -5°C -10°C -20°C
% MCNT R D Pin R D Pin R D Pin R D Pin
0.0625 3 1.60 0.215 8 1.55 0.049 13 1.55 0.024 14 1.60 0.025
0.125 3 1.60 0.215 9 1.60 0.046 15 1.55 0.020 16 1.55 0.018
0.25 6 1.60 0.081 14 1.60 0.025 18 1.52 0.014 20 1.60 0.015
0.5 6 1.65 0.089 14 1.62 0.026 18 1.61 0.018 20 1.67 0.018

Fig 5-18 displays the effective thermal conductivity of 30/70 EG-water based MCNT nanofluids and the

predicted thermal conductivity by rheology analysis. From this figure, we can also draw the same



conclusion that predicted value can match the experimental value very well even when temperature goes
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Fig 5-18 Effective thermal conductivity of 30/70 EG-water based MCNT nanofluids

However, the predicted value at all temperature overestimated the thermal conductivity a bit, especially

when the MCNT volume concentration is high, like 0.25 % and 0.5 %. This is because the method we

used to predict the microstructure of MCNT cluster is based on the shear viscosity, although the viscosity

data can reveal the information of the cluster indirectly, the shear force applied in the measurement might

also affect the cluster distribution, which is considered as an inevitable artefact. Due to the existing shear

force, the MCNT particles in the viscosity test is dispersed in a more stretched pattern than in the still

crucible in LFA test for thermal conductivity, thus the better thermal conductivity enhancement is

observed in the predicted value from rheology analysis.
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5.2.5 Salt-water based nanofluids

In this section, we will discuss the thermal conductivity results of salt-water based MCNT nanofluids. As

cold storage phase change material, the freezing point range of the salt-water based basefluid covers from

-10 °C to -33 °C, including KCI, NaCl and MgCl, aqueous solution. We will discuss the results in the

sequence of the type of salt in the following subsections.
5.2.6 KCl-water

At first, we will talk about KCl-water based MCNT nanofluids. And to start with, the structure

information of MCNT cluster in KCl-water baseflud is shown in terms of fitting parameter of modified

K-D model in Table 5.11. Comparing with that in EG-water based samples, we could find that the R and

D value is relatively higher in KCl-water based samples, for example, at 25 °C, the effective size is 10

and the fractural index is 1.70 in 0.0625 % sample, compared with 3 and 1.6 in its counterpart in 30/70

EG-water based samples. This means the MCNT cluster is larger and denser in salt-water based

nanofluids of which the reason has already been discussed and explained in chapter 4.

In addition, we could find another different phenomenon in KCl-water based MCNT nanofluids.

Especially in the -5 °C column, we can notice that although the value of R grows gradually from 15 to 18

with the increasing particle volume fraction, the value of fractural index keeps the same at 1.70. This is a

sign that the structure of MCNT cluster at different volume fraction are similar with each other as the

inner density of the MCNT are same. And even in -10 °C column, we can find all of the samples share the

same R and D, which indicates that the MCNT cluster in all samples have identical inner inclusion.

Table 5.11 Fitting parameters of MCNT cluster in KCl-water basefluid.

Temperature 25°C -5°C -10°C

127



% MCNT R D Pin R D Pin R D Pin

0.0625 10 1.70 0.050 15 1.70 0.029 18 1.72 0.025
0.125 10 1.70 0.050 15 1.70 0.029 18 1.72 0.025
0.25 12 1.70 0.039 17 1.70 0.025 18 1.72 0.025
0.5 12 1.73 0.042 18 1.70 0.023 18 1.72 0.025

Based on above findings, it is convenient to draw the conclusion that the structure of MCNT cluster in

KCl-water basefluid is more rigid than in EG-water based samples, and the structure doesn't change very

much with particle concentration. And from the results in Fig 5-19, we could also claim that the

combination of Nan’s model and H-C model could successfully predict the experimental value of

thermal conductivity.
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Fig 5-19 Relative thermal conductivity of KCl-water based MCNT nanofluids
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5.2.7 NaCl-water

In this section, we will display the structure information of MCNT cluster in NaCl-water based

nanofluids and compare the predicted thermal conductivity with the measured thermal conductivity.

Firstly, the fitting parameters of MCNT cluster is presented in Table 5.12 which covers a wide

temperature range from 25 °C to -20 °C. From the data in below table, we could find that like in

KCl-water based samples, the NaCl-water based nanofluids have the ability to maintain a fixed effective

MCNT cluster size. For example, nanofluids containing different amount of MCNT shows very similar R

values if we only look at results in one given temperature, especially at -10 °C and -20 °C, R values are 15

and 18 for varying particle concentration respectively. On the other hand, in terms of fractural index D,

the fitting value shows a clear increasing trend with the volume fraction of MCNT, particularly at low

temperature conditions. For instance, when temperature is -10 °C, D value increases gradually from 1.73

to 1.76 during the volume fraction grows from 0.0625 % to 0.5 %. Also, the same trend is found when

temperature is -20 °C.

Table 5.12 Fitting parameters of MCNT cluster in NaCl-water basefluid.

Temperature 25°C -10°C -20°C
% MCNT R D Qin R D Oin R D Pin
0.0625 10 1.70 0.052 14 1.75 0.032 14 1.75 0.025
0.125 10 1.70 0.052 14 1.75 0.032 17 1.72 0.025
0.25 11 1.70 0.043 14 1.75 0.033 17 1.72 0.025
0.5 12 1.73 0.043 14 1.75 0.035 17 1.78 0.029

As we have already known the MCNT cluster structure, then we can apply the fitted parameters into the

Nan’s model and H-C model to obtain the theoretical thermal conductivity value of NaCl-water based
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MCNT nanofluids. As plotted in Fig 5-20, predicted thermal conductivity with experimental thermal

conductivity are presented together at 25 °C, -10 °C and -20 °C. At first, from the general point of view,

we can find that all of the predicted thermal conductivity value overestimates the experimental thermal

conductivity value in a noticeable degree, particularly when particle concentration is above 0.125 %. As

we know, the predicted value is computed by applying ¢;,, into Nan’s model, in which the value of ¢;,

is derived from the fitting parameter R and D in modified K-D model via rheology analysis. Also, as

shown in Table 5.12, R and D doesn't vary significantly, thus the value of ¢;, remains steady in a

narrow range, consequently, the MCNT volume fraction becomes the major factor that dominates in the

prediction of thermal conductivity. As a result, we can observe an approximately linear relationship

between the predicted thermal conductivity and the particle concentration.

However, in the real case, the MCNT cluster structure in NaCl-water basefluid might not be steady as

illustrated from the fitting parameter via modified K-D model. This uncertainty makes us have to rethink

the applicability of the predicting method.
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As proved in EG-water based MCNT nanofluids, the predicted thermal conductivity follows well with

the measured thermal conductivity. In this case, when the basefluid has been change to NaCl-water

solution, the thermal conductivity predicting method shows its own limitations. Hypothetically speaking,

the deviation of the predicted value could be mainly contributed to the variability occurs at rheology

analysis part during the thermal conductivity predicting procedure. Specifically, the overestimated

thermal conductivity could be caused by the artefact due to the shear flow when we apply the modified

K-D model to predict the MCNT cluster structure. As we mentioned in chapter 4, the NaCl-water we use

is a high ion concentration system, which prevents the particle from arranging evenly in the basefluid

when left to stand. Thus, the applied shear force might play a positive role on the homogeneous

distribution of the MCNT cluster, which causes the higher value of predicted thermal conductivity than

the experimental thermal conductivity measured on the still condition.
5.2.8 MgCl,-water

Table 5.13 shows the fitting parameter of modified K-D model of MCNT cluster in MgCl,-water

basefluid. The temperature range covers from 25 °C to -30 °C. Comparing the data in Table 5.13 and

Table 5.12, we can find that both naonfluids shows stable fitting parameters of fractural index D at same

temperature but various MCNT volume fraction. In addition, not like fractural index, the value of

effective cluster size is increasing slowly with the adding of particle concentration, and also with the

cooling of the nanofluid. This trend illustrates that although the MCNT cluster size will change with

temperature and particle fraction, the amount of particles included in the cluster tends to keep constant.

Table 5.13 Fitting parameters of MCNT cluster in MgCl,-water basefluid.

Temperature 25°C -10°C -30°C
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% MCNT R D Din R D Din R D Pin
0.0625 10 175 0054 9 175 0054 17 173  0.027
0.125 10 175 0054 13 170 0043 17 173  0.027
0.25 12 175 0043 13 170 0035 17 173  0.027
0.5 12 175 0043 13 170 0035 17 173  0.027

Based on the fitting parameters of MCNT cluster, we calculated the thermal conductivity of MgCl,-water

based nanofluids using Nan’s model and H-C model. And the relative thermal conductivity is plotted in

Fig 5-21. It is obvious that the prediction of thermal conductivity can generally follow the experimental

data at each temperature and particle concentration. However, the predicted value overestimated the real

value in some cases. The reason could be contributed to the limitation of the method being used to get the

MCNT cluster structure, as we have already mentioned in last section, the shear force has taken part in to

affect the cluster distribution during the process of using modified K-D model to predict the cluster

structure.
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5.3 Summary

To summarize this chapter, first we presented the experimental thermal conductivity data of both
EG-water and salt-water based MCNT nanofluids measured at different temperatures. Then, we listed
the temperature induced thermal conductivity variation in tables and plotted the enhancement of thermal
conductivity in bar charts. We found that the thermal conductivity of nanofluid with different base fluid
shows different relationship with temperature, and the enhancement of nanofluid is higher at lower
temperature. All of above findings illustrates that the effective thermal conductivity of nanofluids not
only relies on the particle concentration, but also depends on the particle cluster structure, which is highly

related with the sample temperature.

Based on this knowledge, we applied the cluster structure parameters which have been studied in chapter
4 into Nan’s model and H-C model to predict the value of thermal conductivity. In addition, we
compared the predicted thermal conductivity with the experimental thermal conductivity of all samples
and found that in most cases, the theoretical value could match the experimental value very well. To
conclude, from the study of this chapter, we can link the MCNT cluster structure with the enhancement
of thermal conductivity of nanofluids, and use the cluster information through rheology analysis to

complete the prediction of thermal conductivity by Nan’s model and H-C model.
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6 Results and discussion (I11): thermal properties

In this chapter, we will investigate the thermal properties of EG-water and salt-water based MCNT
nano-composite PCMs. The thermal properties mentioned here include specific heat, melting enthalpy,
supercooling degree and crystallization behaviour, all of which are very important properties influencing
the thermal storage performance of the nano-composite PCMs. The detailed procedure of sample
preparation and equipment and methods of characterization of above thermal properties have already
been clearly illustrated in the previous methodology chapter 3. As a results, in this chapter, we will only
display the tested data, and then discuss the results in sequence. At the end of this chapter, we will give
the conclusion that how MCNT particle affects the specific heat, melting enthalpy, supercooling and

crystallization.

6.1 Experimental results and discussion of specific heat

In this section, we will display the measured data of specific heat of both EG-water and salt water
based MCNT nanofluids in both liquid and solid state. Then, we will match the experimental value of
specific heat with the predicted value by traditional model. Because the numbers of samples are very
large, so we will divide all samples into two section: EG-water and salt-water based nanofluds, and

only present the data of specific heat measured at room temperature, namely, at 25 °C.
6.1.1 EG-water based nanofluids

In Fig 6-1, the measured results of specific heat of EG-water based MCNT nanofluids are shown with
error bar. We can see that although the error bar is large, the trend of specific heat of basefluid samples
with different EG-water ratio is very clear. That is, the specific heat of the mixture will decrease with

the amount of adding EG into water. For example, the 20/80 basefluid has the highest specific heat in
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our experiment, which is 3.930 J/g * K, and this value decreases to 3.830 J/g * K in 25/75 sample, then
to 3.750 J/g » K in 30/70 one. The drop of specific heat follows the mixing rule of EG and water, the
similar observation has also been demonstrated in others researches. In aspect of effect of nanoparticle,
we noticed that the specific heat of nanofluids is also reducing gradually with concentration of MCNT.

The detail will be shown and discussed in the following paragraph.
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Fig 6-1 Specific heat of EG-water based MCNT nanofluids at 25 °C.
As shown in Fig 6-2, the experimental data and theoretical value of specific heat of EG-water based
MCNT nanofluids is plotted together in solid point and dash line respectively, error bar is not shown to
make the figure clear and simple. In this section, the model we used to predict specific heat of
nanofluds is the conventional mixing rule, which is expressed as c, = (1 — @)c,, + @cpp,, Where ¢y,
cpp and cp, are specific heat of nanofluid, basefluid and nanoparticle respectively. ¢ is the volume

concentration of MCNT.
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On the figure, we noticed that both the experimental specific heat data and the theoretical data are

decreasing with the volume fraction of MCNT. And the reduction in specific heat at all particle

concentration is bigger than the predicted value, which means the mixing theory underestimates the

realistic value. For example, in 20/80 EG-water based samples, the one containing 0.0625 % MCNT

presents a very similar specific heat value with the predicted data, they are 3.925 J/g « K and 3.927

J/g K. The difference is only 0.002 J/g *K. However, in 0.5 % sample, the experimental and theoretical

value are 3.900 J/g - K and 3.914 J/g « K, the gap broadens to 0.014 J/g * K.

The main reason of the slight gap between the measured data and predicted data is that when we were

preparing the nanofluid samples, we introduced the surfactant SDS into the system, so the dissolved

SDS could affect the specific heat of the EG-water mixture, thus the experimental specific heat value of

the whole system drops as well. In addition, the amount of SDS in each sample is related with the

concentration of particle, in another word, the more MCNT particle, the more SDS was added. As a

result, the gap between the experimental value and the theoretical value at high concentration is bigger

than that at low concentration which is obviously shown on the figure.
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Fig 6-2 Experimental and theoretical data of specific heat of EG-water based MCNT nanofluids at 25 °C.
6.1.2 Salt-water based nanofluids

In Fig 6-3, we plotted the experimental specific heat results of KCI, NaCl and MgCl, solution based

MCNT nanofluids, the same as EG-water based samples, we only considerate the specific heat at room

temperature. As mentioned in last section, the specific heat of EG-water basefluid presents a linear

relationship with the EG concentration, and we know that freezing point will decrease with the

EG/water ratio. As a result, we can draw the conclusion that specific heat of EG-water will decrease

with the freezing point of them. Contrarily, at the very first sight of the data, we can find that the

specific heat of these three types of salt-water doesn't show a clear trend with their freezing point. For

example, KCl-water solution used in our study has the highest -10 °C freezing point, but its specific

heat locates in the middle of three salt solutions, which is 3.244 J/g « K. And the NaCl-water possesses

the highest specific heat, 3.425 J/g « K while its freezing point is -21 °C, lower than -33 °C of

MgCl,-water solution. The reason of the irregular specific heat of salt solutions could be contributed to
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the combining effect of many factors, including the weight fraction of the salt in the water, the molar

mass of the salt, the volume of the ions dissolved in water and so on. All of above makes it very hard to

predict the specific heat precisely by theoretical model, thus, experimental study is the most convenient

way to know the specific heat of different salt solutions.
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Fig 6-3 Specific heat of salt-water based MCNT nanofluids at 25 °C.

In addition, we also plotted the experimental specific heat data with the theoretical data together

against the MCNT volume fraction, which is shown in Fig 6-4 without error bar for convenience. It is

apparent that all of the salt-water based nanofluids show the same relationship between specific heat

and particle volume fraction, namely, specific heat decreases with particle concentration. For example,

the specific heat of NaCl-water based MCNT nanofluids is 3.425, 3.420, 3.413, 3.406 and 3.394 J/g - K

in basefluid, 0.0625 %, 0.125 %, 0.25 % and 0.5 % samples respectively. Besides that, like in

EG-water based nanofluids, the mixing model has been approved to be applicable for predicting the
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specific heat of salt-water based nanofluds although an insignificant gap occurs

concentration is high.
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Fig 6-4 Experimental and theoretical data of specific heat of salt-water based MCNT nanofluids at 25 °C.

6.2 Experimental results and discussion of melting point and

melting enthalpy

In this section, we will display the experimental results of the melting point and melting enthalpy of

both EG-water and salt-water based MCNT nanofluids. First, in aspect of basefluid type, we will divide

our samples into two parts: EG-water and salt-water based nanofluids. Then, in each part, we will show

the DSC curves during the melting stage, consequently, based on these curves, we can obtain the

melting point and melting enthalpy.
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6.2.1 EG-water based nanofluids

To start the works of this part, we investigated the relationship between the EG/water ratio and the
melting point and melting enthalpy. In Fig 6-5, the effect of EG on the melting point depression is
clearly shown with the fitting trend line. The melting point is -15.7 °C, -22.1 °C and -25.4 °C in 20/80,
25/75 and 30/70 EG-water mixture respectively. Also, we can find that the degree of melting point
depression follows a linear relationship with the concentration of EG. This finding could be explained
very well by the melting point depression theory, which claims that in an ideal solution, the degree of
melting point decrease of the solvent (in our case is water) depends only on the solute (in our case is

salt) concentration that can be estimated by a linear relationship.
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Fig 6-5 Degree of melting point depression of EG-water basefluid.

Apart from melting point, we presents the measured melting enthalpy of EG-water basefluid in Fig 6-6.
Interestingly, when we come to look at the experimental data of melting enthalpy, the result shows a big
discrepancy with the value predicted by simply using the mixing theory. It is apparently that the melting

enthalpy is decreasing dramatically with EG/water ratio and fits an exponential correlation instead of
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following the linear trend. For example, the measured melting enthalpy is 334.0 J/g in water, and it has
dropped by more than half to 141.0 J/g by adding only 20% EG, and when the ratio is 30/70, the
melting enthalpy data has shrunk drastically to 85.5 J/g. Moreover, the fitted equation is shown on the
figure with parameter of A= 319.22, B=0.2 and C=14.46. The reason of this abnormal phenomenon
could be explained by considering the —OH group in ethylene glycol, which traps the water molecular
through hydrogen bonding force thus leading less water molecular to attend the freezing process, as a

result, the overall melting enthalpy will be diminished due to the existence of some ‘unfrozen’ water

molecular.
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Fig 6-6 Melting enthalpy of EG-water basefluid.

Then, we will study the effect of nanoparticle on the melting point and melting enthalpy of EG-water
based samples. Results of samples at different EG/water ratio are shown in Fig 6-7 (a)-(c). Firstly, to
find the relationship between the MCNT volume fraction and the melting point, we only look at the red

circle symbol in each figure. It is obvious that the data of the melting point at different particle
144



concentration in each figure keeps almost unchanged with only a little fluctuation. This observation

indicates that the amount of the MCNT does not play a very significant role on the melting point of the

nano-composite samples. In the nanofluids system, the nanoparticle can be considered as an introduced

impurity which does not affect the physical properties of the basefluid itself.
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Fig 6-7 Melting point and melting enthalpy of (a) 20/80, (b) 25/75 and (c) 30/70 EG-water based MCNT nanofluids.
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In terms of melting enthalpy, data are plotted in figures using black square symbol, the predicted value

are also shown together with the experimental data. From the results, we can easily find that the

melting enthalpy will decrease with the adding of MCNT in nanofluids based on EG/water mixture of

any ratio. Luckily, the loss of the melting enthalpy is very few which is at an acceptable, if not

negligible level in the industrial cold storage application. For example, the largest melting enthalpy loss
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among all EG-water based samples happens in 20/80 EG-water containing 0.5 % MCNT, which is only

2.4 Jlg. Besides that, we also find that the decreasing of melting enthalpy matches well with the

theoretical value calculated by mixing theory, the same one we used to predict specific heat before.

Because added MCNT particles does not participate into the process of melting, thus the effective

phase changing proportion in the whole nano-composite PCM will reduce to some extent

corresponding to the amount of MCNT added into the base material.
6.2.2 Salt-water based nanofluids

For salt-water based MCNT nanofluids, we don not study the effect of salt concentration on the change

of melting enthalpy and melting point. Because as mentioned in the materials and methodology chapter,

the salt solution we used in this study are all at their eutectic point, which means for each type of salt,

an exact salt/water ratio was chosen to make the basefluids has the lowest freezing point. However, we

still study effect of adding different types of salt on the melting point and melting enthalpy of pure

water. As we all know, adding impurity into the water will depress the melting point of the water itself.

However, the melting enthalpy of salt solution is not simply as we expected by only summing the latent

heat of fusion of the salt and the water. That is because, the salt has already become ionic state when

dissolved in the water, and these ions are all surrounded by water molecules. So, the amount of bond

energy stored in the solid state salt has been transferred into the ‘hydrated ions’, and this part of energy

will not participate in the process of the melting and freezing of the salt solution. That is why the total

amount of melting enthalpy of salt solution is reduced based on the original value of pure water, but no

matter with the melting enthalpy of the salt very much. As shown in Fig 6-8, we can have a clear look

at the reduction of both melting point and melting enthalpy of different types of salt solution. The

percentage of reduction of melting point is calculated by dividing the degree of the melting point
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depression of the salt solution with the melting point of water (273 K). And also, the percentage of

reduction of melting enthalpy is obtained using the same method.
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Fig 6-8 Reduction of melting point and melting enthalpy.

From the results, it is clear that the degree of reduction of melting point is linearly increasing from

KCl-water to NaCl-water, then to MgCI2-water solutions, while the degree of reduction of melting

enthalpy is also increasing at the same time. However, the extent of both dropping of melting point and

melting enthalpy of each salt solution is very different. For example, in KCl-water, melting point has

been decreased by 3.95 % to -10.78 oC , while the melting enthalpy 22.13 %, which is 260.1 J/g. And

in NaCl-water, the melting point and melting enthalpy is -21.54 °C and 209.8 J/g, decreased by 7.89 %

and 37.19 % respectively. Also in MgCl,-water, only 12.15 % depression of melting point brings an

over half loss on melting enthalpy, the heat of fusion is only 137.8 J/g. From above results, we know
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that to achieve a lower melting point PCM, melting enthalpy can be sacrificed a lot, thus, a balance

between the working temperature and the energy storage density need to be considered carefully when

we choose a PCM for the real cold storage applications.

After that, we will study the effect of MCNT concentration on the melting point and melting enthalpy

of salt solutions based nanofluids, results are listed in Fig 6-9. From the figure, we find that the melting

point in three different salt solution based nanofluids does not vary with the particle volume fraction

very much, namely, adding nanoparticles into the PCM will not affect the feasibility of the material to

be used in a particular temperature range. However, the melting enthalpy of all nanofluids tend to

decrease with the amount of added MCNT particles. For examples, in Fig 6-9 (a), a much huger reduce

in melting enthalpy than the predicted value can be observed in KCl-water based MCNT nanofluid,

especially in high particle concentration samples. For example, at 0.0625 %, the measured melting

enthalpy is 257.6 J/g, while the theoretical value is 259.9 J/g, the gap is 2.3 J/g. And at 0.5 %, the

experimental data is 250.2 J/g, 8.6 J/g lower than the theoretical value. Based on the results, it seems

that the rate of descend of the experimental melting enthalpy against particle concentration is much

higher than the predicted value using mixing theory. Moreover, the similar trend of melting enthalpy

can be found in NaCl-water and MgCl,-water based nanofluids as well. The experimental results of

melting enthalpy of all samples are listed in Table 6.1
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Fig 6-9 Melting point and melting enthalpy of (a) KCI, (b) NaCl and (c) MgCl, -water based MCNT nanofluids.

Compared with the melting enthalpy results of EG-water based samples, we can find the value in

salt-water based samples scatters far from the value predicted by mixing theory. This could be caused

by the different types of surfactants used in two different systems. In former case, SDS was used to

enhance wettability of MCNT in the EG-water mixture, while in later, Gum Arabic was applied to

thicken the salt solution to keep the MCNT particles well isolated from each other. Similar with adding

EG into water, the thickening agent itself will demise the latent heat of fusion, due to the —OH groups

in Gum Arabic will capture water molecules to constrain their participation in the phase changing

process. Therefore, an alternative way should be figured out to formulate stable salt solution based

nano-composite PCMs without sacrificing the melting enthalpy severely.
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Table 6.1Melting enthalpy of salt-water based MCNT nanofluids.

melting enthalpy (J/q)

samples
pure 0.0625% 0.125 % 0.25% 0.5%
KCl-water 260.1 257.6 256.2 254.6 250.2
NaCl-water 209.8 206.6 204.4 202.7 201.3
MgCl,-water 137.8 136.6 135.7 134.8 133.5

6.3 Experimental results and discussion of supercooling

In this section, we will display the degree of supercooling of EG-water and salt-water based MCNT
nanofluids. As we have already mention in methodology chapter, we used two kinds of method to
characterize the supercooling degree of nano-composite PCMs. One of them is called
Temperature-history method, a very traditional and commonly used method to achieve onset of
freezing temperature. The other is a novel method firstly proposed by us, and we name it
Modulus-temperature method. In this work, we will compare the experimental results using both

methods and discuss the results based on two categories of basefluids: EG-water and salt water.
6.3.1 EG-water based nanofluids

Firstly, we will present the experimental results of EG-water based samples. The group of EG-water
based nanofluids can be further divided into three subgroups according to the ratio of EG to water,
which are 20/80, 25/75 and 30/70.

20/80 EG-water

In Fig 6-10, the Temperature-history curves of 20/80 EG-water based MCNT nanofluids are plotted.
We can see that the temperature drops below the ideal freezing temperature (equals to the melting
point) until a lowest point and then rise up to the ideal freezing point again, which illustrates the
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supercooling phenomenon in all samples. Not only us, this kind of Temperature-history curve is also

presented by other researchers, which is a clear and visual demonstration of the existence of

supercooling phenomenon during freezing of PCMs. To be clear and specific, we enlarge the

supercooling zone on all curves in Fig 6-10 (a), results are plotted in Fig 6-10 (b). In the zoom-in view,

we can point out the bottom of each curve, namely, the onset of freezing of each 20/80 EG-water based

sample, and these data are listed in Table 6.2.

As shown in Table 6.2, the supercooling degree in the pure 20/80 EG-water mixture is 5.9 °C, which

can be further reduced to 5.3 °C, 4.8 °C, 3.7 °C and 2.6 °C by adding 0.0625 %, 0.125 %, 0.25 % and

0.5 % MCNT in volume fraction. The degree of supercooling reduction can be explained by the

heterogeneous crystallization mechanism, which is caused by the introducing of MCNT particles.
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Table 6.2 Freezing point and supercooling degree of 20/80 EG-water based MCNT nanofluids by Temperature-history.

Vol % Onset of T; (°C) AT (°C)
0 -21.6 5.9
0.0625 -21.0 5.3
0.125 -20.5 4.8
0.25 -19.4 3.7
0.5 -18.3 2.6

Another way of measuring supercooling degree is also conducted via rheological analysis and the

detailed principle of this method is already explained in chapter 3. Simply speaking, that is, by

detecting the change of the storage modulus of the samples with temperature, we will know the state of

the material at temperature, thus, we can get melting/freezing point by finding the turning point of

solid/liquid to liquid/solid state on the modulus-temperature curve. For example, Fig 6-11 shows the

modulus-temperature curves of 20/80 EG-water based nanofluids during both freezing and melting

process. It is clear that, in melting stage, all of the curves drop down stiffly at approximately the same

temperature, from an enormous modulus to a 6 orders of magnitude less modulus, which means that

samples containing different amount of MCNT have the same melting point. In the other hand, in

freezing stage, we can observe a similar step of modulus in all samples, but contrarily, from low level

to high level, indicating the transformation of the PCM from liquid to solid state. Moreover, it is also

shown that the onset of the transformation happens at different temperature in samples with different

particle volume concentration. The specific data are listed in Table 6.3. The results show the existence

of supercooling phenomenon in every samples, and the supercooling degree is decreasing with the

adding amount of MCNT. For example, the supercooling degree is 11.3 °C, 10.7 °C, 8.8 °C, 5.9 °C and

3.2 °C in samples without and containing 0.0625 % to 0.5 % MCNT.
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It is worth to mention that, the measured onset of freezing using two different methods are quite
different, like -21.6 °C and -27 °C in temperature-history and modulus-temperature respectively.
However, the onset of melting shows good consistency in two methods. The discrepancy between the
two methods are related to many factors, such as the volume of sample being measured and the
geometry of the sample holder. Among them the most influential difference is the freezing condition, in
temperature-history method, samples are set into a cooling bath with constant temperature while in

modulus-temperature method, the sample chamber and the sample was cooled down simultaneously,

temperature / °C

temperature / °C

Fig 6-11 Modulus-temperature curves of 20/80 EG-water based MCNT nanofluids:

(a) freezing and (b) melting process.

namely, it is a nonisothermal crystallization process.

Table 6.3 Freezing point and supercooling degree of 20/80 EG-water based MCNT nanofluids by modulus-temperature method.

Vol % Onset of T; (°C) AT (°C)
0 -27.0 11.3
0.0625 -26.4 10.7
0.125 -24.5 8.8
0.25 -21.6 5.9
0.5 -18.9 3.2
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25/75 EG-water

For 25/75 EG-water based samples, of which melting point is -22.1 °C, we set the cooling bath

temperature to -35 °C to ensure a large enough temperature difference for isothermal crystallization.

After the experiments, the temperature-history curves are shown in Fig 6-12, and the real freezing point

and supercooling results are listed in Table 6.4. From the results, we know that although the melting

point of EG-water mixtures are different, the difference of supercooling degree of the counterparts in

each group are not that big. For examples, in 20/80 EG-water basefluid, supercooling degree is 5.9 °C

while in 25/75 sample, it is 6.5 °C, the difference is less than 1 °C. This is because both of the

basefluids use the EG-water mixture system, thus the freezing mechanism are similar in each group of

samples.

Also, the modulus-temperature methods was applied on 25/75 EG-water based samples, curves are

shown in Fig 6-13, and the supercooling results are listed in Table 6.5. Clearly, supercooling

phenomenon can be observed from the freezing and melting curves. And the rightwards shifting of

freezing curve by adding MCNT particles in Fig 6-13 (a) indicates that the onset of freezing can be

moved to earlier stage in nanofluids samples and the degree of the movement is related with the

particle volume fraction. Also, similar with that in 20/80 EG-water based samples, the results measured

by modulus-temperature method shows obvious discrepancy with that by temperature-history method,

especially in basefluid and diluted nanofluids samples. Anyway, regardless of the difference in detailed

experimental data, we can still conclude that introducing MCNT into the EG-water mixture system

could reduce the supercooling degree.
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Fig 6-12 Temperature-history results of 25/75 EG-water based MCNT nanofluids (a) whole view, (b) zoom-in view.
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Table 6.4 Freezing point and supercooling degree of 25/75 EG-water based MCNT nanofluids by Temperature-history.

Vol % Onset of T¢ (°C) AT (°C)
0 -28.6 6.5
0.0625 -28.3 6.2
0.125 -21.7 5.6
0.25 -26.4 4.3
0.5 -24.9 2.8
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Fig 6-13 Modulus-temperature curves of 25/75 EG-water based MCNT nanofluids:

(a) freezing and (b) melting process.

Table 6.5 Freezing point and supercooling degree of 25/75 EG-water based MCNT nanofluids by modulus-temperature.

Vol % Onset of T (°C) AT (°C)
0 -32.7 10.6
0.0625 -30.9 8.8
0.125 -29.2 7.1
0.25 -27.7 5.6
0.5 -24.6 2.5
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30/70 EG-water

In Fig 6-14, the cooling curves of 30/70 EG-water based MCNT nanofluids are plotted. Onset of
freezing temperature of each sample can be detected in Fig 6-14 (b). Apparently, the gap between the
onset of freezing, namely, the bottom of the temperature curve and the flat stage is decreasing with the
concentration of MCNT. In another word, the supercooling phenomenon can be constrained by adding
MCNT particles. Numerically, the supercooling degree in 0% to 0.5 % sample ranges from 7.2 °C to
3.1 °C. Comparing the experimental data in 25% and 20% EG based samples, we can find that the
reduction extent of supercooling degree is very close in samples containing same amount of MCNT
particles, indicating that the supercooling reduction mechanism is mainly related with the MCNT

concentration, and is weakly influenced by other factors.

However, the tested supercooling degree is higher in most samples except 0.5 % sample, which were
measured through modulus-temperature method based on the curves in Fig 6-15. The experimental
results of supercooling degree is 14.3 °C, 10.5 °C, 7.8 °C, 4.7 °C and 2.7 °C in basefluid, 0.0625 %,
0.125 %, 0.25 % and 0.5 % samples respectively. This finding is similar with that in previous
experiments, which shows obvious discrepancy in supercooling degree between temperature-history
and modulus temperature method. To understand the reason of the difference, we will compare the

results of all samples in this thesis in afterwards section.
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Fig 6-14 Temperature-history results of 30/70 EG-water based MCNT nanofluids (a) whole view, (b) zoom-in view.
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Table 6.6 freezing point and supercooling degree of 30/70 EG-water based MCNT nanofluids by Temperature-history.

Vol % Onset of T¢ (°C) AT (°C)

0 -32.6 7.2
0.0625 -31.5 6.1
0.125 -30.3 4.9
0.25 -29.3 3.9
05 -28.5 3.1
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Fig 6-15 Modulus-temperature curves of 30/70 EG-water based MCNT nanofluids:

(a) freezing and (b) melting process.

Table 6.7 Freezing point and supercooling degree of 30/70 EG-water based MCNT nanofluids by modulus-temperature.

Vol % Onset of T (°C) AT (°C)
0 -39.7 14.3
0.0625 -35.9 10.5
0.125 -33.2 7.8
0.25 -30.1 4.7
0.5 -28.1 2.7
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6.3.2 salt-water based nanofluids

Then, we will present the experimental results of salt-water based samples. The group of salt-water

based nanofluids will be classified into three subgroups according to the types of the salt, which are

KCI, NaCl and MgCl,.

KCl-water

As shown in Fig 6-16, the live temperature changing of the KCl-water based nanofluids samples were

recorded against the time, and the cooling bath temperature was also recorded. From the curves in Fig

6-16 (a), we find that the temperature of all samples keeps dropping until it reaches a certain point and

then increases rapidly to a higher temperature. In addition, the lowest point of each samples can be

different regarding to the concentration of particle additives, while the plateau stage overlaps at a

constant temperature.

In Fig 6-16 (b), we can see more details of the onset temperature of freezing by focusing on the ‘valley’

area on the curves. The onset of the freezing process, namely, the lowest temperature on the curve of

all samples are picked out, consequently, the degree of supercooling can be easily acquired by

calculating the gap between the plateau line and the lowest point, which is listed in Table 6.8. From the

results, we find that the degree of supercooling of KCl-water without MCNT particles is the highest

among all the samples, and it decrease with volume fraction of added MCNT particles, which means

that adding MCNT is an effective way to move freezing point to a higher temperature. For example,

pure KCl-water basefluids freezes at -15.5 °C, while the sample containing 0.5 % MCNT starts

freezing in advance at -12 °C.
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Fig 6-16 Temperature-history results of KCl-water based MCNT nanofluids (a) whole view, (b) zoom-in view.

Table 6.8 Freezing point and supercooling degree of KCl-water based MCNT nanofluids by Temperature-history.

Vol % Onset of T; (°C) AT (°C)
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0 -15.5 5.2

0.0625 -14.2 3.9
0.125 -135 3.2
0.25 -13.0 2.7
0.5 -12.0 1.7

Modulus-temperature curve of KCl-water based MCNT nanofluids are plotted in Fig 6-17. Clearly, the
melting curves in Fig 6-17 (b) tell us that introducing MCNT does not change the melting point of our
nano-composite PCMs, because all of the samples behaves a step drop in storage modulus at
approximately the same temperature, indicating they have the same melting point. But when we look at
the freezing curves in Fig 6-17 (a), the situation is very different, each curves jumps up at different
turning point, represents that each sample starts transforming from liquid to solid at different

temperatures. To compare with results by getting Temperature-history, the freezing point and

supercooling degree data using modulus-temperature are presented in Table 6.9.
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Fig 6-17 Modulus-temperature curves of KCl-water based MCNT nanofluids: (a) freezing and (b) melting process.

Table 6.9 Freezing point and supercooling degree of KCl-water based MCNT nanofluids by modulus-temperature.

Vol % Onset of T (°C) AT (°C)
0 -21.5 9.8
0.0625 -20.4 8.7
0.125 -18.5 6.8

163



0.25 -15.6 3.9
0.5 -12.9 1.2

Not as we expected, the onset of freezing point here is much lower than that in Temperature-history
method. For example, in pure KCl-water, the freezing point is -21.5 °C and -15.5 °C in
modulus-temperature and temperature-history method respectively. Not to mention, results of other
samples also shows bias in different extent. Such kind of difference could be caused by many reasons,
like the amount of sample, the geometry of the measuring cell and the temperature control method. All
of above will affect the heat conduction pattern in the sample, thus causing the bias between the real
temperature and the measured temperature. To summarize these two methods of characterizing
supercooling degree,we will discuss this comprehensively at the end of this section.

NaCl-water

Temperature-history results of NaCl-water based MCNT nanofluids are displayed in Fig 6-18. On the
whole view graph in Fig 6-18 (a), we notice that the trend of the temperature-history curves are similar
with that in KCl-water based samples, that is, all of them are decreasing slowly to the bottom of the
curve, following by an rapid increase up to a plateau stage. This illustrates that the supercooling
phenomenon also exists in NaCl-water based PCMs. However, an obvious distinction is the length of
the period between the point when temperature firstly reaches the ideal freezing point and the point
when temperature reaches the lowest position. We can find that such a period is approximately 90 s in
NaCl-water basefluid, but only one-third in KCl-water basefluid, which means the KCl-water is much

easier to freeze than NaCl-water when used as a PCM.
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Additionally, in Fig 6-18 (b), we can take a close look at the very bottom of the curve of each sample to

get the onset temperature of freezing and supercooling degree subsequently. The results are listed in

Table 6.10, it is clear that the onset of freezing could be moved forward by adding MCNT particles,

and the degree of advance is proportional to the volume fraction of added particles. For example, the

supercooling degree is 5.6, 5.2, 4.1, 3.0 and 2.3 in pure, 0.0625 %, 0.125 %, 0.25 % and 0.5 % samples

respectively. The linear reduction of supercooling degree can be contributed to the heterogeneous

nucleation mechanism caused by introducing particle interface.
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Fig 6-18 Temperature-history results of KCl-water based MCNT nanofluids (a) whole view, (b) zoom-in view.
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Table 6.10 Freezing point and supercooling degree of NaCl-water based MCNT nanofluids by Temperature-history.

Vol % Onset of T¢ (°C) AT (°C)
0 -27.0 5.6
0.0625 -26.6 5.2
0.125 -25.5 4.1
0.25 -24.4 3.0
0.5 -23.7 2.3

Besides that, the modulus-temperature method is also conducted and the results are plotted in Fig 6-19.
The shape of the plot is similar with that in KCl-water based samples. During melting, the storage
modulus of all samples drop steeply from solid level to liquid level at almost the same temperature,

while during freezing, the transformation from liquid to solid happens at different turning point.
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Fig 6-19 Modulus-temperature curves of NaCl-water based MCNT nanofluids:
(a) freezing and (b) melting process.
To be specific, the exact onset of transforming from liquid to solid with the corresponding supercooling

degree of all NaCl-water based nanofluids is listed in Table 6.11. Comparing the results with that in

Temperature history method, we can find that all the measured onset of freezing by

modulus-temperature method is lower, except that in 0.5 % sample. However, the nanoparticle function

of decreasing supercooling degree of nano-composite PCMs is well demonstrated in this method.
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Table 6.11 Freezing point and supercooling degree of NaCl-water based MCNT nanofluids by modulus-temperature.

Vol % Onset of T¢ (°C) AT (°C)
0 -34.7 13.2
0.0625 -30.9 9.4
0.125 -28.2 6.7
0.25 -25.1 3.6
0.5 -23.1 1.6

MgCl;-water

Fig 6-21 shows the Temperature-history results of MgCl,-water based MCNT nanofluids. The cooling
bath temperature was set constant at -50 °C to provide enough driving force for the phase changing
process. As shown in the figure, the supercooling is very severe in pure MgCl,-water basefluid, which
is 11.8 °C. And the period between the start of supercooling phenomenon and the onset of the phase
change platform is 90s, which is similar with that in NaCl-water, much longer than that in KCl-water.
Such a long delay in phase changing from liquid to solid will cause higher charging cost, as a results,

constrains the application of using MgCl,-water as an industrial low temperature cold storage PCM.

To compensate the large gap between the real freezing temperature and the ideal designed temperature
while shortening the supercooling duration, MCNT was introduced by different dosage. The partial
enlarged details are shown in Fig 6-21 (b) to get onset temperature of freezing. And the onset of the
freezing temperature and the supercooling degree results are listed in Table 6.12. It is obvious that pure
MgCl,-water basefluid has a very large supercooling degree, which is 11.8 °C. And the supercooling

degree is decreasing with the amount of MCNT particles, especially in
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Table 6.12 Freezing point and supercooling degree of MgCl,-water based MCNT nanofluids by Temperature-history.

Vol % Onset of T¢ (°C) AT (°C)
0 -45.5 11.8
0.0625 -44.5 10.8
0.125 -43.0 9.3
0.25 -40.0 6.3
0.5 -33.7 0.0

0.5 % samples, a direct freezing without supercooling is observed on its Temperature-history curve.

The significant decrease on supercooling degree in 0.5 % sample could be contributed to the special

arrangement of MCNT cluster, which might form a more thermal conductive pathway to release the

heat generated during freezing, thus accelerates the freezing rate.
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Fig 6-21 Modulus-temperature curves of MgCl,-water based MCNT nanofluids:

(a) freezing and (b) melting process.

Besides that, we applied modulus-temperature method on MgCl,-water based smaples as well, results

are shown in Fig 6-21. The findings are apparent that no big difference in curves in Fig 6-21 (b), which
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means the melting point of all samples are unaffected by the adding of MCNT. However, in Fig 6-21

(@), the curves separated a lot with each other, which means the adding of MCNT affects the freezing

point of each sample. Summarily, the supercooling degree and freezing point results are concluded in

Table 6.13. We find that in this method, the relationship between supercooling degree and MCNT

volume fraction is the same with that in temperature-history method, although there are some little

deviation on measured onset of freezing. For example, the supercooling degree in 0.5 % sample in

modulus-temperature method is 2.6 °C while its 0 °C in temperature-history method. The reason of this

inconsistency between these two methods is caused by different setup of the testing device.

Table 6.13 Freezing point and supercooling degree of MgCl,-water based MCNT nanofluids by modulus-temperature.

Vol % Onset of T; (°C) AT (°C)
0 -47.7 14.0
0.0625 -44.6 10.9
0.125 -41.2 75
0.25 -39.2 55
0.5 -36.3 2.6

Comparison of two methods

Summarily, as demonstrated above, both of the temperature-history and the modulus-temperature

methods can identify the supercooling phenomenon in EG-water and salt-water based MCNT

nanofluids. However, the supercooling degree results obtained from modulus-temperature method is

larger than that via temperature-history methods. The discrepancy is manly caused by the different

setting-up of the test device in these two methods. The temperature-history method is using isothermal

freezing while the modulus-temperature methods nonisothermal freezing. And the sample volume in

temperature-history method is much greater than that in modulus-temperature method. As a result,
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based on the requirements of industrial application, temperature-history methods is a preferable way to
characterize the supercooling degree of the PCM. On the other hand, the modulus-temperature methods
has its own advantages. For example, we can get very accurate value of the onset temperature of
freezing and melting, and we can also check phase separation  because the state the sample is very
sensitive to the modulus, any slight variation of the phase can be detected and reflected by the modulus
value. Thus, modulus-temperature methods can be applied on particular situations for better resolution

of the phase transition and phase change temperature.

6.4 Experimental results and discussion of crystallization

process

In this section, the live image of crystallization process and MCNT cluster morphology are presented
for only salt-water based suspensions. Moreover, these images of crystal growth of three different types
of salt-water based PCMs without and with nanoparticle are displayed in chronological order. The
reason for excluding EG-water based samples are explained in previous methodology chapter. That is

the phase changing of EG-water based sample is too fast to be record by our microscope.
6.4.1 Crystallization of salt-water pure solutions

Firstly, crystal growth time-lapse images of KCI, NaCl and MgCl, based agueous solutions are
presented in Fig 6-22. At the same time, the distance of the boundary expansion of three types of
basefluids were measured and displayed on the figure with the scale bar. In addition, the time interval
between each image was chosen as 5 s and the cooling stage temperature for each sample was set 20

degree below the corresponding ideal melting point, thus we can ensure sufficient cooling power.
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In images of KCl-water sample in Fig 6-22, we can observe a clear trend that the boundary of the
growing crystal expands from left side to right side in parallel. This phenomenon indicates that in
KCl-water basefluid, the freezing process is directional and continuous, in another word, the solid
phase always appear and enlarge from the liquid phase basing on the earlier formed solid phase. Not
only in KCl-water, the similar findings are also observed in NaCl-water and MgCl,-water samples,

which further approves the above conclusion.

KCl-water

NaCl-water

MgCl,-water

Fig 6-22 Crystal growth time-lapse image of salt-water basefluid.

From the observing of the live image under microscope, we found that although the crystal growing

mode of KCl-water, NaCl-water and MgCl,-water shows similarity, there is apparent difference on the
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crystal growth rate of these three types of salt-water. To quantify the crystal growth rate, we measured

the relative position of the solid phase boundary at 0 s, 5 s and 10 s, and calculated the velocity of the

boundary movement during 0 sto 5s,5sto 10 s and 0 s to 10 s respectively, which are presented as

Vo5, Vs.10, Vo-10 COrrespondingly. The results of boundary position and crystal growth rate of KCl-water,

NaCl-water and MgCl,-water are listed in Table 6.14. By this way, we can compare the crystal growth

rate of each samples numerically. From the results, it is clearly shown that the crystal growth rate is the

fastest in KCl-water when we only look at the data in first 5 seconds, which is 68 um/s, nearly 1.5

times of 44um/s in NaCl and 4 times of 16 pm/s in MgCl,-water.

Table 6.14 Crystal boundary position and growth rate of salt-water basefluid.

Boundary position (um) Crystal growth rate (um/s)
Sample
t=0s t=5s t=10s Vo5 Vs.10 Vo-10
KCl-water 620 960 1140 68 36 52
NaCl-water 380 600 720 44 24 34
MgCl,-water 800 880 940 16 12 14

Moreover, we can find that the crystal growth rate is much slower during 5 s to 10 s, that is, V5.0 is less

than vys. For example, in KCl-water, vs1;=36um/s while vos=68 um/s. Also in NaCl-water, vs.,=24

um/s, almost half of vys. The significant decrease in crystal growth rate during the second 5 s is

because the self-limitation of nucleation constrains the forming of the solid phase when the liquid-solid

phase change is happening. To be specific, freezing process will release heat, and if the heat could not

be conducted away from where the phase change is happening, the local temperature will increase and

affect the nucleation rate consequently. Thus, increasing the thermal conductivity is important for
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enhancing the charging and discharging performance of cold storage PCM from both heat transfer

property aspect and nucleation aspect as well.
6.4.2 Crystallization of salt-water based MCNT suspensions

In this section, we will present the crystal growth images of KCl-water, NaCl-water and MgCl,-water

based MCNT suspensions with 0.5 % particle volume concentration, the figures are shown in Fig 6-23.

On the figure, we can clearly see the morphology of MCNT clusters in the basefluids. It is obviously

that these clusters are in different shapes and structures although the total concentration of MCNT

particles are same in three different types of salt water solution. The difference in the morphology of

MCNT clusters could be partially contributed to the different electric charge of ions in the basefluids

which can affect the stability of particles in the suspension system. However, the electrical repulsive

force does not play the main role on keeping particles away in the high concentration salt solution

system which are explained in the literature review chapter before. The supposed reason of the

discrepancy of the MCNT cluster structure is that the self-diffusion extent of the particles are different

due to the viscosity of these three basefluids are different at the corresponding freezing temperature,

thus the arrangement of the MCNT particles present different patterns in different basefluids. For

example, in KCl-water based nanofluids in Fig 6-23, the MCNT clusters can be found in relatively

small size and isolated from each other. But in NaCl-water based sample, the clusters tend to

agglomerate together and expand in certain direction (horizontal in the figure). Also, in MgCl,-water

system, we can observe MCNT cluster is large and in round-shape, and the particles in the cluster are

densely contacted with each other. These findings are similar with the prediction of the MCNT cluster

structure in chapter 5.
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KCl-water-MCNT

NaCl-water-MCNT

MgCl,-water-MCNT

Fig 6-23 Crystal growth time-lapse image of salt-water based nanofluid with 0.5 % MCNT.

In addition, the crystal growth rate was calculated and the results are shown in Table 6.15 to study the
effect of MCNT cluster on the nucleation of KCl-water, NaCl-water and MgCl,-water based nanofluids.
From the data, we can find the crystal growth rate vgysand vs.o0f KCl-water-MCNT is 80 um/s and
66 pum/s which is higher than 68 pm/s and 36 pm/s in the pure basefluid. Similarly, crystal growth rate
are all enhanced in NaCl-water-MCNT and MgCl,-water-MCNT samples. To compare the
enhancement of the crystal growth rate at different time, we plotted both the value of vg5 and vs.ygin
bar chart, as shown in Fig 6-24. It is clear that the crystal growth rate of KCl-water, NaCl-water and

MgCl,-water samples are in high to low order, both basefluids and nanofluids.
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Table 6.15 Crystal boundary position and growth rate of salt-water based MCNT nanofluids.

Boundary position (um) Crystal growth rate (um/s)
Sample
t=0s t=5s t=10s Vo5 Vs.10 Vo-10
KCl-water-MCNT 580 980 1310 80 66 73
NaCl-water-MCNT 700 1000 1400 60 80 70
MgCl,-water-MCNT 1120 1320 1500 40 36 38
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Fig 6-24 Crystal growth rate of salt-water based samples.

However, it is worth to mention that the enhancement of crystal growth rate is not in the same pace at
the different period of phase changing. For example, in KCl-water samples, the height of vs 44 is only
half of vg5 in basefluid, while the gap between vq.5 and vs_y, is significantly reduced due to the higher

enhancement of crystal growth rate happens in 5 s to 10 s period when KCl-water-MCNT is freezing.
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Also in NaCl-water, although the trend of basefluid data is similar, an dramatic inversion is found in
nanofluids samples. In another word, the MCNT induced enhancement not only bridge the gap between
the vo.5 and Vvs.0, but also put vs.o much higher than vgs. The extremely high increasing of crystal
growth rate in NaCl-water-MCNT at 5 s to 10 s period is due to the directionally arranged MCNT
clusters in local area. The MCNT cluster is allocated along the direction of crystal growing, thus the
heat generated from the freezing process can be scattered away from the nucleation center efficiently,
which consequently the reduces self-limiting of the nucleation and increases the crystal growth rate.
Moreover, the MCNT caused heterogeneous nucleation is also a promotive factor on crystal growth

process.

Not like above two salt-water systems, in MgCl,-water result in the bar chart, we find that the crystal
growth rate increases a lot in both 0 s to 5 s period and 5 s to 10 s period, by 150 % and 200 %
respectively. This consistence of crystal growth rate in different periods of freezing is because the
structure of the MCNT cluster is solid and isotropy, which leads to more stable and predictable changes

on the nucleation process.

6.5 Summary

In this chapter, we discussed the results of specific heat, melting point, melting enthalpy, supercooling
degree and crystallization of both EG-water and salt-water based MCNT nanofluids.
1) The specific heat of EG-water based nanofluids is decreasing proportionally with the concentration

of both EG and MCNT, which matches the conventional mixing theory. Also, salt-water presents
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2)

3)

4)

the similar trend on relationship between specific heat and MCNT concentration. However,

comparing with KCl-water, an abnormal higher specific heat was observed in NaCl-water based

samples, of which freezing point is lower than that in KCl-water contrarily, which indicates that

the specific heat of salt-water is not always decreasing with decreasing freezing point.

The melting point of EG-water and salt-water based MCNT nanofluids do not change very much

when MCNT was added. However, the latent heat of fusion will be affected by adding particles,

meanwhile, the surfactant. Also, lowering the freezing point of EG-water and salt-water based

samples will cause adverse effect on the value of melting enthalpy significantly.

The supercooling degree of EG-water and salt-water based samples can be reduced by adding

MCNT particles. The depression of supercooling degree is increasing with the adding amount of

MCNT in all samples. However, the measured supercooling degree by temperature-history method

and modulus-temperature method have different values due to different samples setting and

cooling setting. Although, results of both two methods approve that adding MCNT is efficient to

narrow the gap between the real onset of freezing and the ideal freezing point of our cold storage

PCM.

The crystallization process of salt-water basefluid and nanofluid was observed and recorded under

an optical microscope with cooling stage. We found that the crystal growth rate are quite different

in different salt-water basefluid, which are 68um/s, 44pum/s and 16pm/s in KCl-water, NaCl-water

and MgCl,-water respectively. In addition, adding 0.5 % MCNT in each salt-water basefluids can

promote the crystal growth rate to 80um/s, 60um/s and 40um/s. We also explained the discrepancy

on enhancement of crystallization rate in different salt-water nanofluids, that is, different structure

of MCNT cluster leads to different heat conduction behaviour and different specific area of MCNT
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cluster. Specifically, the MCNT cluster aggregated and expanded in the direction of crystal

growing will significantly facilitate the liquid-solid transforming of nearby PCMs, while evenly

and non-directionally distributed clusters will slow the increasing of freezing process but affect

more PCMs in larger area.
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7 Conclusions and furture work

7.1 Conclusions

The fitted parameters of the modified K-D model, R, D and ¢,, can be used to analysis the cluster
structures of MCNTSs in the different basefluids and at different temperatures. The Peclet number can be
used to explain the experimentally observed rheological behaviour. Through the experimental study
and analysis, the structure of MCNT clusters is linked to the rheological behaviour of the nanofluids,

leading to plausible interpretation of the results.

The thermal conductivity of nanofluid with different base fluid shows different relationship with
temperature, and the enhancement of nanofluid is higher at lower temperature. The effective thermal
conductivity of nanofluids not only relies on the particle concentration, but also depends on the particle
cluster structure, which is highly related with the temperature. The MCNT cluster structure can be linked
with the enhancement of thermal conductivity of nanofluids, and use the cluster information through

rheology analysis to complete the prediction of thermal conductivity by Nan’s model and H-C model.

The specific heat of EG-water based nanofluids is decreasing proportionally with the concentration of
both EG and MCNT, which matches the conventional mixing theory. Also, salt-water presents the
similar trend on relationship between specific heat and MCNT concentration. The melting point of

EG-water and salt-water based MCNT nanofluids do not change very much when MCNT was added.
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The supercooling degree of EG-water and salt-water based samples can be reduced by adding MCNT
particles. The depression of supercooling degree is increasing with the adding amount of MCNT in all

samples.

The crystallization process of salt-water basefluid and nanofluid was observed and recorded under an
optical microscope with cooling stage. The crystal growth rate are quite different in different salt-water
basefluid, which are 68um/s, 44um/s and 16pm/s in KCl-water, NaCl-water and MgCl,-water
respectively. In addition, adding 0.5 % MCNT in each salt-water basefluids can promote the crystal
growth rate to 80um/s, 60pum/s and 40um/s. And different structure of MCNT cluster leads to different

heat conduction behaviour and different specific area of MCNT cluster.

7.2 Future works

Although some interesting results have been obtained in this thesis, there are still a number of fields

worth to be further investigated. They are listed as following:

(1) To formulate PCMs working at cryogenic temperature: This thesis studied PCM based on
EG-water and salt-water, the temperature range is from -10 °C to -30 °C. However, cold storage
application at much lower temperature raises the demand of corresponding PCM candidates. For
example, in liquid natural gas gasification system, the large amount of vaporizing latent heat needs
to be stored at some temperature below -100 °C, which poses challenges to researchers to find a
proper PCM.

(2) To study the nanoparticle cluster visually: In this thesis, nanoparticle structure was imagined based

on the fitting parameters from rheology analysis. This method only gives generally structure of the
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®3)

(4)

()

cluster. In order to understand the detailed aggregation condition of the nanoparticle, a visual

measurement should be designed. To achieve this goal, an in-situ TEM with temperature control

unit could be used.

To measure the thermal conductivity with more precise technique: The scatter of thermal

conductivity data in this thesis is large. In order to draw a more solid and accurate conclusion on

the mechanism of thermal conductivity of nano-composite material, a technique with high

resolution and repeatability should be used.

To study the crystallization mechanism of cold storage PCM and study other approaches for

promoting crystallizing: In this thesis, MCNT was used as nucleating agent to reduce supercooling

degree and increase crystallization rate. The principal of this method is introducing heterogeneous

crystallization and enhancing heat conduction by adding MCNT. However, further knowledge on

factors influencing crystallization should be understood. For example, the type of nanoparticle, the

synergistic effect of nucleation and growth on crystallization.

To study the application of PCM in specific cold storage system: This thesis focuses on the

fundamental study of nano-composite PCM for cold storage. However, further efforts should be

made on the design of a realistic cold storage system and the performance evaluation of the PCM

embedded system.
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