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SYNOPSIS 

The quest for efficient cooling and energy storage materials led to the emergence of a new 

research field of called nanofluid. Nanofluids have been a topic of great interest during the 

last one decade primarily due to the initial reports of anomalous thermal conductivity 

enhancement in nanofluids with a small percentage of nanoparticles. This field has been quite 

controversial, with multiple reports of anomalous enhancement in thermal conductivity. 

Also, there is lack of consensus on the exact mechanisms responsible for the observed 

enhancement in thermal conductivity.  One of the grey areas in the understanding of thermal 

property variations in nanofluids is the role of interfacial resistance and morphology of 

suspended nanoparticles on k enhancement. Therefore, a systematic study to understand the 

effect of interfacial resistance, aggregation and other physico-chemical properties such as 

viscosity, specific heat capacity and density on thermal conductivity of nanofluid is 

important. Though the thermal properties of nanofluids are investigated intensely, the studies 

on heat capacity of nanofluids are scarce. From the initial focus on thermophysical properties 

of nanofluids, the attention is now shifted to tailoring of novel nanofluids with large thermal 

conductivities and their applications. To overcome the limitations of traditional heat transfer 

media, phase change materials are being considered as effective media for thermal energy 

storage. Though there are some studies on thermal conductivity of PCM with nanoinclusion 

in the recent years, there are no reports on the effect of aggregation of such nanoinclusions 

on the thermal conductivity of PCMs. 

The main objectives of the thesis are (a) to study the role of particle size, volume fraction and 

morphology, interfacial resistance, density and viscosity on the thermal properties of 

nanofluids (b) to study the effect of aggregation of dispersed nanomaterials on the thermal   



 
 

ii 
 

properties of stable and unstable nanofluid (c) to probe the role of size, morphology and 

concentrations of nanoinclusion on specific heat capacity of nanofluids (d) to develop new 

methodologies to achieve extremely large tunable thermal conductivity in phase change 

alkane and  (e)  to study the role of aggregation of dispersed nanomaterials on thermal 

conductivity of phase change alkanes. 

This thesis consists of 8 chapters. Chapter 1 gives a brief introduction about the nanofluids 

and their applications. Literature survey on classical theories, experimental findings in 

various nanofluids, motivation and the objectives of the present work are also presented. 

Chapter 2 describes the details of sample preparation methods, the experimental tools used 

to study thermal conductivity, rheology, hydrodynamic size and associated properties. 

Chapter 3 describes the effect of adsorbing moieties on thermal conductivity, rheology, 

density, contact angle and refractive index of ‘soft’ and ‘hard’ nanofluids. Chapter 4 

describes the thermal conductivity, electrical conductivity, viscosity and refractive index of 

two non-aggregating   nanofluids   and two aggregating nanofluids. Chapter 5 describes the 

effect of particle size, particle morphology and volume fraction of nanoparticles on the 

temperature dependent specific heat capacity of metal oxide nanofluids. Chapter 6 describes 

a new approach to achieve large tunable thermal conductivity in phase change alkane using 

inverse micellar templating. Chapter 7 presents the thermal conductivity changes in phase 

change alkane incorporated with copper nanowire, multiwalled carbon nanotube, graphite 

nanofibers and graphene nanoplatelets. Chapter 8 summarizes the results obtained, 

conclusions drawn and the scope of future work. 

The key findings of this thesis work are as follows: The thermal conductivity of soft micellar 

systems of different sizes, surface charges, and morphologies follow the effective medium 
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theory of poor thermal conductors. The adsorption of surface active moieties on 

nanoparticles does not lower the enhanced thermal conductivity of nanofluids but 

significantly enhances the stability and dispersibility of nanomaterials.  

For stable nanofluids, the experimental thermal conductivity data fitted well with the 

Effective Medium Theory (EMT) at lower concentration but deviated at higher 

concentration. In the case of aggregating nanofluids, thermal conductivity values are found to 

be more than the EMT predictions. In stable nanofluid, the thermal conductivity is found to 

be time independent whereas it is time dependent in the case of stable nanofluid. The 

temperature dependent specific heat capacity of metal oxide show that the specific heat 

capacity decreases with increase in volume fraction and particle size in kerosene based Fe3O4 

nanofluids but enhances in the case of PAO based Al2O3 nanofluids. 

Thermal properties of n-hexadecane basefluids containing inverse micelles of different 

volume fractions have been studied using two ionic and non-ionic surfactants. The thermal 

conductivity enhancements of micelle templated alkanes were perfectly reversible under 

repeated thermal cycling because of their monodispersity and non-aggregation behaviour. 

These results suggest that during the first order phase transition, the inverse micelles are 

pushed to the grain boundaries of alkane crystals thereby reducing the interfacial thermal 

resistance. In addition to this, the internal stress generated during freezing also improves the 

heat conduction through crystallites. The effect of concentration, bulk thermal conductivity 

and morphologies of nanoinclusions on thermal conductivity enhancement in phase change 

materials under freezing studies show that an optimal nanoparticle loading where the space 

filling agglomerates in a phase change alkane can provide extremely large tunable thermal 

conductivity.   
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Figure 6.6 Effective thermal conductivity of GNF nanofluids as a function of 
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Introduction 

1.1 Introduction 

The term nano originated from the Greek word ‘nanos’ which means ‘dwarf’. When the size 

of a material is on the nanoscale (1 -100 nanometers), in at least one of dimension, it is called 

nanomaterial. Examples for materials with one, two and three dimension in the nanoscale are 

layers, nanowires and particles, respectively. Nanotechnology deals with the production and 

application of materials at nanoscale and the integration of the resulting nanostructures into 

larger systems. Trends indicate that nanotechnology is likely to impact our daily life in a big 

way in the coming decades.1 Nanotechnology may find applications in areas such as 

materials and manufacturing, nanoelectronics, medicine, healthcare, energy, biotechnology, 

information technology, and national security. Two principal factors affecting the properties 

of materials at nanoscales are increased relative surface area, and quantum effects, which can 

dramatically change or enhance properties such as optical, electrical, magnetic behaviour of 

materials, reactivity and strength. As the size of a particle decreases, a greater proportion of 

atoms are found at the surface compared to those inside. The unique, chemical, physical, and 

mechanical properties of nanomaterials are exploited in a wide variety of applications such as 

sunscreens, cosmetics, paints, displays, batteries, catalysis, medicine, sensors, energy, 

agriculture, coolant, plastic packaging, stain resistant textiles etc. 

The quest for efficient cooling materials led to the emergence of a new field of research 

called nanofluid.2-40 Nanofluids are dispersions of nanomaterials (nanoparticles, nanofibers, 

nanotubes, nanowires, nanorods, nanosheet, or droplets) in base fluids.  

Chapter I 
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Figure 1.1 Schematic representation of some of the applications of nanofluids in (a) Heat 

transfer,41 (b) Defect sensors,42 (c) Anti infection theraphy,43 (d) Energy harvesting system,44 

(e) Hyperthermia45 and (e) Cosmetics. 

Nanofluids have some unique features which are quite different from dispersions of mm or 

μm sized particles. Compared to conventional cooling liquids such as water, kerosene, 

ethylene glycol and microfluids, nanofluids have been shown to exhibit higher thermal 

conductivities. Further, nanofluids do not block flow channels and induces a very small 

pressure drop during flow, which is beneficial for heat transfer applications. Traditionally, 

this field falls in the realm of colloidal science and hence abundant knowledge on 

preparation, characterization and stabilization of nanofluids exist. The vigorous Brownian 
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motion of suspended nanoparticles in base fluids makes nanofluids more stable compared to 

microfluids,46 which is one of the  attractions of  nanofluids for heat transfer applications. 

Three properties that are making nanofluids a promising coolant are the increased thermal 

conductivity, the increased heat transfer, and the increased critical heat flux. Studies showed 

that relatively small amounts of nanoparticles can enhance thermal conductivity of base 

fluids to a large extent. Two features that are very important for heat transfer systems are 

extreme stability, and high thermal conductivity. Different types of nanofluids have been 

used in a broad range of engineering applications such as in automobiles, as coolants,47 in 

brake fluids,48 in domestic refrigerators,49 in solar devices,50, 51 cosmetics, drug delivery,52 

defect sensors,42 optical filters,45 hyperthermia,53 sealant54 etc. A schematic representation of 

the applications of nanofluids is shown in Fig.1.1. 

1.2 Preparation of Nanofluids 

The following are the two methods widely used for the preparation of nanofluids.  

1.2.1 Two Step Method 

In a two step method, the nanomaterials are first produced as dry powders either by physical 

or chemical process. The prepared nanoparticles are then dispersed into a fluid with the aid of 

intensive magnetic force agitation, ultrasonic agitation, high-shear mixing, homogenizing, or 

ball milling. The most widely used method for preparing nanofluids is the two step method 

due to large scalability and cost effectiveness. Nanoparticles are prepared by transition metal 

salt reduction,55 ligand reduction and displacement from organometallics,56 microwave 

synthesis57 and coprecipitation.58 



  Chapter I 

4 

 

Nanoparticle 

synthesizer

Nanoparticle

Nanoparticle + Basefluid 

(Ultrasonication) 
Stable nanofluid

(a)

 

 

Nanoparticle

Base fluid

Direct 

mixing
Nanofluid

Dispersant addition

Ultrasonication

(b)

 

Figure 1.2 Two step preparation process of nanofluids. (a) Naparticles prepared by 

microwave synthesizer and particles are dispersed in base fluid by mechanical stirrer. (b) 

Direct mixing of nanoparticles followed by addition of dispersant and ultrasonication.  

Due to the high surface area and surface activity, nanoparticles have a tendency to aggregate. 

Therefore, the nanoparticles are to be stabilized to prevent from agglomeration.59 

Bonnemann et al.60 developed a method for the production of palladium (Pd) particles of size 

2.2 nm via chemical reduction pathways. Copper (Cu) nanofluids are prepared by dispersing 

commercially obtained Cu nanoparticles in both water and transformer oil by sonication in 
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the presence of stabilizers.61 Murshed et al.27 prepared water based titanium dioxide (TiO2) 

nanofluid using ultrasonic dispersion. Kim et al.62 prepared copper oxide (CuO) nanofluids 

by directly dispersing the commercially obtained CuO nanoparticles in ethylene glycol by 

sonication, without stabilizers. They found that the optimum duration of sonication was 9 

hours for 60 nm diameter nanoparticle. Nanofluids containing single-wall carbon nanotubes 

(SWCNTs) and multi-walled carbon nanotubes (MWCNTs) are usually prepared by the two-

step method.28, 35, 63 The carbon nanotubes are first synthesized by pyrolysis method and then 

suspended in a base fluid with or without the use of a surfactant.28, 35, 64, 65  Lee et al.66 

prepared metal oxide nanoparticles (Al2O3, CuO) using sol gel method and then dispersed the 

obtained nanoparticles in water using a sonicator. Suresh et al.67 prepared alumina–copper 

hybrid powder by a thermo chemical synthesis method followed by dispersing of 

nanopowder in deionized water with sodium lauryl sulphate (SLS) as a dispersant by using 

an ultrasonic vibrator. Water based silver (Ag) nanofluid is prepared by the two-step 

technique.68 In the first step Ag nanoparticles are prepared by chemical reduction of silver 

nitrate in the presence of an organic surfactant. The obtained Ag nanoparticles are then 

dispersed in the deionized water by ultrasonic vibration. Hwang et al.69 prepared carbon 

black in water and Ag in silicon oil nanofluids by two step method and high-pressure 

homogenizer methods in order to achieve small particle size, and a good dispersion. Ethylene 

glycol (EG) based zinc oxide (ZnO) nanofluids are prepared by two step technique using a 

magnetic stirrer.70 Ammonium citrate is added as a dispersant, to enhance the stability of 

suspension. Choi et al.71 used zirconium dioxide (ZrO2) bead milling in a vertical, super-fine 

grinding mill, for the preparation of transformer oil based aluminium oxide (Al2O3) and 

aluminium nitride (AlN) nanofluid with n-hexane as a dispersant. Water based TiO2 
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nanofluids were prepared by the two step method using a high shear homogenizer to prevent 

agglomeration.72 A schematic representation of two different the two step methods involving 

microwave assisted synthesis and direct mixing technique is shown in Fig. 1.2. 

1.2.2 One Step Method 

In one-step method, nanoparticle preparation and dispersing in a base fluid are done 

simultaneously.73 The one-step process can prepare uniformly dispersed nanoparticles stably 

in a base fluid. In this method, the processes of drying, storage, transportation, and dispersion 

of nanoparticles are not required. Therefore, the agglomeration of nanoparticles can be 

minimized, and the stability of fluids can be increased.74 The disadvantage in the one-step 

method is that the residual reactants (impurities) are left in the nanofluids due to the 

incomplete reaction, which are difficult to remove. The methods used to prepare nanofluids 

through a one step process include the thermal decomposition of an organometallic precursor 

in the presence of a stabilizer,75 physical vapor condensation,38 chemical reduction76-78 and 

polyol synthesis.79  

Direct evaporation Technique: Akoh et al.80 reported a single step direct evaporation 

method for the preparation of nanofluids. In this method, the direct evaporation and 

condensation of the nanoparticulate materials in base liquid are obtained to produce stable 

nanofluids.81 Choi82 developed a ‘direct-evaporation’ technique  which consists of a cylinder 

containing a fluid which is rotated and a source material is vaporized in the middle of the 

cylinder. The vapour condenses after it comes into contact with the cooled liquid (Fig. 1.3). 

The drawbacks of this technique however, are the requirement of low vapour pressure liquids 

and lower yield. 
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Liquid
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Figure 1.3 Schematic of the one-step nanofluid production system, which simultaneously 

produces and dispersed nanoparticles into a low vapour-pressure liquid.82 

Chemical reduction: Metallic nanoparticles are prepared in various solvents by reducing 

metal salts into nanofluids.83 The cuprous oxide nanofluids were prepared by the chemical 

reduction of copper acetate by glucose in the presence of sodium lauryl sulfate.77 Kumar et 

al.78 prepared copper (Cu) nanofluids by chemical reduction of copper sulphate pentahydrate 

in the presence of SLS in water.  

Submerged Arc Nanoparticle Synthesis System: A stable CuO nanofluid is prepared by 

submerged arc nanoparticle synthesis system (SANSS),84 where a pure copper rod is 

submerged in a dielectric liquid in vacuum chamber. A suitable electric power source is used 

to produce with a temperature ranging 6000 - 12000 °C, which melts and vaporizes the metal 

rod in the region along with vapor of the deionized water. The vaporized metal undergoes 

nucleation, growth and condensation resulting in nanoparticles dispersed in deionized water. 

Using this approach nanofluids containing CuO particles of size 49.1 ± 38.9 nm were 

obtained.84 Ethylene glycol based nanofluid containing silver nanoparticle of size 12.5 nm 
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were synthesized using SANSS.85 A schematic representation of submerged arc nanoparticle 

synthesis system is shown in Fig. 1.4 

Graphite rod

Vaccum pump

Cu electrode

Liquid

Vapor outletPurge gas

 

Figure 1.4  Schematic representation of submerged arc nanoparticle synthesis system. 

Laser ablation: Laser ablation is another single-step technique to produce and disperse 

nanoparticles directly in the base fluids. Various nanofluids have been prepared by laser 

ablation method86-88 by ablating solid metals such as Cu, Ag, gold (Au), which are 

submerged in the base fluid (e.g. water, lubrication oils, etc). This method produces stable 

nanofluids without addition of dispersant.87 Kim et al.86 prepared bare Au-water nanofluids 

by pulsed laser ablation in liquids. A gold-tablet was placed at the bottom of a glass-beaker 

filled with pure water. A Q-switched Nd:YAG laser was used to produce Au/water 

nanofluids by varying the irradiation time from 1 to 18 h. The pulsed laser beam was focused 

using a biconvex lens, onto a Au-tablet placed in pure water. The schematic representation of 

pulsed laser ablation in liquids is shown in Fig. 1.5. Lee et al.87 prepared water based Cu 

nanofluid at a concentration of 0.001 vol% by PLAL method with Cu pellets. A schematic 

representation of laser ablation is shown in Fig. 1.5. 
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Figure 1.5 Schematic illustration of the experimental apparatus for Laser ablation. 

Microwave Irradiation: Another one step approach adopted for nanofluids synthesis is 

based on microwave irradiation.89 Copper nanofluids is prepared by reducing CuSO4 · 5H2O 

with NaH2PO2 · H2O in ethylene glycol (EG) under microwave irradiation.90 Mineral oil 

(MO) based silver nanofluids were also prepared using this method.91 Ethanol-based silver 

nanofluids were prepared by microwave-assisted one-step method.92 Polyvinylpyrrolidone 

(PVP) was used as a stabilizer and reducing agent for colloidal silver in solution.92  

Polyol Process: In the polyol process,93, 94 a metal precursor is dissolved in a liquid polyol 

(usually ethylene glycol) and the experimental conditions are adjusted to reduce the metallic 

precursor, followed by nucleation and growth.93 Water based nanoparticles are prepared 

using this method by coating hydrophilic polyol over the nanoparticles. Other one step 

techniques used for nanofluid preparation are step physical vapor condensation method38 and 

plasma discharging technique.95 
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Phase-Transfer Method: In phase transfer method, the reactant migrates from one phase 

into another phase where the reaction occurs. This method has the advantage of overcoming 

the problems associated with the insolubility of precursor materials in base fluids during the 

preparation of nanofluids.96 A general protocol was developed, by Yang et al.97, to transfer 

metal ions from an aqueous solution to an organic medium. Combining phase transfer 

technology with wet chemistry method for the synthesis of nanoparticles is an effective way 

for the preparation of nanofluids.96 A simple process based on amine chemistry for the phase 

transfer of platinum nanoparticles from an aqueous to an organic solution was reported by 

Kumar et al.98 By vigorous shaking of a biphasic mixture of platinum nanoparticles in an 

aqueous medium and octadecylamine (ODA) in hexane, the aqueous platinum nanoparticles 

complex with the ODA molecules present in the organic phase. This process renders 

hydrophobicity to the nanoparticles, which enables their dispersion in an organic phase.98 In 

a similar way, gold and silver nanoparticles are transferred from aqueous to organic phase 

with alkylamine as surfactant.99 Graphene oxide nanosheets (GONs) were successfully 

transferred from water to n-octane after modification by oleylamine.100 The schematic 

illustration of the phase transfer process is shown in Fig. 1.6 

Water

Non polar solvent

Graphene nano sheet

 

Figure 1.6 Schematic illustration of the phase transfer process for preparation of graphene 

oxide nanosheets. 100 
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Due to the high reactivity of nanoparticles, they have a tendency to agglomerate, which limits 

its benefits of having the high surface area to volume ratio, resulting in the settling of 

nanoparticles in base fluid. To prepare stable nanofluids, surfactants are often used as 

stabilizing agents which provide electrostatic or steric repulsion or the combination of these 

two between nanoparticles and prevent particle agglomeration due to van der Waals 

attractive force. Apart from surfactants and polymers,101 surface treatment102 is also used to 

produce stable nanofluids. But the addition of additives can modify the surface properties of 

the particles, which may have a synergistic or antagonistic effect on thermal properties. 

1.3 Thermal Properties of Nanofluid 

1.3.1 Theoretical Studies on Thermal Conductivity of Nanofluids 

Maxwell103 derived an expression for the thermal conductivity of composite mixtures using 

Effective Medium Theory (EMT) by considering a spatially homogeneous electromagnetic 

response.104 The basic assumption for theoretical models describing effective thermal 

conductivity of two component systems is that the systems constitute a continuous matrix in 

which particles (discontinuous component) are embedded. EMT assumed mixtures under 

static condition and a low volume fraction of inclusions within the matrix without 

considering clustering of dispersed materials.104 Using this approach, the thermal 

conductivity of the nanofluid (knf) at low volume fractions of non-interactive spherical 

particles is determined by considering the thermal conductivities of base fluid (kf), 

nanoparticles (kp) and volume fraction of nanoparticle (φ).122 According to Maxwell’s 

theory,103,122 for a dilute suspension of spherical particles, the effective thermal conductivity 

(k/kf) is given as
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thermal resistance Rb, kf is modified as, pff kkk 
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  and d is the 

average particle diameter. At high volume fractions, Maxwell model (lower bounds) fails to 

explain the knf enhancement because of the interaction between the particles becomes 

prominent at higher φ. By considering the interparticle interaction at higher volume fraction, 

Bruggeman105 modified the Maxwell’s Equ 1.1 . According to Bruggeman model, 
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In a nanofluid, series and parallel modes of thermal conduction through the base fluid and the 

nanoparticles can be visualized. The parallel mode has a geometric configuration that allows 

the most efficient means of heat propagation.14  Hashin and Shtrikman (HS) bounds for 

thermal conductivity of a nanofluid, on the basis of volume fraction alone is given by106  
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In the lower HS limit, nanoparticles are well suspended and the conduction is through series 

mode whereas in the upper HS limit, the conduction path is through dispersed particles. In 

the limit  fp kk /  >>1, the predicted values of k/kf for the upper HS and parallel modes are 

(2φ/3) kp/kf   and (φkp/kf), respectively. The upper and lower bounds reverse when kp < kf. 
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Hamilton and Crosser107 (H-C) developed a modified Maxwell’s theory for two-component 

systems containing different particle shapes and particle sizes ranging between millimeters to 

micrometers. According to H-C model, k/kf  is given by, 
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where n is the shape factor, 


3
n  , where   is the particle sphericity, which is equal to 1, 

for spherical particle. For prolate ellipsoids   is equal to 0.5. Yu et al.108 modified the H-C 

model by including the particle-liquid interfacial layer for the prediction of the thermal 

conductivity of nanofluids having ellipsoidal particles. 
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A modified Maxwell’s model was proposed by Xuan et al.109 by considering Brownian  

motion of the particle in the base fluid for the thermal conductivity enhancement. It is given 

as 
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where kB is the Boltzmann constant, and rc is the apparent radius of the cluster, which in turns 

depends on the dimensions of the cluster structure. Kumar et al.110 modified the Maxwell’s 

model in order to account viscosity of the base fluid and the temperature dependence. The 
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expression thermal conductivity taking into account the Brownian motion and temperature is 

as follows110 
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Where c is the constant, η is the dynamic viscosity of the base fluid. But this model fails at 

higher concentrations, due to prominent interparticle interaction. Prasher et al.26 modified the 

Maxwell’s model by including the convection caused by Brownian motion of the 

nanoparticle and is given as  
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Re  , Pr is the Prandtl number and A and m are constants. 

A unit cell model for the effective thermal conductivity of nanofluid containing carbon 

nanofibers was proposed by Yamada et al.,111 and it is given as 
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where K is the shape factor and K = 2φ0.2(lp/dp) for the cylindrical particle with length (lp) and 

diameter (dp) are the length and diameter of the cylindrical particle. Hesselman et al.112 

proposed a new model for thermal conductivity of dilute nanofluids, by considering the 
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thermal barrier resistance at the interface between the materials for spherical, cylindrical and 

flat plate particle, which is given as 
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where pfk kkR / and Rk is the Kapitza resistance. By considering the thickness liquid 

layer and Brownian motion of the dispersed particle Jang et al.32 derived the expression for 

k/kf, which is given as 
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where h is the coefficient of heat transfer and δT is the liquid layer thickness. By considering 

the effect of clusters and their distribution, Wang et al.113 modified the Maxwell model as 
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where kcl(r) is the effective thermal conductivity of clusters and n(r)  is the radius distribution 

function. Meibodi et al.114 used the thermal resistance approach in one-dimensional Cartesian 

coordinate for estimating thermal conductivity of suspension including micro and nano 

particles. According to their model,  
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where α΄ = kp/kf. 
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By considering the freezing point of the base fluid Corcione115 developed a the following 

empirical correlation 
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T is the nanofluid temperature, Tfr is the freezing point of the base liquid. 

Several mechanisms have been proposed for explaining the anomalous increase in thermal 

conductivity of nanofluids.2 They are briefly discussed below. 

a) Brownian motion of the Nanoparticles 

 Brownian motion enables direct solid-solid transport of heat from one particle to another, 

resulting in an increase in thermal conductivity. It is characterized by the particle diffusion 

constant D΄, given by the Stokes-Einstein formula, 
d

Tk
D B

3

'  .                                                 

By comparing the time scale of particle motion with the heat diffusion in the liquids, the 

effect of Brownian motion on thermal conductivity can be determined. The time (τD) required 

for the particle of diameter d to move by the distance equal to its size, 
Tk

d

B

D
6

3 3
  . The time 

(τH)  required for heat to move in the liquid by the same distance, 
f

p

H
k

cd

6

2 
  , where Cp is 

the specific heat capacity of the nanofluid, ρ density. For water (η = 0.001 Pa.s, kf = 0.4 W/m 

K, ρ = 1 g/cm3, Cp = 4.2 J/ g.°C) based Cu nanofluid containing particles of diameter 10 nm 

at room temperature, τD and τH are 2×10-7 and 4×10-10, respectively, the ratio of τD/τH ~ 500. 

It decreases to ~25 when the particle size equals to the atomic size. Hence the Brownian 

motion of the nanoparticle is slow to transport significant amount of heat through a 
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nanofluid. However, Brownian motion of particles may influence particle clustering, which 

can influence thermal conductivity enhancement. 

b) Liquid Layering at the Liquid/Particle Interface 

In particle-fluid mixtures, the liquid molecules close to a particle surface are known to form 

layered structures and behave much like a solid.116 Though the thickness of this liquid layer 

is of the order of nanometer, this nanolayer is thought to play an important role in heat 

transport from solid to adjacent liquid.2, 66, 108 As the specific surface area (SSA) of micron-

sized particle is less, the effect of interfacial nanolayer is negligible.  
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Figure 1.7 Effective thermal conductivity enhancement due to liquid layering at 

liquid/particle interface.2 

Due to very large SSA of nanoparticles, the liquid layering become important and has a role 

in the heat transfer across the interface. The upper limit for the particle layered liquid 
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structure is estimated by considering, the thermal conductivity of the interfacial liquid layer 

as the same as that of the solid. The enhanced thermal conductivity due to the effective 

volume of different particle-layered-liquid structure is shown in Fig 1.7. For example, a 

layered liquid thickness of δT ~ 2.5 nm is required to double the effective volume of the 

particle with diameter of 10 nm. A typical interfacial layer thickness is of the order of 1 

nm.117, 118 These studies show that although the presence of the interfacial layer may play a 

role in heat transport, it is not a dominating factor for the anomalous increase in thermal 

conductivity. This is evident in ethylene glycol based Cu nanofluid where an increase in 

thermal conductivity more than an order of magnitude larger than that predicted by HC 

theory is reported.38 

c) Nature of the Heat Transport in the Nanoparticles 

In crystalline solids, heat is carried by the propagation of lattice vibrations i.e., phonons, 

which are created at random, propagate in random directions, and are scattered by each other 

or by defects.2 Mean free path of the phonon is given by, 
T

aT
l m



10
 ,                                                     

where Tm is the melting point, a is the lattice constant and γ is the Gruneisen parameter. For 

Al2O3, at room temperature Tm/T ~ 7 and l ~ 35 nm. Therefore, phonon cannot diffuse in a 

particle with diameter 10 nm but must move ballistically across the particles.2 Hence the 

assumption of diffusive heat transport in nanoparticle is not valid and therefore theoretical 

model based on ballistic phonon is considered.119  
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(a) (b)

 

Figure 1.8: Schematic diagram of (a) diffusive and (b) ballistic phonon transport mechanism 

in a solid particle.2 

As the interparticle distance in nanofluid is small, even at low φ, the ballistic phonons can 

persist in the liquid and reach a nearby particle, resulting in a larger thermal conductivity, 

though the phonon mean free path in liquid is very short (~1-2 nm).2 For example, 10 nm 

sized particle are separated by ~5 nm at a volume fraction of 5 %. Due to the Brownian 

motion, the particle can be much closer and thus enhance the heat flow among the particle. 

Hence, ballistic heat transport process was proposed to be the possible mechanism for the 

observed k enhancement in nanofluid. The experiment on sound propagation in colloidal 

system shows an analogous phenomenon that the acoustic excitations propagated coherently 

between neighboring particles when the diameter of particles was comparable to the 

wavelength of the sound.120 Fig. 1.8 shows a schematic diagram of (a) diffusive and (b) 

ballistic phonon transport mechanism in a solid particle. 

d) Nanoparticle Clustering 

Clustering of nanoparticle can create paths of lower thermal resistance and enhance the 

thermal conductivity (k) significantly.2 But, larger clusters settle down in the basefluids with 

elapsed time, resulting in a physical volume of particle much smaller than the effective 
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volume of the cluster. Heat can move very rapidly within such clusters, and increase in 

thermal conductivity effectively. The effect of clustering is illustrated in Fig. 1.9, which 

shows the k enhancement originating from the increased effective volume of the highly 

conducting clusters, as a function of the volume fraction of the cluster.  
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Figure 1.9 Thermal conductivity ratio due to increased effective volume of highly 

conducting clusters. Schematic diagrams indicate (from right to left) (i) closely packed FCC 

arrangement of particles, (ii) simple cubic arrangement, (iii)  loosely packed irregular 

structure of particles in physical contact, and (iv) clusters of particles separated by liquid 

layers thin enough to allow for rapid heat flow among particles.2 

With decrease in φ, the effective volume of the cluster increases, thus enhancing the thermal 

conductivity. For a cluster of close packed spherical particles, ~ 25 % volume is filled with 

liquid in the space between particles, which increases the effective volume of highly 
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conductive region by ~ 30 % with respect to a dispersed nanoparticle system. For loosely 

packed clusters the effective volume increase will be larger than the closely packed clusters.2  

For increase in k, particle needs not to be in physical contact, but at a specific distance, 

allowing rapid heat flow between them. Such “Liquid mediated” clusters have shown to have 

very larger effective volume because of low packing fraction and are capable of enhancing of 

k. However, in general clustering results in a decrease in thermal conductivity due to the 

settling of particles in the liquid, creating larger regions of “particle free” liquid with high 

thermal resistance and particle rich regime at the bottom of the container.2 

Due to the larger surface area to volume ratio, the nanoparticles can be also exothermally 

reactive. In addition the diffusion accompanied by chemical reactions can also enhance the 

thermal conductivity. If chemical equilibrium is reached before any appreciable transport, the 

effective thermal conductivity in such case is 121 
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where Δh is the reaction heat which is of the order of the gradient in the chemical potential μs 

for the nanoparticles.121 With a bounding Δh of 105 J/kg for reaction rates for nanoparticles122 

in solutions, k/kf is again several orders less than that of the base fluid. There are convincing 

theoretical reasons2, 23, 123 to believe that the Brownian motion of the nanoparticles has a 

negligible role in the k enhancement in nanofluid. Also, the effectiveness of ballistic phonon 

transport over the diffusion phonon transport is also not convincing as the temperature within 

the solid particle will be a constant, providing the same boundary conduction for heat flow in 

liquids for either ballistic or diffusive phonon transport.2 All the interfacial layer models, 
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assumed a complex bare nanoparticle with an interfacial fluid nanolayer, however, the 

assumptions are at variance with the theoretical and experimental studies124-126 which 

indicate that the interfacial layers are limited to a few molecular dimensions and cannot 

account the larger enhancements repoted. Taking into consideration of various mechanisms 

that are responsible for the observed enhancement in k, heat transport through percolating 

conduction path has emerged as one of the most effective means of heat transport.11, 59 Table 

1.1 shows different thermal conductivity models for nanofluids. 

Table 1.1: Thermal conductivity models for nanofluids. 
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Model Mathematical Expression 
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1.3.2 Experimental Studies on Thermal Properties of Nanofluid 

Nanofluids have been a topic of great interest during the last one decade primarily due to the 

initial reports of anomalous thermal conductivity enhancement (i.e. beyond Maxwell’s limit) 

in nanofluids with a small percentage of nanoparticles.35, 37, 38 E.g. Masuda127 reported a 

thermal conductivity enhancement of 30 % with 4.3 vol% of Al2O3 nanoparticle. A 40 % 
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enhancement was observed in 0.3 vol% of CuO nanofluid by Eastman et al.38 Also, the 

thermal conductivity of nanofluids depends on many factors such as particle volume fraction, 

particle material, particle size, particle shape etc. Detailed literature reviews on the effect of 

these parameters on thermal properties of nanofluids are presented below. 

1.3.2.1 Effect of Concentration  

Several studies show that the thermal conductivity increases with particle loading beyond the 

EMT predictions.10, 128-135 Bjorneklett136 observed 790 % thermal conductivity enhancement 

in silver-filled epoxy adhesive of 25 vol% due to the large thermal conductivity difference 

between the silver (429 W/m−1·K−1) and epoxy. An enhancement of 32.4 % was observed in 

the effective thermal conductivity of water based Al2O3 nanofluids for a volume fraction 

about 4.3 %.127 Lee et al.66 observed 20 % k enhancement for the 4 vol% for ethylene glycol 

based CuO nanofluid. Xuan et al.61 reported that the thermal conductivity ratio increases 

from 1.2 to 1.8 as the φ of the particle increases from 2.5 to 8 % in transformer oil (TO) 

based Cu nanofluid. For water based Cu nanofluid, k/kf were varied from 1.1 to 1.6 as  φ of 

the particle increases from 1 to 5 %.61 Shin et al.137 studied the thermal conductivity of 

polyethylene and polypropylene particles dispersed in a mixture of silicon oil and kerosene. 

They have observed a thermal conductivity enhancement of 13 % for 10 vol% particle 

loading. An anomalous thermal conductivity enhancement of 150 % was observed in 

synthetic polyalphaolefin oil based MWCNTs nanofluid for a very low particle loading of 1 

vol%.138 Ethylene glycol based carbon nanotube (CNT) nanofluids showed a thermal 

conductivity enhancement of 12 % at a particle loading of 1 vol% and synthetic engine oil 

based CNT nanofluids showed a 30 % k enhancement at a particle loading of 2 vol%.63 Cho 

et al.139 reported an anomalous increase in thermal conductivity of 18 % with a very low 



  Chapter I 

26 

 

particle loading of Ag nanoparticle of 10000 ppm. For water based MWCNT nanofluid, the 

thermal conductivity enhancement was found to be 11 % for a volume fraction of 1 vol%.140 

A maximum thermal conductivity enhancement of 74 % for was observed at a particle 

loading of 0.3 vol% in water based Cu nanofluids.141 An enhancement of 16.5 % was 

observed in ethylene glycol based iron (Fe) nanofluid for a particle loading of 0.3 vol%.142 

For ethylene glycol based MWCNT nanofluid, a considerable thermal conductivy 

enhancement of 17 % was observed at 1 vol%.143 A 20 % increase in k at 2.5 vol% of carbon 

nanotubes was observed in ethylene glycol based CNT nanofluids.143 Methanol based Al2O3, 

silicon dioxide (SiO2) and TiO2 nanofluids showed an increase in k with increase in φ.144 A 

30 % k enhancement is observed in water based iron oxide (Fe3O4) nanofluid as φ increases 

from 0-0.04.145   

Table 1.2: Reported values of k/kf as a function of concentration for different nanofluids. 

Nanoparticle/ 

Size (nm) 

Base fluid Concentration φ % k/kf % enhancement Ref 

Silver Epoxy 25 - 790 136 

Al2O3 Water 4.3 1.32 32 127 

CuO/ 18.6 EG 4 1.2 20 66 

Polyethylene Silicon oil 10 1.13 13 137 

Copper/ 100 TO 1.5 1.12 12  

 
61 

8 1.45 45 

Copper/ 100 Water 2.5 1.23 23 

7.5 1.78 78 

Silver/ 200 EG 10000 ppm 1.18 18 139 

CNT/ ID:5-

10 

OD: 20-50 

EG 1 1.12 12  
63 Engine oil 2 1.3 30 

Copper Water 0.3 1.74 74 141 

Fe3O4 EG 0.3 1.165 16.5 142 

CNT/ Dia - 

10 Length 5–

10 μm  

Water 0.3 1.02 2  
143 1 1.10 10 

SiC/ 170 Water 1 1.04 4 146 
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4 1.22 22 

Al2O3/ 10 PAO 0.4 1.05 5  
147 

2.8 1.15 15 

Fe3O4/ 8.7 Kerosene 1.71 1.06 0.6  
148 5.03 1.125 12.5 

CuO/ 10 EG 0.18 1.07 7 

0.92 1.12 12 

1.14 1.14 14 

Nanodiamon

d 

MO 0.5 1.025 2.5  
149 1.9 1.12 12 

EG 0.2 1.01 1 

0.85 1.11 11 

Fe3O4/ 15 Kerosene 0.25 1.04 4  
150 1 1.32 32 

Fe3O4 Kerosene 2 1.06 6  
151 5 1.18 18 

GNP/ 

Thickness 

2μm 

Water 0.012 1.07 7  
135 0.05  1.21 21 

ND-Ni/ 25 Water 0.62 1.03 3  
134  3.03 1.2 20 

ND-Ni/ 25 EG  0.62 1.001 0.1  
134 3.03 1.08 8 

TiO2/ 13 Water  1 1.08 8  
152 2 1.12 12 

4 1.15 15 

CuO/ <50 

nm 

Water  0.01 1.27 27  
153 0.05 1.53 53 

ZnO/ <50 nm 0.02 1.09 9 

0.08 1.12 12 

Cu N-tetradecane 0.01 1.05 5  
154 0.02 1.13 13 

Nitrogen 

doped 

Graphene 

Water  0.01 1.24 24  
155 0.06 1.33 33 

Graphene EG 0.05 1.041 4.1  
156 0.2 1.119 11.9 

At a particle loading of 4 vol%, water based Fe3O4 nanofluids exhibited a 38 % enhancement 

in thermal conductivity which was attributed to particle clustering.157 An increase in k with 

increase in concentration was observed in EG based Cu nanofluid of particle size 12 and 3 
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nm.158 A study on graphene oxide nanosheets131 showed a thermal conductivity enhancement 

of 30, 62 and 76 % at a particle loading of 5 vol% for three different base fluids distilled 

water, propyl glycol and liquid paraffin, respectively. The observed k enhancement was 

above the EMT prediction. Reports showed that the thermal conductivity of MWCNT 

nanofluids increases with increase in volume fraction and the k enhancement observed were 

well above the EMT predictions.159-166 Table 1.2 shows the summary of the reported values 

of k/kf as a function of concentration for different nanofluids. A plot showing the reported 

percentage of k enhancement with concentration of nanoparticles in different nanofluids is 

shown in Fig. 1.10. 

0 1 2 3 4 5 6 7 8 9 10 11

1.0

1.2

1.4

1.6

1.8

 (151)

 (135)

 (134)

 (134)

 (152)

 (153)

 (153)

 (154)

 (155)

 (156)

 1+3

 (61)

 (61)

 (143)

 (146)

 (147)

 (148)

 (148)

 (149)

 (149)

 (150)k
/k

f

Volume fraction (%)
 

Figure 1.10 : Reported k/kf with the concentration of nanoparticles in different nanofluids. 

The EMT prediction is shown by the solid line. 
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1.3.2.2 Effect of Particle Size 

One of the important physical parameters which play a major role in nanofluid thermal 

properties and the stability is the size of the nanoparticles used. A few reports showed an 

increase in k with a decrease in size of the nanoparticle3, 167-169 whereas other reports showed 

a decrease in k with increase in particle size.10, 170, 171 An increase in k with decrease in 

particle size was reported in water based Al2Cu and ethylene glycol based Ag2Al.172 A 

decrease in k with increase in particle size was reported in water based TiO2 nanofluids.173 

The k enhancement was found to decrease with decreasing particle size in water and ethylene 

glycol based Al2O3 nanofluids of particle size varying from 8 to 282 nm.174 Minsta et al.169 

reported that zero k enhancement in water based Al2O3 nanofluids of particle size 36 and 47 

nm at room temperature but an increase in thermal conductivity was observed for small 

particle size than the larger one at elevated temperature. 

0 5 10 15 20 50 100 150 200 250 300

1.0

1.1

1.2

1.3

1.4

1.5

k
/k

f

Particel Size (nm)

 (175)

 (176)

 (177)

 (178)

 (180)

 (157)

 (181)

 (3)

 (173)

 (172)

 (172)

 (174)

 (168)

 (175)

 

Figure 1.11: Reported value of effective thermal conductivity as a function of particle size 

for various nanofluids. It should be noted that volume fraction are quite different in each 

study (Table 1.3)  
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An enhancement in k with decrease in particle size was reported in water based Al2O3 

nanofluids with three different particle diameters of 20, 50 and 100 nm.176 Similarly, the 

thermal conductivity study in ethylene glycol based nanofluid showed an increases in k with 

a decrease in particle size.175 A larger k was observed for larger particle size in water based 

silicon carbide SiC nanofluids with four different particle size 20,30, 35 and 90 nm.177  

Table 1.3: Reported values of k/kf as a function of size and concentration for different 

nanofluids. 

Nanoparticle Concentration (φ%) Size (nm) k/kf % enhancement Ref 

Al2O3/ Water 1 11 1.09 8  
3 47 1.02 2 

150 1.005 0.5 

TiO2/ Water 0.6   82 1.35 3.5  
173 140 1.25 25 

215 1.01 1 

Al2Cu/ Water 0.5 9 1.3 30  
172 20 1.23 23 

25 1.19 19 

35 1.12 12 

83 1.04 4 

Al2Cu/ EG 0.5 9 1.45 45  
172 20 1.33 33 

25 1.27 27 

35 1.2 20 

83 1.10 10 

Al2O3/ Water 2 12 1.036 3.6  
174 16 1.058 5.8 

282 1.115 11.5 

Al2O3/ Water 14 36 1.13 13  
169 47 1.17 17 

Al/EG 1 10 1.11 11  
175 45 1.06 6 

150 1.02 2 

Al/ Water 1 10 1.07 7 

45 1.05 5 

150 1.023 2.3 

Al2O3/ Water 0.51 20 1.06 6  
176 50 1.05 5 
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100 1.04 4 

α- SiC/ Water 4.1 16 1.08 8  
177 29 1.098 9.8 

66 1.118 11.8 

90 1.124 12.4 

Fe3O4/ Kerosene 5.5  2.8 1.05 5  
178 3.6 1.10 10 

6.1 1.17 17 

8.2 1.19 19 

9.5 1.22 22 

SiO2/ Water 8 10 1.08 8  
179 20 1.09 9 

40 1.09 9 

60 1.11 11 

Al2O3/ Water 0.5 13 1.075 7.5  
180 20 1.020 2 

Cu/ EG 0.03 12 1.15 15  
158 0.0035 3 1.038 3.8 

Al2O3/ Water 0.51  72 1 0  
181  115 1.02 2 

 137 1.03 0.3 

A decrease in k with decrease in particle size (in the size range of 2−40 nm) was reported in 

water based gold nanofluids.182 Similarly, a decrease in k with decrease in particle size from 

2.8 – 9.5 nm was observed in kerosene based Fe3O4 nanofluid.178 Table 1.3 shows the 

summary of the reported values of k/kf as a function of size and concentration for different 

nanofluids. A plot of the k/kf  as a function of particle size reported in different nanofluids is 

shown in Fig. 1.11. 

1.3.2.3 Effect of Particle Aspect Ratio 

Several studies showed an increase in k enhancement with increase in particle aspect ratio.27, 

160, 163, 166, 183-185 For the same particle loading of 5 vol% rod shaped TiO2 nanoparticle in 

water with an aspect ratio of 4 showed an enhancement of 32 % where as nanofluids 

containing spherical nanoparticles of diameter 15 nm showed an enhancement of 29 %.27 An 
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increase in k with increase in nanotube length was reported in water based MWCNT.166 The k 

enhancement was about 14, 18, 38 and 48 % for the nanotube length of 0.5, 1, 1.7 and 5 μm, 

respectively. The k studies in Al2O3 nanofluids with different particle morphologies showed 

that the k enhancement coefficients follow the sequence cylinders> bricks 

>platelets~blades.185  

Table 1.4: The reported values of k/kf as a function of particle morphology for different 

nanofluids. 

Nanoparticle/ 

Base fluid 

Concentration 

(φ %) 

Shape/Aspect 

ratio (AR) 

k/kf % enhancement Ref 

TiO2/ Water 5 15 nm 1.29 29  
27 10 nm × 40nm2  1.32 32 

MWCNT/ 

Water 

0.24 0.5 μm length  1.14 14  
166 1 μm length 1.18 18 

1.7 μm length 1.38 38 

5  μm length 1.48 48 

CNT/ Water 1 18.8 AR 1.43 43  
186 666 AR 2.08 108 

Al2O3 1 10 nm 1.039 3.9  
147 80×10 nm2 1.051 5.1 

CuO/ Engine 

oil (SAE 

20W50) 

0.28 Sphere 1.045 4.5  
187 Nanorhombic 1.053 5.3 

Nanorod 1.061 6.1 

MWCNT/ 

Water 

1 - 1.35 35  
160 

DWCNT/ 

Water 

1.03 3 

CNT  35 AR 1.32 32 163 

SiC/ Water 4 Sphere 1.10   
183 Cylinder 1.20  

CNF/ Water 2.5 10 (Avg. Dia) 1.08 8  
184 20 (Avg. Dia) 1.06 6 

40 (Avg. Dia) 1.025 2.5 

Al2O3/ 

Water/EG 

7 Cylinders 1.26 26  
185 Bricks 1.24 24 

Platelets 1.18 18 

Blades 
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The observed k enhancement of nanorods Al2O3/PAO was greater than that of PAO based 

alumina nanofluids having spherical particles.147 For the same particle loading of 1 vol%, the 

CNT nanofluids with an aspect ratio of 666 showed a k enhancement 2.08 where as CNT 

with an aspect ratio of 18.8 showed a k/kf  of 1.43.186 These experimental results suggest that 

particle having higher aspect ratio can give a higher k enhancement than the spherical particle 

due to the effective heat transfer along the length of the rod shaped particle. Table 1.4 shows 

the summary of the reported values of k/kf as a function of particle morphology for different 

nanofluids. 

1.3.2.4 Effect of Aggregation 

On aggregation aspect, recent studies reveal that the effective heat conduction through 

nanoparticle agglomerates can result in an enhanced k in nanofluids,11, 59, 151, 188-191 and the 

sedimentation of aggregates in base fluids, results in a lower k.141, 164 Water based untreated 

diamond nanofluids showed a decrease in k with time, whereas plasma treated stable 

diamond nanofluids showed a time independent k.192  Nasiri et al.193 observed a decrease in k 

with time due to the formation of agglomerates. With time, a decrease in k is observed in 

water based Cu and CNT nanofluids due to sedimentation and agglomeration.141 Timofeeva 

et al.10 showed a larger k with time in water based Al2O3 nanofluids due to the formation of 

larger agglomerates. A time independent k was observed in ethylene glycol based ZnO,194 

graphene oxide nanofluids130 and kerosene based Fe3O4 nanofluids.150  

Conduction through Linear Aggregates (Controlled Aggregation): Recent studies 

showed that the conduction through linear agglomerates of nanoparticle in basefluids can 

lead to a dramatic enhancement of k.11, 47, 178, 195, 196 Philip et al.11 observed 300 % k 

enhancement in kerosene based Fe3O4 nanofluid at a particle loading of 6.3 vol%. at an 
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applied field of 80 G. The observed enhancement in k was shown to be due to the effective 

heat transport through chainlike aggregates of the nanoparticle. Similarly 130 % k 

enhancement was observed in kerosene based Fe3O4 (0.0171 φ%) nanofluids at an applied 

magnetic field of 350 G.197 Li et al.195 observed an enhancement of k/kf in water based 

magnetic nanofluids of size 26 nm in the presence of an external magnetic field along the 

field direction. Horton et al.196 showed that the thermal conductivity of magnetic-metal-

coated carbon nanotubes can significantly enhance under applied magnetic field due to the 

controlled aggregation of magnetic nanoparticle along the field direction. Similar results 

were reported in Ni and Fe2O3 incorporated in water based SWCNT.9, 189, 191 Recent studies 

shows that the stable nanofluids exhibits thermal conductivity within EMT prediction 

whereas aggregating nanofluids shows enhancement beyond EMT predictions.148 

1.3.2.5 Effect of Nanoinclusions 

In general the thermal conductivity of the nanofluid will be higher when the dispersed 

nanoparticles have a higher k.140, 142, 175, 198, 199 Shima et al.199 showed the effect of suspended 

particle k on enhancement in nanofluids. They observed that in the dilute limit, the thermal 

conductivity of nanoparticle does not influence the k enhancement and the k of nanofluids is 

solely dependent on the volume fraction of the nanoparticle. Some researchers reported that 

the thermal conductivity of the nanoparticle is not a primary factor for the observed 

enhancement in nanofluid k.22, 29, 157, 200 For the same particle loading of 4 vol%, water based 

Fe3O4 nanofluids exhibited 38 % k enhancement, while water based nanofluids containing 

TiO2 or Al2O3 nanoparticles showed 30 % enhancement even though bulk Fe3O4 crystal has a 

lower k than Al2O3, CuO, and TiO2 crystals.157 Studies on water based CuO, MWCNT and 

SiO2 nanofluids showed that MWCNT has the highest k enhancement and SiO2 the lowest k 
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enhancement.140 For the same concentration of nanoparticle (1 vol%), the k enhancement for 

water based TiO2 was higher than that of Al2O3 nanofluids, though the bulk k is higher for 

Al2O3 nanoparticle.142  

Table 1.5: The reported values of k/kf for nanofluids having different nanoparticle. 

Base  fluid Concentration 

(φ %) 

Nanoparticle Bulk k 

(W/m.K) 

k/kf % 

enhancement 

Ref 

 

Water 

 

1 

SiO2 1.4 1.03 3  
140 MWCNT 6600 1.11 11 

CuO 385 1.05 5 

 

Water 

 

4 

Fe3O4 9 1.38 38  
157 TiO2 15 1.3 30 

Al2O3 35 1.3 30 

Water 1 Al2O3 35 1.14 14  
142 TiO2 15 1.03 3 

Water 1.8 Ag2Al  2.4 140  
201 Al2Cu  2.2 120 

EG 1 Cu 386 1.60 60  
202 Fe 9 1.27 27 

Water 0.09 Cu 385 1.15 15  
203 0.2 Al2O3 35 1.18 18 

Water 4 Al2O3 35 1.08 8  
152 SiO2 1.4 1.09 9 

TiO2 15 1.15 15 

Kerosene 0.01 Fe3O4 9 1.02 2  
199 

Ag 429 1.04 4 

Hexadecane 0.01 Fe3O4 9 1.05 5 

Ag 429 1.05 5 

Water 2 Al2O3 35 1.04

5 

  
175 

Transformer 

oil 

CuO 385 1.11  

EG Cu 1.17  

Chopkar et al.201 reported that for the same particle concentration, the k enhancement for 

water based Ag2Al nanofluid is slightly more than Ag2Cu nanoparticle suspensions. Sinha et 

al.202 reported a k enhancement of 48-70 % for the same concentration of 1 vol% the Cu 
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nanofluids whereas Fe nanofluids showed a k enhancement of around 21-33 %. Wang et 

al.203 reported that water based Cu nanofluid have a higher k enhancement compared to water 

based  Al2O3 nanofluids, and the reason for the larger k enhancement in Cu nanofluid was 

attributed to the higher k of copper nanoparticles. Patel et al.175 observed that metallic 

nanofluids exhibit higher k enhancement than the oxide nanofluids, which was proved to be 

wrong later. Table 1.5 summarizes of the reported values of k/kf for nanofluids with different 

nanoparticle. 

1.3.1.6 Effect of Additives 

Most of the reports show that the optimum concentration of additives will enhance the k of 

nanofluids.38, 203, 204 

Table 1.6: The reported values of k/kf for nanofluids with different additives 

Nanoparticle Base  

fluid  

Concentration 

(φ %) 

Additives k/kf % 

enhancement 

Ref 

CuO  

EG 

4  Thioglycolic 

acid 

1.4 40  
38 

Without acid  1.1 10 

Al2O3 Water 0.08 SDBS 1.09 9  
203 Cu 0.033 1.12 12 

Al2O3 Water 0.5 SDS (0 wt%) 1.05 8  
180 SDS (0.2 wt%) 1.06 6 

SDS (1 wt%) 1.07 7 

SDS (2 wt%) 1.05 5 

PVA (0 wt%) 1.07 7 

PVA (0.2 wt%) 1.03 3 

PVA (1 wt%) 1.07 7 

PVA (1.5 wt%) 1.06 6 

PVA (2 wt%) 1.04 4 

Al2O3 Water 4 NP9 1.18 18  
205 SDS 1.13 13 

SiO2 Water 4 NP9 1.09 9 

CTAB 1.10 10 
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 Eastman et al.38 observed an enhancement in k in ethylene glycol based Cu nanofluid 

stabilized with thioglycolic acid, compared to non acid-containing nanofluids. However, it 

was reported that, CTAB has no effect on k enhancement in water based CNT nanofluids.160 

Another report showed that at an optimum concentration of polyisobutene succinimide (3 wt 

%) provide a better k enhancment in PAO based MWCNT nanofluid.163 Wang et al.203 also 

reported that an optimal concentration of sodium dodecylbenzenesulfonate (SDBS) can result 

in an enhanced k in water based Cu and Al2O3 nanofluids. Table 1.6 summarizes the 

reported values of k/kf for nanofluids with different additives. 

1.3.2.7 Effect of Temperature 

A water based Al2O3 nanofluids (1 vol%) showed a k enhancement from 2  to 10 % as the 

temperature was increased from 21 to 50 °C.206 The increase in k with increase in 

temperature from 10 to 60 oC was observed water and ethylene glycol based Al2O3 nanofluid 

(5 vol%).10 The temperature independent k enhancement was also reported in ethylene glycol 

and water based nanofluids.143, 166 A temperature independent k enhancement was observed 

in water based SiC nanofluids.146 Shima et al.207 showed that for both aqueous and non-

aqueous ferrofluids with average particle diameter of 6 nm over the temperature range of 25 

to 50 °C, k was independent of temperature. Their findings show that the microconvection 

has a less dominant role on thermal conductivity enhancement of nanofluids. The k 

enhancement in hexadecane (HD) based Al2O3 was constant in the temperature range 25 to 

50  oC.208 Similarly, a temperature independent k enhancement was observed for kerosene 

based Fe3O4 nanofluids.150, 151 There are reports showing a decrease in k with increase in 

temperature in water based TiO2
209 and hexane based Bi2Te3 nanorods.17 Aqueous nanofluids 

over the temperature range of 25 to 50 °C showed an increase in k with temperature whereas 
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a decrease in k was observed in non-aqueous (kerosene and hexadecane based) nanofluids.207 

Thermal conductivity of dibenzyl toluene based MoS2 nanofluids was found to increase from 

1.175 to 1.375 as the temperature increased from 40 – 180 °C.210 Ghozatloo et al. 211 

observed that the k of water based surface modified CNT increases with increase in 

temperature. Ethylene glycol based graphene nanofluids showed a k enhancement quite 

independent of temperature.156 EG based nanodiamond nanofluid also showed a temperature 

independent k.149 Table 1.7 gives a summary of the reported values of k/kf as a function of 

temperature for different nanofluids. 

Table 1.7: Summary of the studies on the effect of temperature on thermal conductivity in 

nanofluids  

Nanoparticle/ 

Base fluid 

Concentration 

(φ %) 

Temperature 

(oC) 

k/kf % enhancement Ref 

Al2O3/ Water 1 21  1.02 2  
206 50 1.10 10 

Bi2Te3/ HD  10 1.13 13  
17 24 1.11 11 

36 1.09 9 

47 1.08 8 

Al2O3/ Water 5 20 1.08 8  
10 60 1.13 12 

CNT/ Water 0.28 10 1.13 13  
143 65 

MWCNT/ Water 1.45 15 1.36 36  
166 75 1.68 68 

SiC/ Water 2 25 1.09 9  
146 70 

Al2O3/ HD 2 2 1.11 11  
208 23 1.068 6.8 

32 

42 

52 

TiO2/Water 1 15 1.01 1  
209 25 1.02 2 

35 1.02 2 



  Chapter I 

39 

 

Fe3O4/ Kerosene 4.1 25 1.19 19  
151 75 

Fe3O4/ Kerosene 1 10 1.35 35  
150 60 

Fe3O4/ Kerosene 0.095 25 1.3 30  
207 50 

Fe3O4/ Hexadecane 0.061 25 1.2 20 

50 

Fe3O4/ Water  0.0102 25 1.03 3 

50 

Al/ Water/ EG 1 20 1.055 5.5  

 

 

 

 

 

 
175 

30 1.065 6.5 

40 1.08 8 

50 1.1 10 

Al/ EG 1 20 1.023 2.3 

30 1.033 3.3 

40 1.041 4.1 

50 1.054 5.4 

Cu/ Water 1 20 1.113 11.3 

30 1.156 15.6 

40 1.184 18.4 

50 1.194 19.4 

Cu/ TO 1 20 1.07 7 

30 1.114 11.4 

40 1.13 13 

50 1.15 15 

ND/ MO 0.5 20 1.06 6  
149 40 

60 

80 1.05 5 

100 1.04 4 

MoS2 Dibenzyl 

toluene 

40 1.175 17.5  
210 180 1.375 37.5 

ND-Ni/ Water 3.03 20 1.12 12  
134 60 1.32 32 

ND-Ni/EG 3.03 20 1.05 5  
134 60 1.153 15.3 

Graphite/ EG 0.2 25 1.119 11.9  
156 35 1.113 11.3 

45 1.123 12.3 

55 1.137 13.7 

Cu/ N-tetradecane 0.01 33 1.05 5  
154 173 1.65 65 
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In addition to the above mentioned factors, pH of the nanofluids,40, 203, 212, 213 sonication time6, 

63, 159, 163, 198, 214-216 and basefluid properties63, 131, 140, 143, 147, 190, 198, 217 also influence on k 

enhancement in nanofluids.  

1.3.3. Specific Heat Capacity of Nanofluid 

Although the addition of nanoparticles to a base fluid enhances its thermal conductivity, it 

sometimes decreases the heat capacity of nanofluid,218 which hampers the effective use of 

such nanofluids as a coolant. To make the heat transfer processes cost effective and clean, 

significant increase in the heat capacity of the heat transfer fluids is needed. However, many 

studies show no increase in heat capacity larger than the experimental error upon the addition 

of particles.219 For effective utilization of nanofluids for practical heat transfer applications, a 

synergetic balance of various thermophysical properties such as thermal conductivity, 

viscosity, heat capacity, density and diffusion coefficient is a prerequisite. There are multiple 

reports on a strong220-222 and weak218 dependence of Cp on the volume fraction of 

nanoparticles. There are also some reports on a decrease in the heat capacity with increase in 

volume fraction.220-222 Though the thermal properties of nanofluids are investigated intensely, 

the studies on heat capacity of nanofluids are scarce.221, 223, 224 A knowledge of specific heat 

capacity and thermal conductivity is important in order to understand the heat transfer 

properties of nanofluids. Studies on specific heat capacity kerosene based iron oxide 

nanofluids showed a decrease in the  heat capacity of nanofluid with  increase in volume 

concentration and an increase with temperature.218  Such a behavior was also observed in 

CuO nanofluids and water-based Al2O3 nanofluid.220 Ho et al.225 reported a highest 

enhancement of specific heat capacity of 19.9 % in Hitec melt at an optimal concentration of 

0.063 wt % of Al2O3 nanoparticles. A specific heat capacity enhancement of 50 % in 0.6 
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wt% of graphite nanoparticle fibers suspended in polyalphaolefin was observed.226 Increase 

in heat capacity with increase concentration of nanoparticle were reported by many 

researchers.227, 228 Specific heat capacity of nanofluids is also dependent on size of dispersed 

particles.229, 230 Xiong et al. 229 reported that specific heat capacity is more for small size 

particle (5 nm size Ag nanoparticle) compared to the bigger size particle (50 nm). In the case 

of CuO nanoparticle the specific heat capacity of nanoparticle increased with decrease in 

particle size.223 A decrease in the specific heat capacity with increase in the nanoparticle size 

was reported by Novotny et al.230 Unlike large thermal conductivity contrast between the 

suspended particles and base fluids, the Cp contrast between them was not significant on 

addition of particle loading is not anticipated. As the studies on various parameters affecting 

Cp of nanofluid are limited, a systematic study on the effect of volume fraction, properties of 

dispersed particle (density, thermal conductivity, morphology etc.) on the specific heat 

capacity of nanofluids is warranted for a better understanding of their utility in heat transfer 

applications such as concentrating solar power and waste heat recovery. 

1.3.4 Thermal Conductivity of Phase Change Materials 

From the initial focus on thermophysical properties of nanofluids (both experimental and 

theoretical modeling), the attention is now shifted to tailoring of novel nanofluids with large 

thermal conductivities and their applications. To overcome the limitations of traditional heat 

transfer media, phase change materials (PCMs) are being considered as effective media for 

thermal energy storage.231 The use of organic phase change materials as continuous phases 

(base fluids) has attracted much attention in the recent years due to their self nucleating 

properties, chemical stability, high heat of fusion, safe and non reactive nature and ability to 

freeze without much super cooling.232 The energy charge/discharge rate is one of the most 
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crucial factors to meet the cooling and heating capacity demand and the storage size. One of 

the drawbacks of PCM is its poor thermal conductivity which hampers the fast thermal 

charging and discharging during the phase change. To enhance the thermal conductivity of 

pure PCM, several methods have been attempted, e.g. placing a metal structure in PCM,233 

impregnating porous material234 and dispersing high thermal conductivity particles in 

PCM.235 Though there are some studies236-238 on thermal conductivity of PCM with 

nanoinclusion in the recent years, there are no reports on the effect of aggregation of such 

nanoinclusions on the thermal conductivity of PCMs. A suitable phase change temperature 

and a large melting enthalpy are two major requirements of a phase change material. 

Sutherland239 and Powell240 observed that a sudden increase in the thermal conductivity of n-

octadecance shows when it transformed from liquid to solid state. Lyeo et al.241 showed that 

the thermal conductivity of thin film of the phase-change material Ge2Sb2Te5 increases 

irreversibly with increasing temperature and undergoes large changes with phase 

transformations. Molecular dynamic studies on PCM showed that, upon crystallization a 

nanocrystalline structure develops leading to a thermal conductivity doubling.242 Zheng et 

al.237 reported a large contrast in electrical and thermal conductivities using first-order phase 

transitions in percolated composite materials. Harish et al.238 reported a large contrast in the 

thermal conductivity enhancement of phase change alkane in liquid and solid state with 

single-walled carbon nanotube inclusions. Tunable electrical and thermal conductivity 

through freezing rate control in hexadecane based nanocomposite were reported by Schiffres 

et al.243 Thermal conductivity studies on CNT/Hexadecane composites showed a 3 times 

increment in thermal conductivity at the phase change point of hexadecane.236 Though there 
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are several studies on thermal conductivity of PCM with nanoinclusion in the recent years, 

the effect of clusters on the thermal conductivity of PCMs is still unclear. 

1.4 Motivation 

The researchers tried to explain the reported anomalous enhancement in thermal conductivity 

in nanofluids by considering mechanisms such as liquid layering at the liquid/particle 

interface,2, 244 Brownian motion of nanoparticles,26, 32 ballistic heat transport 245 and effective 

heat transfer through nanoparticle clusters.6, 246 After considering various mechanisms for the 

observed enhancement in thermal conductivity, one of the most probable mechanisms 

considered is the effective conduction of heat through percolating aggregating nanoparticle 

paths.26, 59 However, there are conflicting reports on the contributions from micro-nano 

convection and agglomeration of particles.2 This field has been quite controversial, with 

multiple reports of anomalous enhancement in thermal conductivity, i.e. many report 

showing k enhancement well above those predicted from classical models27, 36, 101, 201, 247, and 

many other reports of the thermal conductivity increase within the classical Maxwell Mixing 

model.11, 14, 246, 248 

One of the grey areas in the understanding of thermal property variations in nanofluids is the 

role of interfacial resistance and morphology of suspended nanoparticles on k enhancement. 

The former aspect is extremely important, as suspensions are often stabilized using surface 

active species. Though the mechanism of stabilization of nanoparticles by surfactants is quite 

well understood, their precise role on interfacial thermal resistance, on thermal and 

rheological properties of nanofluids is still unclear.108, 116, 249-251 Also, aggregation is a very 

complex issue in nanofluids as subtle changes in the solvent properties and interfacial 

properties of nanoparticles can affect it. Therefore, a systematic study to understand the 
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effect of interfacial resistance, aggregation and other physico-chemical properties such as 

viscosity, specific heat capacity and density on thermal conductivity of nanofluid is 

warranted. To make the heat transfer processes cost effective and clean, a significant increase 

in the heat capacity of heat transfer fluids is needed. Although the addition of nanoparticles 

to the base fluid enhances its thermal conductivity, it sometimes decreases the heat capacity 

of nanofluid,218 which hampers the effective use of such nanofluids as a coolant. Hence a 

systematic study on volume fraction, bulk properties of dispersed particle (density, thermal 

conductivity, morphology etc.) on the specific heat capacity of nanofluids is a prerequisite 

for the effective utilization of these materials in heat transfer applications such as 

concentrating solar power and waste heat recovery. Though there are several studies on 

increase in thermal conductivity of organic phase change materials using different 

nanoinclusions, the role of aggregation, particle morphology and particle concentration is not 

yet very clear. This thesis attempts to provide a systematic study on the factors influencing 

the thermal properties of nanofluids and phase change materials. 

1.5 Objectives 

The main objectives of the thesis are:  

 To study the role of particle size, volume fraction and morphology, interfacial 

resistance, density and viscosity on the thermal properties of nanofluids. 

 To study the effect of aggregation of dispersed nanomaterials on the thermal and 

electrical properties of stable and unstable nanofluid. 

 To probe the role of size, morphology and concentrations of nanoinclusion on 

specific heat capacity of nanofluids. 



  Chapter I 

45 

 

 To develop new methodologies to achieve extremely large tunable thermal 

conductivity in phase change alkane using inverse micellar templating.  

 To study the role of aggregation of dispersed nanomaterials on thermal conductivity 

of phase change alkane using nanoinclusions. 

1.6 Overview of the thesis 

This thesis consists of 8 chapters and the details of each chapter are summarized. Chapter 1 

gives a brief introduction about the nanofluids and their applications. Literature survey on 

classical theories, experimental findings in various nanofluids, motivation and the objectives 

of the present work are also presented. Chapter 2 describes the details of sample preparation 

methods, the experimental tools used to study thermal conductivity, rheology, hydrodynamic 

size and associated properties. Chapter 3 describes the effect of adsorbing moieties on 

thermal conductivity, rheology, density, contact angle and refractive index of ‘soft’ and 

‘hard’ nanofluids. The role of surface morphology, initial thermal conductivity of solid 

particles and their number density in base fluids on thermal property enhancement of 

nanofluids is also discussed. Chapter 4 describes the thermal conductivity, electrical 

conductivity (σ), viscosity and refractive index of two non-aggregating nanofluids of γ-Al2O3 

and SiO2 and two aggregating nanofluids of TiO2 and α- Al2O3. Chapter 5 describes the 

effect of particle size, particle morphology and volume fraction of nanoparticles on the 

temperature dependent specific heat capacity of metal oxide nanofluids. Chapter 6 describes 

a new approach to achieve large tunable thermal conductivity in phase change alkane using 

inverse micellar templating. Chapter 7 describes the thermal conductivity changes in phase 

change alkane incorporated with copper nanowire, multiwalled carbon nanotube, graphite 
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nanofibers and graphene nanoplatelets. Chapter 8 summarizes the results obtained, 

conclusions drawn and recommendations for future work. 
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Materials and Experimental Techniques 

2.1 Materials 

An anionic surfactant, sodium dodecyl sulfate (C12H25-SO4 Na-, SDS), cationic surfactant, 

cetyltrimethylammonium bromide (CTAB) and non-ionic surfactants, nonylphenol 

ethoxylate (NP9 & NP10) were purchased from Sigma and used as such. These surfactants 

are water soluble at room temperature. For the studies, 16 vol% stock solutions of SDS, 

CTAB, NP9 and NP10 surfactants were prepared using milli-Q water with a resistivity value 

of 18.2 MΩ cm, from which different concentrations were prepared. Oil based surfactants, 

oleylamine, oleic acid (OA), a monounsaturated fatty acid (C18H34O2), dioctyl sodium 

sulfosuccinate (C20H37NaO7S, AOT) and sorbitan Oleate (C24H44O6, Span 80) were also 

purchased from Sigma, and used without further purification. For the studies, stock solutions 

of OA, AOT and Span 80 surfactants were prepared in n-hexadecane, from which different 

concentrations were prepared. The molecular structure of the surfactants used are shown in 

Fig. 2.1 Graphite nanofiber (GNF) purchased from Nanoamor (USA), had an outer diameter 

of 200-600 nm, length of 5-50 μm and purity > 95 %. Multiwalled carbon nanotubes 

purchased from Nanoamor had an outer diameter < 8 nm and length 10-30 μm. Copper 

nanowire (CuNW) and Graphene nanoplatelets (GNP) in powder form were purchased from 

Reinste. 

Chapter II 
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Figure 2.1: Molecular structure of surfactants SDS, CTAB, NP9 & NP10, Oleic acid, 

oleylamine, Span 80 and AOT. 
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The former has an outer diameter of 50 nm and length 10 – 50 μm and the latter has a lateral 

size of 2 μm and thickness in the range of 1 – 4 nm. The TEM and SEM images of the 

nanoinclusions CuNW,  GNP, MWCNT and GNF are shown in Fig. 2.2 (a-d). 

50 nm

(a)

200 nm

(b)

20 μm

(c)

50 μm

(d)

 

Figure 2.2:  TEM images of (a) Copper nanowire, (b) Multi walled carbon nanotube and 

SEM images of (c) Graphene nanoplatelets and (d) Graphite nanofibres. 

50 nm

(a)

20 nm

(c)

20 nm

(b)

 

Figure 2.3:  TEM images of the (a) Fe3O4
207 (b) Al2O3 nano spheres147 and  (c) Al2O3 nano 

rods147 nanoparticles.  

The water based γ- Al2O3 and TiO2 nanofluids were purchased from Numex Private Limited 

and aqueous SiO2 and α- Al2O3 nanofluid were purchased from Chempure Private Limited. 

The Al2O3 nanoparticles dispersed in polyalphaolefin (PAO) was obtained from Sasol and 

used as such. The Al2O3 nanorods (NR) with an aspect ratio of 8 and nanospheres (NS) of 
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size 10 nm dispersed in PAO were stabilized using a surfactant solsperse 21000 (Lubrizol 

Chemical). Kerosene based Fe3O4 nanofluids were synthesized in our lab.252 The TEM 

images of nanoparticles, nanorods and nanospheres are shown in Fig. 2.3 (a-c). 

2.1.1 Preparation of Ferrofluid 

 For kerosene based nanofluids, Fe3O4 nanoparticles were prepared by chemical 

coprecipitation technique.207, 252 The details are briefly discussed. The freshly prepared iron 

salt solutions of 0.2 M FeCl2.4H2O and 0.4 M FeCl3.6H2O were mixed at 1:1 ratio at a 

constant stirring speed of 1000 rpm. After the addition of ammonium solution, the pH of the 

solution reached a value of 10. When the solution turned black, 20 mL of oleic acid was 

added and the dispersion pH was adjusted to 9.5 with the temperature increased to 70 °C. At 

the same pH, temperature and stirring speed, the solution was kept for 30 min to finish the 

coating process. After this step, the temperature was increased to 79 °C in order to eliminate 

the excess ammonia and the protonation of adsorbed and un-adsorbed ammonium oleate as 

oleic acid. The surfactant coated particles were washed with triply distilled water at 60 °C, 

until the pH became 7 to remove the ionic impurities and later dispersed in hexane. The 

hexane dispersion was treated with acetone to induce aggregation of particles. The 

aggregated particles were then separated from the dispersion by centrifugation at 2500 rpm 

for 30 min. The precipitated magnetite nanoparticles were again dispersed in hexane for 

further treatment. The hexane, acetone mixture washing procedure was repeated again to 

remove excess surfactant in the dispersion. The surfactant-coated Fe3O4 nanoparticles were 

dried at 35 °C for 48 hours in inert atmosphere and the dried particles were dispersed in 

kerosene.252 
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The Fe3O4 nanoparticles of different particle sizes were synthesized by changing the solvent 

polarity during chemical coprecipitation using a mixed solvent of ethanol and water at four 

different ratios of 20:80; 40:60, 50:50 and 60:40.252, 253  

2.1.2 Preparation of Dispersion of Nanoparticles in Hexadecane 

The dispersions of CuNW and GNP in hexadecane were prepared by sonication using horn 

sonicator (Sonic Vibra-Cell) for 2 hours at 30 % amplitude of power. The dispersions of 

MWCNTs and GNFs in the PCM liquid were produced by two methods. In method I, 0.0038 

φ nanomaterials was added to 0.16 φ of the already prepared surfactant solution (Span 80) 

and the dispersion was sonicated by a horn sonicator for 30 min at 30 % amplitude of power. 

In method 2, the surface modification of the nanomaterial was performed in a mixture of two 

strong acids, concentrated sulfuric acid (98 %) and nitric acid (70 %) at 3:1 volume ratio254. 

The nanomaterial was first added to the acid mixture and sonicated at ~ 65 °C for 7 h.  After 

cooling the sample to room temperature, the acid treated dispersion was diluted with Milli Q 

water and the nanomaterial was centrifuged for 30 mins at 10,000 rpm. The solid 

nanomaterials were dried at 100 °C in an oven for 1 h. Then the surface-modified GNFs were 

re-dispersed in hexadecane by horn sonication for 30 mins at 30 % amplitude of power with 

the addition of 2 wt% oleylamine as surfactant. 

The dispersions of CuNW, MWCNTs and GNFs in the hexadecane were obtained as follows. 

CuNW nanofluid was prepared by dispersing 0.33 wt% of CuNW in hexadecane and the 

dispersion was sonicated by a horn sonicator for 30 mins at 30 % amplitude of power. In the 

case of MWCNT, 0.5 wt% of nanomaterial was dispersed in hexadecane and sonicated under 

the same condition. The Al2O3 nanorods and nanospheres dispersed in polyalphaolefin were 

stabilized using a surfactant solsperse 21000 (Lubrizol Chemical). 



  Chapter II 

52 

 

2.2 Experimental Techniques 

2.2.1 Thermal Conductivity Measurements 

Different techniques such as transient hot wire method (THW), thermal constants analyzer 

(TCA), steady state parallel plate method and 3ω method have been used for measuring the 

thermal conductivity of nanofluids. Among these techniques, the transient hot-wire method 

has been used most extensively.  

2.2.1.1 Transient Hot Wire Method 

The Transient Hot Wire method255 is based upon using a long, thin platinum wire as a dual 

line heat source and the temperature sensor. This is possible due to the relatively unique 

relationship between the temperature and thermal characteristics of platinum. The sensor is 

immersed in the fluid whose thermal conductivity is to be measured and is heated up by a 

step increase in the electric power through resistive heating. Heat from the sensor is 

transferred to the surrounding fluid through conduction. Simultaneously, the relative change 

in resistivity of the wire is measured through four wire resistive measurement system. The 

thermal conductivity of the fluid is obtained from the relative change in resistivity of the wire 

using Fourier’s law, 
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where, r is the distance from the line at which temperature is measured, D is the thermal 

diffusivity and Ei is the exponential integral which is given as,  

  ......
4

lnexp
1

)(
2

 







duu
u

Ei                             (2. 2)                                  

where, β =0.5772… is the Euler’s constant and α = r2/4Dt is the temperature coefficient.  
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If α becomes negligibly small when r is small and D is large, Eqn. 2.1 becomes 
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where CE= exp β. After some delay, ΔT versus ln t becomes a straight line with slope equal to 

q/4πk. Therefore k can be computed from 
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Fig. 2.4 shows the schematics of transient hot wire experimental setup. R1, R2 and R3 are the 

resistors and Rw is the resistance in the nanofluid 
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Figure 2.4: Schematics of transient hot wire experimental setup. 
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2.2.1.2 Thermal Constants Analyzer Techniques 

Thermal Constants Analyzer technique is also used to measure the thermal conductivity of 

nanofluids.186, 256-258 The thermal constants analyzer utilizes the transient plane source (TPS) 

theory to calculate the thermal conductivity of nanofluids. In this method, the TPS acts as 

both sensor and the heat source. In TPS method the thermal conductivity is measured using 

Fourier law of heat conduction. The main advantages are it is fast, it can measure wide 

ranges of thermal conductivity (0.02 – 200 W/mK), no sample preparation is required and 

sample size can be flexible. 

Computer

Thermal 

Constants 

Analyzer 

Constants Temperature

Bath

Nanofluid

Thermometer

Probe

 

Figure 2.5 : Schematic representation of the experimental setup for Thermal constant 

analyzer measurement. 

The experimental setup of measuring thermal conductivity of nanofluid using TCA is shown 

in Fig. 2.7. It consists of thermal constant analyzer, a vessel, a temperature bath and a 

thermometer. The probe is immersed vertically in the vessel containing the nanofluid which 

is kept in a constant temperature bath and the temperature sensor is immersed in the vessel to 
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measure the temperature of the nanofluid. By measuring the resistance of the probe, the 

thermal conductivity of the nanofluid is determined. When a constant electric power is 

supplied to the probe, the temperature rise of the probe ΔT(τ) is measured by the probe 

resistance with time Rp(τ) as, 
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where, R0  is the electric resistance of the probe when τ = 0 and τ is the variable on the time 

of electrification, 
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tD
  , where t is the measuring time and rp is the radius of the probe. 

According to Fourier law, in case of no natural convection of a fluid, ΔT(τ) is given as,  
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where, W is the electric power supplied to the probe, I0 is the modified Bessel function and 

D(τ) is a geometric function. In such case the experimental data can be fitted with the above 

equation and the thermal conductivity of the nanofluid is obtained from the slope of the 

curve. If natural convection of the fluid occurs, the thermal conductivity will vary with D(t), 

and the result is incorrect. In this case, the thermal constants analyzer automatically gives an 

alarm to avoid using the unreliable result. In order to avoid the happening of natural 

convection, the parameters of the analyzer should be controlled properly. 
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2.2.1.3 Steady-State Parallel Plate Method 

Challoner et al.259 developed the steady state parallel-plate method. A schematic 

representation of the experimental setup is shown in the Fig. 2.6, where the sample is placed 

between the two round parallel copper plates. 

Glass Spacers

Guard Heaters

Lower Copper Plate
O Ring

Heater
Fluid Sample

Upper Copper Plate

 

Figure 2.6: Schematic of the experimental setup for steady-state parallel-plate method. 

The temperature increase in each thermocouple is measured accurately. When the 

thermocouples are at the same temperature, the difference in temperature readings is 

minimized. As the total heat supplied by the main heater flows through the liquid between 

the upper and lower copper plates, the overall thermal conductivity across the two copper 

plates, including the effect of the glass spacer, is calculated from the one-dimensional heat 

conduction equation relating the power 
.

q of the main heater, the temperature difference ΔT 

between the two copper plates, and the geometry of the liquid cell as, 
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where, Lg is the thickness of the glass spacer between the two copper plates and S is the 

cross- sectional area of the top copper plate. The thermal conductivity of the liquid is 

calculated by the Eqn. (2.9) 
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 where, kg and Sg are the thermal conductivity of the glass spacer and cross- sectional area of 

the glass spacer, respectively. In order to avoid heat loss from the fluid to the surrounding, 

guard heaters are used to maintain a constant temperature of the fluid. 

2.2.1.3 3ω Method 

Thermocouples

Frames

Reference Layer
Cooling water in

Cooling water out

Peltier Element
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Figure 2.7 : Schematic of the experimental setup for 3ω method. 
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In the 3ω method, a single element is used as a heat source which acts as the heater and the 

sensor.260 A sinusoidal current of frequency ω passing through the metal wire generates a 

heat wave of frequency 2ω which is deduced to the frequency 3ω by the voltage component. 

The temperature oscillation at a distance r = (x2+y2)1/2 from an infinitely narrow line-source 

of heat on the surface of an infinite half-volume is given by, 
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where, P/l is the amplitude of the power per unit length generated at a frequency 2ω in the 

line source of heat and K0 is the zeroth-order modified Bessel function. The magnitude of the 

complex quantity, 
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Either the real or the imaginary part of the temperature oscillations is used to find the thermal 

conductivity. The temperature oscillation is related to the heat generation by, 
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The 3ω device is fabricated by metal deposition and patterning. The device is connected to 

metal heaters by electrical wires. A well is created around the heater which contains the 
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nanofluid. The microdevice is placed inside a temperature controller. This method is used for 

the temperature dependent thermal conductivity studies. The schematic representation of 3ω 

method is shown in Fig. 2.7. 

In the present study thermal conductivity was measured using KD2 pro thermal property 

analyzer from Decagon devices Inc., USA. Here, the thermal conductivity of the nanofluid 

was measured by monitoring the heat dissipation from a line heat source. The length of the 

line heat source is 60 mm and the diameter is 1.28 mm. The thermal conductivity range of 

the probe and the accuracy of the k measurement are 0.02–2 W m−1 C−1 and 5 %, 

respectively. The vial, in which the sample is taken, had a diameter of 24 mm. Calibration of 

the probe was carried out by measuring the thermal conductivities of four standard liquids -

water, glycerol, ethylene glycol and kerosene; the measured values are in good agreement 

with the literature values. The k measurements were made 10 mins after achieving the 

desired temperature. For measuring the thermal conductivity at different temperatures, the 

sample vial with the thermal conductivity probe was immersed in a circulating water bath 

and the temperature of the water bath was maintained within ± 0.1 °C. The entire sample 

assembly is insulated for temperature gradient and vibrations. 

2.2.2 Rheometer 

Rheology deals with the deformation and flow of matter. Solids have an ‘elastic’ response, 

and can resist an applied stress, while fluids do not have an elastic response, and deform 

continuously under stress.261 Viscosity is a measure of a fluid’s resistance to flow. Under the 

action of an external force, a fluid starts to flow which results in a shearing stress in the fluid 

that tends to oppose the motion. As one layer of the fluid moves past an adjacent layer, the 

fluid molecules interact with each other, transmit the momentum from the faster layer to the 
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slower layer in order to resist the relative motion. If an external (shearing) force is applied to 

a fluid, the fluid will move and continue to move as long as the force acts on it. Instrument 

used to measure rheological properties of materials is called rheometer. Many factors affect 

the stability of nanofluids, e.g. hydrodynamic forces, Brownian motion, strength of 

interparticle interactions, volume fraction, electrostatic forces, steric repulsion, size and 

shape of particles. Measuring the rheology of nanofluids gives an indication of their 

properties and interactions that are occurring. Rheology based measurements can help to 

predict which formulations might exhibit flocculation, coagulation or coalescence in 

nanofluids that can result  in undesired effects such as settling, phase separation, etc.  

High-precision, continuously-variable-shear instruments in which the test fluid is sheared 

between rotating cylinders, cones, or plates, under controlled-stress or controlled-rate 

conditions, are termed as rotational rheometers. Rheometers are capable of producing 

oscillatory strains, and measuring the normal stress. The basic rotational system consists of 

four parts: (i) a measurement tool with a well-defined geometry, (ii) a device to apply a 

constant torque or rotation speed to the tool over a wide range of shear stress or shear rate 

values, (iii) a device to determine the stress or shear rate response, and (iv) a temperature 

control for the test fluid and tool. Depending on the design specifications, rheometers may 

also include built-in corrections or compensations for inertia, drift, and temperature 

fluctuations during measurement. Most rheometers are based on the relative rotation about a 

common axis of one of three tool geometries. The schematic representation of these 

geometries are shown in Fig. 2.8. In the present study Viscosity measurements are carried 

out using Anton Paar MCR 301 strain controlled rotational Rheometer, Germany. The air-

bearing-supported synchronous Electrically Commutated (EC) motor (also called DC motor) 
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is the key component of the MCR rheometer series. The EC motor of the MCR series ensures 

accuracy across a wide viscosity range – from solids to liquids with viscosities lower than 

water. The rotor of the EC motor drive is equipped with permanent magnets. In the stator, 

coils with opposite polarity produce magnetic poles.  

r
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Rotating 
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Peltier   plate
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Figure 2.8: Schematic diagram of basic tool geometries for the rotational rheometer: (a) cone 

and plate (b) parallel plates and (c) concentric cylinder. 

The magnets in the rotor and the stator coils attract each other, so that a rotating flux of 

current in the coil windings produces a frictionless synchronous movement of the rotor. The 

torque of the motor is set and measured via the input current to the stator coils. Due to its 

unique design, the EC motor features a linear relation between the torque and the input 

current to the stator coil, which is advantageous for precise torque control and measurement. 
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2.2.3 Dynamic Light Scattering 

Dynamic light scattering (DLS), also referred to as Quasi-Elastic Light Scattering 

(QELS), is a non-invasive technique for measuring the hydrodynamic size and size 

distribution of molecules and particles typically in the submicron range. Typical 

applications of dynamic light scattering are the characterization of particles or molecules, 

which have been dispersed in a liquid. The Brownian motion of the particles or 

molecules in suspension causes laser light to be scattered at different intensities. Analysis 

of these intensity fluctuations yields the velocity of the Brownian motion and the particle 

size calculated by using the Stokes-Einstein relationship. In light scattering experiments, 

a monochromatic light source, usually a laser passes through a polarizer and into sample. 

The scattered light then goes through a second polarizer where it is collected by a 

photomultiplier tube (PMT). The instantaneous scattered field can be regarded as the 

superposition of waves scattered from the individual scattering centers. The scattered 

electric field at a given scattering wave vector q is expressed as, 
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where  tr


 is the center- of-mass position of the jth scatterer. The scattered field given by 

Eqn. 2.13 therefore fluctuates in response to the motions of the scatterers. If the fluctuations 

are faster than 10-6 sec, filter method is used to detect and analyze the time scale of these 

fluctuations. Optical mixing or beating methods are usually used for processes that occur on 

time scales slower than about 10-6 sec. In optical mixing methods no “filter” is inserted 
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between the scattering medium and the detector (PMT). The scattered light impinges directly 

on the PMT cathode. In the homodyne (self-beat) method only the scattered light impinges 

on the photocathode, while in the heterodyne method a local oscillator (a small portion of the 

unscattered laser beam) is mixed with the scattered light on the cathode surface. Since PMT 

is a square-law detector, its instantaneous current output is proportional to the square of the 

incident electric field  I(t) α ||E(t) ||2 . The PMT output is fed to a digital correlator, which 

calculates the intensity-intensity auto correlation function (also known as homodyne 

correlation function), which is defined as, 

        22
,0,,0, tqEqEBtqIqI                                       (2. 14) 

here B is the proportionality constant. The normalized intensity autocorrelation function 

g(2)(q,t) is defined as, 
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and the normalized electric field auto-correlation function (also known as heterodyne 

correlation function) as, 
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with the assumption that the scattering volume can be divided into a large number of 

statistically independent sub-regions and the scattered electric field is a Gaussian random 

variable, g(2)(q,t) is related to g(1) (q,t) by, 
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The above equation is known as Siegert relation and the constant β depends on the coherence 

area set by the optics of the instrument and is obtained from the fit. The heterodyne 

correlation function g(1)(q,t), which is related to the position of the particles, can be redefined 

as the intermediate scattering function (dynamic structural factor), F(q,t) using Eqn.2.13,  
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Hence, 

 
 
 qS

tqF
tqg

,
,)1(                                                      (2. 20)                                                         

where,    0,qFqS  . Since for an non-interacting suspension S(q)=1, by measuring g(1)(q,t) 

(either by homodyne or heterodyne method), one can determine the self-diffusion coefficient 

D0 of colloidal particles. In the present study hydrodynamic size measurements were carried 

out using Zetasizer Nano ZS from Malvern Instruments, UK. 

2.2.4 Phase Contrast Optical Microscopy 

In phase contrast optical microscopy, a phase object causes a small phase shift in the light 

passing through a transparent specimen which is converted into amplitude or contrast 

changes in the image. As light travels through a medium other than vacuum, interaction with 

the medium can cause amplitude and phase changes which depend on the properties of the 

medium. The basic principle to make phase changes visible in phase contrast microscopy is 
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to separate the illuminating background light from the specimen scattered light, which make 

up the foreground details, and to manipulate these differently. The ring shaped illuminating 

light (orange) that passes through the condenser annulus is focused on the specimen by the 

condenser. Some of the illuminating light is scattered by the specimen (Blue). The remaining 

light is unaffected by the specimen and form the background light (Pink).  
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Figure 2.9:  Schematic representation of phase contrast optical microscope showing the 

arrangement of light source lenses, specimen, phase ring and image plane. 



  Chapter II 

66 

 

When observing the unstained biological specimen, the scattered light is weak and typically 

phase shifted by -90°, relative to the background light. This leads to that the foreground and 

the backgrounds nearly have the same intensity, resulting in a low image contrast. In a phase 

contrast microscope, the image contrast is improved in two steps. The background light is 

phase shifted -90° by passing it through a phase shift ring. This eliminates the phase 

difference between the background and the scattered light, leading to an increased intensity 

difference between foreground and background. To further increase the contrast, the 

background is dimmed by a gray filter ring. Some of the scattered light will be phase shifted 

and dimmed by the rings. However, the background light is affected to a much greater extent, 

which creates the phase contrast effect. The above describes negative phase contrast. In 

its positive form, the background light is instead phase shifted by +90°. The background light 

will thus be 180° out of phase relative to the scattered light. This results in that the scattered 

light will be subtracted from the background light to form an image where the foreground is 

darker than the background. The performance of modern phase contrast microscopes is so 

refined that it enables specimens containing very small internal structures, or even just a few 

protein molecules, to be detected when the technology is coupled to electronic enhancement 

and post-acquisition image processing. The schematic representation of phase contrast 

microscope is shown in Fig. 2.9. 

In the present study, the aggregation effect in nanofluids and phase change materials are 

studied using Lecia inverted optical microscope (Germany) attached with a JVC camera and 

frame grabber card. The obtained images are processed using Lecia Win software.  
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2.2.5 Fourier Transform Infrared Spectroscopy 

In Fourier Transform Infrared (FTIR), the preferred method of infrared spectroscopy, IR 

radiation is passed through a sample. Some of the infrared radiation is absorbed by the 

sample and some of it is transmitted. The resulting spectrum represents the molecular 

absorption and transmission, creating a molecular fingerprint of the sample. Like a 

fingerprint no two unique molecular structures produce the same infrared spectrum. This 

makes infrared spectroscopy useful for several types of analysis. The total internal energy of 

a molecule in a first approximation is the sum of rotational, vibrational and electronic energy 

levels. In Infrared spectroscopy the interactions between matter and electromagnetic (EM) 

fields in the IR region is studied where the EM waves mainly couple with the molecular 

vibrations. In other words, excitation of molecules to the higher vibrational state can occur by 

absorbing IR radiation. For FTIR studies, a small amount of solid sample is mixed 

thoroughly with potassium bromide in the ratio 1:100 (by weight). Then the mixture is 

compressed into a thin transparent pellet using a hydraulic press. These pellets are 

transparent to IR radiation and it is used for analysis. If the photon energy coincides with the 

vibrational energy levels of the molecule the frequency is absorbed by the molecule. Hence 

the IR spectroscopy is a very powerful technique which provides fingerprint information on 

the chemical composition of the sample.  In the present study FTIR measurements were done 

using ABB Bomem MB 3000 instrument, Canada. 

2.2.6 Thermogravimetric Analysis and Differential Scanning Calorimetry 

Specific heat capacity is a material property describing the energy required to induce a 

change in the temperature of a unit mass of the material. A differential scanning calorimeter 

(DSC) is used to measure this quantity. The Cp is measured using DSC by heating a sample 
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and measuring the temperature difference between the sample and a reference. The sample 

material is subjected to a linear temperature program, and the heat flow rate into the sample 

is continuously measured which is proportional to the instantaneous specific heat of the 

sample. Reference and sample crucibles are placed on a sample holder placed inside a 

furnace which generates heat radially toward the center. Thermocouples in contact with each 

crucible measure the temperature. One thermo element is shared between the crucibles 

allowing the temperature difference to be measured as a voltage. Here the methodology of 

specific heat measurements using differential scanning calorimetry has been employed 

according to the ASTM standard (E 1269-05).262, 263 It measures the heat changes associated 

with the temperature rise of the sample at a given heating rate. The instrument was calibrated 

with heat of fusion of indium, zinc, aluminum and using sapphire as an external standard. For 

this the standard and the sample were run over the desired temperature range and heating 

rate. The effect of variables such as sample weight, heating rate and calorimeter sensitivity 

on the measurements is considered. For this the blank (crucibles alone) were run several 

times for the specific method to standardize the instruments avoiding any artifacts. The 

crucible with sapphire along with a blank reference was run followed by the samples. The Cp 

by sapphire was determined using the STARe software. The heating rates were fixed at 2  

°/min for each of the samples to study its effect on the specific heat capacity. The deflections 

from the base line, corrected from the empty platinum sample pan (crucible), are proportional 

to the sample weights and the specific heats of the sample and the standard, respectively 

provided both are run at the calorimeter settings (same temperature range and heating rates). 

Specific heat is measured by direct comparison with a standard to reduce the effects of 

instrumental variation.264 An accuracy of 2 % is achieved by this method. In our present 
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study, the thermogravimetric analysis (TGA) of nanofluids was carried out using Mettler 

Toledo TGA-DSC-1, 1100LF system, (Switzerland) under inert atmosphere. 

2.2.7 Contact Angle Meter 

A charge coupled device (CCD) based contact angle meter (Holmarc, Kochi) was used for 

measuring contact angles of liquids over substrates. Contact angle (θ) is a quantitative 

measure of wetting of a solid by a liquid. It is defined geometrically as the angle formed by a 

liquid at the three phase boundary where a liquid, gas and solid intersect. The shape of the 

drop is controlled by the three forces of interfacial tension i.e., solid-liquid (γsl), solid-vapour 

(γsv) and liquid-vapour (γlv) interfacial tension. The shape of a liquid droplet on a flat 

horizontal solid surface is determined by the Young-Laplace equation. The relationship 

between interfacial tensions and contact angle  is given by, 265  

 coslvsvsl 

                                                 

(2. 21) 

γsv

γlv

γsl

θc

 

Figure 2.10: Schematic representation of contact angle of the liquid drop on a smooth solid 

surface. 
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 Image Analysis software (Image J) is used for measurement and further calculations. The 

instrument makes use of a CCD sensor for imaging the droplet. The manual dispensing 

syringe pump is used for liquid dispensing. The CCD sensor and imaging optical assembly 

are mounted on a translation stage for fine adjustment of image position on the sensor. The 

dispensing system which consists of a syringe along with linear stage is held on a vertical 

translator for initial setting of the distance of the needle from the solid surface. Back light is 

provided by a high bright light emitting diode (LED). The illumination intensity of the back 

light LED has a controllable feature. The substrate holder can be rotated ±180° from the 

horizontal position. This enables a detailed study in contact angle variation for liquids with 

varying properties and also helps in finding out the contact angle hysteresis of the fluid. The 

instrument is compact and rigid and has leveling screws for stable setting on any platform. 

All surfaces have a black finish to avoid unwanted reflection of light during measurement. 

The schematic representation of contact angle of the liquid drop on a smooth solid surface is 

shown in Fig.2.10 

2.2.8 Temperature Controlled Water Bath 

To measure the thermal conductivity at different temperatures (25 – 4  °C), the sample vial 

with the thermal conductivity probe is immersed in a circulating water bath (ANM Alliance, 

India) and the temperature of the water bath is maintained within ± 0.1 °C. The entire sample 

assembly is insulated for temperature gradient and vibrations. The thermal conductivity 

measurements are made 10 mins after achieving the desired temperature for better 

temperature equilibrium. 
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Role of Adsorbing Moieties on Thermal Conductivity and Associated 

Properties of   Nanofluids 

3.1 Introduction 

Thermal properties of materials are extremely important for heat transfer applications.266, 267 

Nanofluids and nanomaterials have been a topic of great interest during the last decade 

primarily due to the initial reports of anomalous thermal conductivity enhancement (i.e. 

beyond Maxwell’s limits) in nanofluids with a small percentage of nanoparticles.38 Several 

recent studies in stable nanofluids show thermal conductivity enhancement within Maxwell’s 

limits.11, 14, 147, 275 The reasons for the reported anomalous enhancement in thermal 

conductivity in nanofluids are still a topic of debate.147, 276 After considering various 

mechanisms responsible  for the observed enhancement in k, one of the most probable 

aspects considered in the recent years is the effective conduction of heat through percolating 

aggregating nanoparticle paths.208, 273, 277 However, many researchers still believe that the 

micro-nano convection could be another plausible cause for thermal conductivity 

enhancement.278, 279 Another grey area in the understanding of thermal property variations in 

nanofluids is the role of interfacial resistance267, 280 and the morphology of suspended 

nanoparticles in fluids. The former aspect is extremely important because most of the 

suspensions are stabilized using surface active species or surfactant. Though the mechanism 

of stabilization of nanoparticles by surfactants is quite well understood, their precise role on 

the interfacial thermal resistance, on thermal and rheological properties of nanofluids is still 

unclear.15, 108, 177, 249-251, 270, 281 Therefore, a systematic study to understand the effect of 

interfacial resistance on thermal conductivity of liquids and suspensions is warranted, which 

is one of the key issues addressed in this study.     

Chapter III 



  Chapter III 

72 

 

Nanofluids are thermodynamically unstable systems. However, they can be made kinetically 

stable with the aid of suitable surface active species. Unlike molecular fluids, production of 

well stabilized nanofluids is a difficult task. For the production of stable nanofluids, one has 

to produce fairly monodisperse nanoparticles and functionalize them with a suitable 

stabilizing moiety to prevent interparticle attractions. Owing to the large surface area to 

volume ratio of fine nanomaterials, the dispersed particles (even with stabilizing entities) 

have a tendency to aggregate because of van der Waals attraction. Even with the best 

available production route, it is difficult to produce nanoparticles with polydispersity less 

than 5 %. However, to unravel the exact mechanism of heat conduction in nanofluids, model 

systems with high degree of monodispersity and well controlled morphology is necessary. To 

resolve the problem of high polydispersity of nanoparticles, model systems of micellar fluids 

with remarkable monodispersity, along with other nanofluids are chosen for the present 

study. 

Though there are several studies on viscosity of nanofluids, a proper understanding of the 

role of  on k enhancement is still missing that is a very important aspect for thermal 

engineering. The particle concentration, particle-particle interactions, agglomeration and 

clustering of suspended entities play a major role in the reduced viscosity (η/η0) where, η0 is 

the viscosity of the basefluid.282 The rheological properties of nanofluids are strongly related 

to the conformation of suspended particles in the basefluids. Agglomeration in nanofluids is 

an undesirable effect that is difficult to control. Since agglomeration issue is practically 

negligible in micellar systems due to electrostatic or steric forces, it is one of the best model 

systems to study the role of viscosity on thermal and related properties. 
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The questions that are addressed in this study are the following (a) Do the k enhancements in 

‘soft’ and ‘hard’ nanofluids follow the effective medium theory? (b) What is the role of 

initial thermal conductivity, morphology and number density of suspended particles on 

thermal conductivity enhancement? (c) Do surface active moieties at nanoparticle interfaces 

enhance or reduce the k of nanofluids? (d) What is the role of the aspect ratio of particles and 

their orientation with respect to heat flow direction on k enhancement? For these studies, 

model soft systems of micelles in the size range of 2.5 to 7 nm with different head group 

charges and commercially obtained water based alumina, silica and non-aqueous kerosene 

based iron oxide nanofluids with particle size in the range of 12 to15 nm were used. Through 

these systematic studies, the effect of surface active species on thermal conductivity, 

rheology, density, contact angle and refractive index are studied.  

3.2 Materials and Methods 

3.2.1 Materials  

SDS , CTAB, NP9 and NP10 were used in this study. The critical micellar concentrations 

(CMC) for SDS, CTAB, NP9 and NP10 are 8×10-3 M, 9×10-4 M, 6×10-5 M and 7×10-5 M, 

respectively. The reported micellar diameter of SDS, CTAB, NP9 and NP10 are 

approximately 3.7, 5.0, 6.3 and 6.8 nm, respectively.283-287 The average aggregation number 

of micelles for SDS, CTAB, NP9 and NP10 are 64, 95, 350 and 144, respectively.283, 288-290 

For the studies, 16 vol% stock solutions of SDS, CTAB, NP9 and NP10 surfactants were 

prepared using milli-Q water with a resistivity value of 18.2 MΩ cm, from which different 

concentrations were prepared.  

Water based γ-Al2O3, SiO2  nanofluids and oil based Fe3O4 nanofluid were  used to study the 

effect of adsorbed surfactant layer on thermal conductivity. Fe3O4 nanoparticles were 
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prepared by chemical coprecipitation technique.207, 252 The details of the materials used for 

this study are discussed in Chapter 2.  

3.2.2 Methods 

The thermal conductivity of the samples was measured by using a hot wire probe as per the 

procedure described in Chapter 2. Viscosity, FTIR, Contact angle and thermogravimetric 

analysis were carried out. DMA 35 portable densitometer from Anton Paar (Germany) was 

used for density measurements. Refractive index measurements were done using a Rudolph 

digital refractrometer with peltier based temperature controller. Small angle X-ray scattering 

(SAXS) studies for nanofluids were carried out using Rigaku Ultima IV instrument. It uses 

Cu K (λ =1.5418 Å) as X-ray source. The scattering intensity )(qI was measured as a 

function of the scattering vector 











 'sin4
q .  The scattering intensity plot was fitted with 

the spherical model equation, 
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 where,  is the 

difference in electron density of particle and the suspended medium. The most probable 

particle size was obtained from the distance distribution function.  

3.3 Results and Discussion 

3.3.1 DLS, SAXS, FTIR and TGA Analysis 

Fig. 3.1 shows the hydrodynamic diameter of the water-based and kerosene based 

nanofluids. The average hydrodynamic sizes are found to be 13, 15 and 12.5 nm for γ-Al2O3, 

SiO2 and Fe3O4 nanoparticles, respectively. The size distribution is found to be narrow for all 

the three nanofluids. 
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Figure 3.1:  Hydrodynamic size distribution of water based uncoated γ- Al2O3, SiO2 and 

oleic acid coated kerosene based Fe3O4 nanofluids. 

Fig. 3.2(a) shows the X-ray scattering intensity as a function of scattering vector and Fig. 

3.2(b) shows the particle size distribution obtained from the best fit on SAXS data for water 

based γ- Al2O3 and SiO2 nanofluids and kerosene based Fe3O4 nanofluids. The most probable 

particle size is found to be 10.74 nm for γ- Al2O3 nanoparticle, 14.7 nm for SiO2 

nanoparticles and 11.66 nm for Fe3O4 nanoparticles. The average hydrodynamic diameter 

measured by DLS was slightly higher than that obtained from the SAXS results. 
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Figure 3.2: (a) The X-ray scattering intensity as a function of scattering vector and (b) the 

particle size distribution obtained from the best fit on SAXS data for water based γ- Al2O3 

and SiO2 nanofluids and kerosene based Fe3O4 nanofluid. 

The thermogravimetric curves for γ-Al2O3 and SiO2 nanofluids and Fe3O4 nanoparticles are 

shown in Fig. 3.3. The thermogravimetric curves for water based γ-Al2O3 and SiO2 

nanofluids (Fig. 3.3 (a&b)) show a single step weight loss at ≈ 103 °C ( ~75 wt%) and ≈ 105 

°C (~71 wt%), respectively, corresponding to the loss of most of the water. Thereafter, a 

gradual decrease in weight is observed till 600 °C in both the cases. The gradual decrease in 

weight observed beyond 100 °C ( till 600 °C) was about ~ 4 wt% and 6 wt%, respectively for 

γ- Al2O3 and SiO2 nanofluids. The decrease in weight observed beyond 100 °C  in  the cases 

of γ- Al2O3 may be due to the dehydroxylation of the alumina surface.291  
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Figure 3.3: The thermogravimetric curves for water based (a) γ- Al2O3 (b) SiO2 nanofluids 

and (c) Fe3O4 nanoparticles. 

The weight loss observed in γ- Al2O3 in the temperature range of 100-600 °C was similar to 

that observed by Costa et al.291 A similar trend in the thermogram was also observed in SiO2 

nanofluids. The TGA curve for the Fe3O4 nanoparticles shows a two-step weight loss 

between 199 to 310 °C (~ 4 wt% ) and between 310 to 400  ̊C (~12 wt% ) (Fig. 3.3(c)). The 

first step should be due to the removal of loosely bound or free surfactant and the second step 

should be due to the removal of strongly bound surfactant molecules. 
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Figure 3.4: FTIR spectrum of (a) γ- Al2O3 (b) SiO2 and (c) oleic acid coated Fe3O4 

nanofluids. 

The FTIR spectrum for Al2O3, SiO2 and Fe3O4 nanofluids are shown in Fig. 3.4. Fig. 3.4 (a) 

corresponds to the FTIR spectrum of water based γ- Al2O3 nanofluid. The transmittance band 

at 746 cm-1 corresponds to the stretching vibration of Al-O.292 The spectrum shows 

characteristic peaks at 1074 and 1155 cm-1 which corresponds to the Al-O-Al symmetric 

bending and stretching vibrations and Al-O-Al asymmetric bending modes, respectively.292 

The transmittance band at 1637 and 3290 (3575) cm-1 corresponds to bending291 and 

stretching modes of water, respectively. Fig. 3.4 (b) corresponds to the FTIR spectrum of 

SiO2 nanofluid. The rocking, symmetric and asymmetric stretching of Si-O-Si are observed at 
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476, 796 and 1114 cm-1, respectively.293 The FTIR spectrum of oleic acid coated iron oxide 

nanoparticles dispersed in kerosene is shown in Fig. 3.4 (c). The spectrum shows 

characteristic peaks at 2921, 2858, 2358, 1728, 1458, 1375, 1274, 632 and 570 cm-1. The 

symmetric and asymmetric stretching mode of the methylene group of the oleic acid appears 

at 2858 and 2921 cm-1, respectively. The peak at 1458 cm-1 corresponds to the asymmetric 

stretching of the carboxylate (COO-) group. The peak at 570 cm-1 is attributed to the 

stretching of bonds between octahedral and tetrahedral metal ions to oxide ions while the one 

at 1728 cm-1 is due to the presence of free oleic acid molecules. The rest of the peaks are 

attributed to the vibrations in kerosene. In all the three cases, a peak is noticed around 2360 

cm-1 that corresponds to asymmetric stretching mode of carbon dioxide. 

3.3.2 Effect of Number Density of Dispersed Particle on Thermal Conductivity 

Fig. 3.5 shows the variation of k/kf and the percentage of decrease in thermal conductivity as 

a function of surfactant concentration for SDS, CTAB, NP9 and NP10 in water. It should be 

noted that the surfactants are amphiphilic molecules with hydrophilic and hydrophobic parts. 

The surfactant molecules exist as unimers at concentrations below CMC and form spherical 

micelles above CMC. The driving forces for micelle formation are the hydrophobic force and 

entropy. The forces opposing micelle formation are concentration gradient, thermal motion 

and electrostatic repulsion between ionic polar heads (applicable to CTAB and SDS only). In 

all the four systems, the k/kf   is found to decrease with increase in surfactant concentration. 

The micellar system is a disordered system. As the surfactant concentration increases the 

number of micelles in the system increases, leading to an increase in the degree of disorder, 

which has resulted in a decrease in k/kf with increase in surfactant concentration.  
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Figure 3.5: The variation of thermal conductivity as a function of volume fraction for SDS, 

CTAB, NP9 and NP10 along with the theoretical fit (The CMC values of surfactants are 

shown by arrows of respective symbol colors). Inset shows the schematic representation of 

micelles and the possible thermal resistive contributions from different moieties (head group, 

tail and water molecules). R0, RH, RT represents the resistance offered by water molecules, 

head group and tail, respectively. 

Similar results were reported by Anderson,294 who observed that an increase in the disorder 

of the system can decrease the thermal conductivity. Muller295 suggested that the strength of 

the interatomic binding force is related to the thermal conductivity. The greater the strength 

of this binding force, the higher the thermal conductivity. The higher interatomic binding 

force in metals results in higher thermal conductivity. The binding force is weak in the case 
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of micellar systems due to its disordered structures leading to a lower thermal conductivity. 

The number density for the micellar system is given by, 
3

6

d
n




 .

 

 

The experimental data are fitted with Maxwell model as shown by the solid line in Fig. 3.5. It 

can be seen that the experimental data show large deviations from effective medium theory at 

low volume fractions of micelles, especially for CTAB and NP9. At lower volume fraction, 

the number of micelles in the system is less and therefore, the interfacial thermal resistance is 

also less. As the volume fraction increases, the number of micelles in the system increases, 

which leads to higher interfacial thermal resistance. The lower interfacial thermal resistance 

at lower concentration might be a probable reason for the observed large deviation from 

theoretical fit at lower volume fractions. For volume fractions above 0.06, the experimental 

data fit quite well with the effective medium theory.  

In general, the interfacial thermal resistance reduces the effective thermal conductivity. 

When α →∞, k/kf reduces to (1-3φ/2), where the effective thermal conductivity becomes 

smaller than that of the base fluid. A negative interfacial thermal resistance means an 

interfacial thermal gradient that is lower than that of the bulk region. A positive Rk leads to a 

decrease in the effective thermal conductivity. Simulation studies in the nanofluids  showed 

that  a positive Kapitza, due to a weak solid-fluid interaction, can  lead  to a negligible or 

negative thermal conductivity enhancement.23, 296 The non-equilibrium molecular dynamics 

simulations show that the thermal conductivity of a well-dispersed nanofluid can be enhanced 

beyond the Maxwell limit through a percolating amorphous like fluid structure at the cluster 

interface, due to the strong cluster-fluid interaction.246 Our experimental data suggest that the 

interfacial resistance in the presence of surfactant is positive but far from infinity. The 
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interfacial thickness as given by Yan 113 is 
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where, Mf and ρf are the 

molecular weight and density, respectively of the surrounding fluid medium around a 

nanocluster and Na is Avogadro’s number. Using the above expression, the calculated values 

of the interfacial thickness for water, SDS, CTAB, NP9 and NP10 are found to be 2.84, 71.5, 

77, 90.9 and 93.7 nm, respectively. The observed larger reduction of thermal conductivity, 

especially at lower surfactant concentrations in NP9 and NP10, followed by CTAB and SDS 

are consistent with the theoretical values of interfacial thickness. 

According to kinetic theory, the thermal conductivity is defined as, dCvk
pol

eff 
3

1

      

                       

where, C, v, ω, Λeff are the heat capacity, group velocity, frequency and the effective mean 

free path over all phonon polarizations, respectively. The thermal conductivity reduction in 

solids originates from scattering from the grain boundaries where the mean free path is a 

function of the average grain size and phonon frequency. Further, it also depends on the grain 

boundary structure and the impurity atoms at the boundary that affect the phonon 

transmission and reflection at each interface.297-300 Very recently, it was reported that a 

substantial reduction in thermal conductivity in FeSb2 occurs as the grain size decreases from 

micrometers to nanometers due to dominant scattering from smaller grains.301 The porosity 

and phonon scattering at grain boundaries are found to be the dominant mechanisms for 

thermal conductivity reduction in nanocrystalline materials.302 Isotopic doping 303-305 and a 

decrease in the phonon group velocity306 can also cause reduction in thermal conductivity. In 

porous materials, thermal conduction through the solid phase, radiation across the pores and 

convection through the porous phase etc., contributes to the effective thermal conductivity. 
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The scattering of phonons by interaction with the surroundings or the presence of defects 

produced by the surfactant micelles in solutions can also lead to a decrease in thermal 

conductivity.307 Since phonons are scattered at surfaces and interfaces, a reduction in k is 

anticipated with increase in the surface area-to-volume ratio. Experimental studies show that 

the excess SDS surfactants on the CNT surface can decrease the thermal conductivity 

enhancement of nanofluids due to an increase in the interfacial resistance.249 Assal et al.160 

also reported a considerable decrease in thermal conductivity of water as the surfactant 

(CTAB) concentration increases. 

It should be noted that the spherical micellar size of SDS is much smaller than that of CTAB, 

NP9 and NP10. Therefore, the total interfacial area (~1/r dependence) available for SDS is 

much larger than the other three. If the concept of phonon scattering at interfaces is invoked, 

k should decrease with increase in the surface-to-volume ratio. However, the k decrease was 

almost the same at high volume fraction for all the four surfactants. The average CTAB inter-

micellar spacing (IPS) reduces from 32 to 2.9 nm as the concentration is increased from φ = 

0.002 to 0.16 where the micellar number density increases from 2.41 × 1022 to 2.43 × 1024 . 

For NP9, the IPS reduces from 36 to 3.7 nm as the concentration is increased from φ = 0.002 

to 0.16 where the micellar number density increases from 1.58 × 1022 to 1.21 × 1024.  For 

NP10, the IPS reduces from 41 to 4.2 nm as the concentration is increased from φ = 0.002 to 

0.16 where the micellar number density increases from 1.11 × 1022 to 8.54 × 1023.  For SDS, 

the IPS reduces from 20 to 2 nm as the concentration is increased from φ = 0.002 to 0.16 

where the micellar number density increases from 8.64 × 1022 to 6.1 × 1024.  Among all the 

four surfactant micelles, SDS seems to have the highest number density and lowest IPS. 

Therefore, SDS is expected to have the maximum thermal conductivity enhancement 
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compared to the other surfactant. But from the experimental results it is clear that the thermal 

conductivity enhancement for non-ionic and cationic surfactant is more when compared to 

that of SDS for the same volume fraction. This may be due to the fact that the number of 

micelles present in the system for the same surfactant concentration is more in the case of 

non-ionic and cationic surfactants when compared to that of SDS, since the CMC for SDS is 

8×10-3 M, where as for CTAB, NP9 and NP10 the CMC are 9×10-4 M 6×10-5 M and 7×10-5 

M, respectively. Therefore the number of holes (disorder) in the systems studied follow the 

trend, NP10 ≈ NP9 > CTAB > SDS for the same volume fraction. Hence the decrease in 

thermal conductivity should be more for non ionic surfactant followed by cationic and 

anionic system, which was consistent with our experimental results.  

3.3.3 Effect of Concentration of Dispersed Phase on Interfacial Tension 

To study the effect of interfacial tension, the contact angle measurements were carried out for 

all the four surfactant solutions on a stainless steel substrate. Steel substrate is chosen as the 

hotwire probe used has a stainless steel body. Fig. 3.6 (a) shows the variation of contact 

angle as a function of concentration of surfactant solutions. As the surfactant concentration 

increases, the contact angle is found to decrease for all the four surfactant solutions.  

It is known that the addition of surfactant to water reduces its surface tension or interfacial 

tension and causes it to spread on a substrate.308 The relationship between interfacial tension 

and contact angle is given by 265  coslvsvsl   γlv is calculated using the following 

formula309 

                                            

 20001247.01cos
svlv

e
lv

sv





 

                        

(3. 1)             
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On conversion of the solid to liquid surface tension using the above equations, the solid-

liquid interfacial tension for SDS at φ = 0.002 is 1.625 mJ/m2, which reduces to 0.225 mJ/m2 

at φ = 0.09.  
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Figure 3.6: (a) Contact angle as a function of volume fraction, (b) The reduced viscosity as a 

function of volume fraction along with the theoretical fits using Einstein, Batchelor and 

Krieger & Dougherty models (The CMC values of each surfactant are shown by arrows of 

respective symbol colors), (c) density and (d) refractive index as functions of surfactant 

concentration for SDS, CTAB, NP9 and NP10.   
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Similarly the interfacial tension of CTAB, NP9 and NP10 solutions decreased from 2.734 to 

0.228 mJ/m2, 0.913 to 0.074 mJ/m2 and 1.98 to 0.06 mJ/m2, respectively as the surfactant 

concentration decreases from φ = 0.02 to 0.09. From our contact angle measurements, the 

calculated value of γsl of water is 72.7 mJ/m2 which is in good agreement with  the reported 

value of 72.75 mJ/m.2 310, 311 The reported value of γsl for CTAB on mica substrate is 1.5 ± 1 

at one CMC concentration.312 This clearly shows that the presence of surfactant micelles 

makes the fluid more hydrophilic. Theoretical studies show that Rk attains a relatively larger 

value only when the liquid is more hydrophobic to the solid surface.296, 313 Studies show that 

the orientation of adsorbed moieties of non-ionic surfactants changes with surfactant 

concentrations that results in changes in the free energy of adsorption.314 An early study 

shows that the thermal conductivity of zinc-sulphide  is  increased when  large particles  of  

highly  conducting  diamond are added,  but k lowered when submicron  size  particles  of 

diamond is added, which was  attributed to the change in the interfacial thermal resistance at  

larger  surface  to  volume  ratio.315 According to Debye model 
 vC

R
p

BD

4
  where RBD is 

the phonon boundary resistance. Therefore, thermal conductivity of the dispersion is 

CvlKm 
3

1
  where ‘l’ is the phonon mean free path. The Kapitza radius, ak (~ l/q) depends 

on the probability of phonon crossing at the interface. When particle size is less than the 

Kapitza radius, the effective conductivity of the dispersion is lowered by the particles.    

3.3.4 Effect of Concentration of Dispersed Phase on Viscosity Enhancement 

Fig. 3.6 (b) shows the reduced viscosity as a function of surfactant concentration for SDS, 

CTAB, NP9 and NP10. In all the four systems, the viscosity increase was nominal up to 0.05 
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(φ). The percentage of enhancement in viscosity at φ = 0.002 was 7, 13, 3 and 40 % for SDS, 

CTAB, NP9 and NP10, respectively. Further increase in the concentration of the surfactant 

leads to a dramatic enhancement in reduced viscosity for all the four surfactants. The reduced 

viscosity values at φ = 0.08 for SDS, CTAB, NP9 and NP10 are 1.95, 2.65, 27.59 and 13.03, 

respectively. What is the reason for the observed sharp increase in viscosity above a certain 

surfactant concentration? The large increase in the viscosity above 0.08 volume fraction of 

surfactant solutions can be understood in terms of the structural changes of the micelles. It is 

known that upon increasing the surfactant concentration well beyond CMC, the  motion  of  

charged  micelles  are inhibited  by  their crowding, and the hydrated spherical micelles are 

deformed to rod-shaped micelles, resulting in an increase in viscosity.289 A sphere to rod 

transition in SDS solution occurs at a concentration of 0.25 mole/litre (~φ = 0.07) at a 

temperature of 27 ºC.316 The reported value of the aggregation number of SDS spherical 

micelle is 60 and for rod shaped micelles [formed above φ = 0.07 with a semi minor axis 17 

Å (b=c) and semi major axis 35.8 Å] is approximately 106.317 In the case of CTAB, the 

sphere to rod transition occurs at a concentration above φ = 0.075. 289, 318 The dramatic 

increase in the viscosity observed in SDS and CTAB micellar solution above φ = 0.08 

confirms the formation of rod shaped micelles that are randomly packed. Such a sharp 

increase in the viscosity of the surfactant solution due to the formation of rod-like micelles 

was reported eailer.317, 319, 320 A similar dramatic increase in viscosity due to rod shaped 

micelles is observed for NP9 and NP10 systems, above φ = 0.07.  In general, the viscosity 

data follows Einstein  model at dilute concentrations, where it assumes that  the particles are 

rigid, uncharged, without attractive forces and are small enough so that the dilatational 

perturbation of the flow is unbounded to decay to zero.321 A particle moves at the velocity of 
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the streamline in line with the particle centre in such a suspension. The Einstein equation 

describes the dependence of viscosity increase with concentration of particles in the simplest 

case of dilute suspensions ( ) as  



5.21

0

 . For φ ≥ 0.01, hydrodynamic 

interactions between particles become important as the disturbance of the fluid around one 

particle interacting with those around other particles. The viscosity in such a case is given by 

Batchelor equation 
2

0

5.65.21 



 .322 For φ ≥ 0.1, the multi-particle collisions 

become increasingly important, a semi-empirical relationship for the shear viscosity covering 

the full range of particle volume fraction was obtained by Krieger and Dougherty 
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,323 where, [η] is the intrinsic viscosity, which is 2.5 for hard spheres 

and φm is the maximum packing fraction. For randomly mono-dispersed spheres, the 

maximum close packing fraction is approximately 0.64.   

The Einstein, Batchelor and Krieger-Dougherty (KD) fit on the experimental data points are 

shown in the Fig. 3.6 (b). The result shows that the enhancement in viscosity ratio with φ is 

much more than the values predicted by models at relatively large volume fractions. Since 

the number density increases with concentration, the interaction between the micelles at 

higher concentration becomes stronger, which has contributed to the observed deviation from 

the theoretical fit. It should be noted that the effectiveness of the nanofluid coolants depends 

on the flow modes (laminar or turbulent). Lower viscosity implies lower pumping power, 

which is advantageous from an industrial application standpoint. A quantitative expression 

derived for fully developed laminar flow that compares the relative coefficients of viscosity 
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and k enhancement shows that the use of nanofluid will be beneficial if the increase in the 

viscosity is less than four times of the increase in k. Viscosity and thermal conductivity 

enhancements can be described by linear dependence on the particle volume fraction as 

 and  where Ck and Cη are constants. At low volume fractions, for 

the nanofluid to be beneficial for heat transfer applications, the ratio of coefficients (Cη/Ck) 

should be < 4.93. At 10 CMC (and 30 CMC), the ratio of viscosity to thermal conductivity 

increase for SDS, CTAB and NP9 are -6 (and -13), -3.7 (and -2.8) and 0.39 (and -0.26), 

respectively. These results suggest that the cationic and non ionic surfactants are better 

emulsifiers for optimal value of thermal to rheological property enhancements. 

3.3.5 Effect of Surface Morphologies on Thermal Conductivity, Viscosity, Density and 

Refractive Index 

The viscosity measurements clearly show that a morphological change (sphere to rod 

transition) occurs for all the surfactants above φ = 0.07. It may be seen from Fig. 3.5 that the 

k is reduced drastically after φ = 0.07, which may be possibly due to the sphere to rod 

transition. Fig. 3.6 (c&d) shows the density and refractive index variation as a function of 

surfactant concentration for SDS, CTAB, NP9 and NP10. The morphological transitions in 

the surfactant solutions above φ = 0.08 is also evident in the density and refractive index 

measurements. From Fig. 3.6 (c), it is seen that the density increases from 1.0013 to 1.0143 

g/cm3 as the concentration  of SDS increases from φ = 0.002 to 0.08. Similarly in the case of 

CTAB, the density  increases from 0.9988 to 1.0005 g/cm3 while in the case of NP9, it 

increases from 0.999 to 1.0076 g/cm3 for an increase in φ from 0.002 to 0.08. For the same 

increase in volume fraction, the density of NP10 increases from 0.9989 to 1.0054 g/cm3. The 
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large variation in the density of the surfactant solutions above 0.08 φ further corroborates the 

formation of rod shaped micelles. The refractive index (Fig. 3.6 (d)) of the solutions also 

shows a systematic increase with concentration of surfactants in all four cases. Again a 

dramatic increase in the refractive index is observed above 0.08 φ. In the microconvection 

model, the convection velocity is taken to be the root-mean-square (rms) velocity of the 

nanoparticle. The root-mean-square velocity (vN) of a Brownian particle can be defined as 

2

18

d

TkB
N


  . Considering the micellar size, the maximum convection velocity is expected 

in SDS (size ~2.5 nm) and the least in NP9 (size ~6.5 nm). Therefore, in terms of micro-

convection theory, the observed negative enhancement in k with volume fractions is 

consistent. However, it is intriguing that the effective medium theory holds good even after 

the morphological transformation (spherical to cylindrical micelles). Studies show that the 

cylindrical structure with large aspect ratio enhances the thermal conductivity of nanofluids 

compared to the spherical ones.27, 147, 183 The aspect ratio of the suspended particles and the 

orientation of the particles with respect to the heat flow direction play a crucial role in k 

enhancement. In the case of magnetic nanofluids, alignment of nanostructures along the field 

direction can cause dramatic enhancement in the thermal properties due to parallel mode of 

conduction.324 It should be noted that the aspect ratio, in the case of magnetic nanofluids, 

increases several orders of magnitude when they are subjected to a magnetic field. However, 

aspect ratio change in the case of surfactant micelles after transformation from spherical to 

cylindrical micelle is very small. In the case of SDS at 0.07 vol%, the semiminor and major 

axis are 1.7 nm and 3.58 nm, respectively.317 Probably, the small changes in the aspect ratio 

and the lower k of the micelles have contributed to the observed good agreement between the 
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experimental data and EMT prediction. On the basis of these results, the possible thermal 

resistance contributions from different moieties of the micelles (head group, tail and water 

molecules) are schematically shown in the inset in Fig. 3.5. The maximum interfacial 

resistance is offered by the hydrophobic tail part and minimum by the fluid molecules. 

3.3.6 Effect of Surfactant on k Enhancement in Aqueous and Non Aqueous Metal Oxide 

Nanofluid 

Aqueous Alumina Nanofluid: Fig. 3.7 shows the variation of k/kf as a function of φ of 

Al2O3 nanofluids without surfactant and with surfactants CTAB and NP9 of 10, 70 CMC. 

The k/kf for pure surfactants of CTAB and NP9 of same volume fractions (10 and 70 CMC) 

are also shown in the Fig. 3.7 for comparison. The best fit using effective medium theory is 

shown by the solid line. Over all the experimental data fits fairly well with the EMT theory 

for various volume fractions of alumina nanofluids with and without surfactants, except a 

small deviation observed at higher volume fractions. The maximum thermal conductivity 

enhancement for nanofluids with a particle loading of 0.06 was ~14.4 %. The most striking 

observation was that though the k/kf of the surfactant micellar solutions was lower than that 

of the basefluid, the k/kf of the nanofluids with the same amount of soft spheres (micelles) is 

dictated by the thermal conductivity of the nanofluids. This is a very promising result in 

terms of industrial applications of surfactant stabilized nanofluids. To verify these intriguing 

results, the experiments are repeated for other nanofluids. The schematic representation of 

the system containing charged Al2O3 nanoparticles and surfactant micelles is depicted in the 

inset of Fig. 3.7. 
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Figure 3.7: The variation of effective thermal conductivity as a function of alumina 

nanoparticle volume fraction without and with CTAB and NP9 along with the theoretical fit 

using (solid line) EMT. The inset in the figure shows the schematics of charged γ-Al2O3 in 

CTAB micellar solution. 

Aqueous Silica Nanofluid: Fig. 3.8 shows the variation of k/kf as a function of φ of SiO2 

nanofluids without surfactant and with surfactants SDS and NP9 of 5, 10 and 70 CMC. The 

k/kf for pure surfactants of SDS and NP9 of the same volume fractions (5, 10 and 70 CMC) 

are also shown in the Fig. 3.8 for comparison. The best fit using effective medium theory is 

shown by the solid line. The experimental data fits fairly well with the EMT theory upto 0.04 

φ of SiO2 with and without surfactants and the fit was poor at higher volume fractions. The 

maximum thermal conductivity enhancement for nanofluids with a particle loading of 0.1 

was ~12.6 %.   
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Figure 3.8: The variation of effective thermal conductivity as a function of SiO2 nanoparticle 

volume fraction without and with SDS and NP9 along with the theoretical fit (solid line) 

using EMT. The inset in the figure shows the schematics of charged SiO2 in SDS micellar 

solution. 

Again, the k/kf of the nanofluids with the same amount of soft spheres is dictated by the 

thermal conductivity of the nanofluids. The schematic representation of the system 

containing charged SiO2 nanoparticles and surfactant micelles are depicted in the inset of 

Fig. 3.8. 

Non-Aqueous Fe3O4 Nanofluid: Fig. 3.9 shows the variation of k/kf as a function of φ of 

Fe3O4 nanofluids coated with 10 % oleic acid and 5,10 wt % of oleic acid in basefluid 

(kerosene). The best fit using effective medium theory is shown by the solid line. The 

experimental data fits fairly well with the EMT theory, especially above 0.04 φ of Fe3O4. The 

maximum thermal conductivity enhancement for nanofluids with a particle loading of 0.08 φ 
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was ~ 23.4 %. These results were consistent with the k enhancement observed in magnetic 

nanofluids, without external magnetic field.11 On the contrary, very large enhancement in k is 

observed under magnetic field due to a parallel mode of conduction. Again, the k/kf of the 

basefluid with the same amount of surfactant alone shows much lower value compared to the 

one with nanoparticles. The carboxylic acid group of oleic acid binds to the magnetite while 

the aliphatic chain extends out into the non-polar solvent thus providing steric hindrance 

between the particles. The charges at the carboxylate ion of oleic acid, de-localizes in 

between two oxygen atoms because of resonance effect.   
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Figure 3.9: The variation of effective thermal conductivity as a function of Fe3O4 

nanoparticle volume fraction along with the theoretical fit (solid line) using EMT. The 

schematic in the figure shows the oleic acid coated Fe3O4 particle. 

The surfactant coating thus prevents the agglomeration of particles against van der Waals and 

magnetic attractive interactions. Besides, it passivates the nanocrystals against further 
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oxidation. This once again confirms that the thermal conductivity of nanofluid is dictated by 

the thermal conductivity of the suspended particles. The schematic representation of the 

nanoparticles with adsorbed surfactant moieties is depicted in the inset of Fig. 3.9.  

With and without surfactant, the k/kf enhancement was almost the same in the case of 

alumina, silica and iron oxide nanofluids. It can be seen that the value of k/kf enhancement 

with pure surfactant was negative, while it is positive at all concentrations of nanoparticles 

for all the three systems. In general the excess surfactant did not show a lowering of k of the 

nanofluid, though the surfactant alone in base fluids showed a negative enhancement. For 

example, SiO2 nanofluid of 0.08 φ shows an enhancement of 13 % without any surfactant 

and an 18 % enhancement with SDS. This shows that the thermal conductivity of a nanofluid 

in presence of surfactant and nanoparticles simply follows the thermal conductivity of 

nanoparticles in the fluid and the addition of surfactant, even beyond optimal concentration 

would not lower the thermal conductivity of nanofluids significantly. Besides, the surfactant 

moieties on nanoparticles aid thermal conductivity enhancement and also improve the 

stability of nanofluids against agglomeration of suspended particles. 
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Figure 3.10: Schematic representation of nanofluids (a) ‘soft’ system with spherical and 

cylindrical micelles randomly arranged (kp<kf). (b) aligned cylindrical micelles (kp<kf). (c) 
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bare nanoparticle in basefluid (kp>>kf) and (d) surfactant coated nanoparticle in base fluid 

(kp>> kf). 

Fig. 3.10 shows the schematic representation of nanofluids drawn based on the experimental 

findings. (a) ‘soft’ micellar system with spherical and cylindrical micelles randomly arranged 

(kp<kf). This scenario arises when the surfactant concentration is above the critical micellar 

concentration. Because kp<kf, the system shows a k/kf <1 (b) Aligned cylindrical micelles at 

extremely large concentrations of surfactants (C>>CMC).  Again, because kp<kf, the system 

shows a k/kf <1. (c) Bare nanoparticle in basefluid (kp>>kf)  where no surface active species 

are used. Due to agglomeration and subsequent settling, the heavy nanoparticles settles at the 

bottom of container.  

Table 3.1: Thermal conductivity of bulk particle, base fluid, thermal conductivity ratio of 

nanofluid of different volume fraction and their corresponding % enhancement. 

S.

No 

Material k of bulk 

particle 

(W/m.k) 

Base fluid k of base fluid 

(W/m.k) 

k/kf of 

Nanofluid  

% enhancement 

1. Fe3O4 9.7 Kerosene 0.116 1.1 (φ=0.04) 

1.18(φ=0.06) 

1.23(φ=0.07) 

10 

18 

23 

2.  Al2O3 35  Water 0.6 1.09(φ=0.02) 

1.10(φ=0.04) 

1.14(φ=0.06) 

9 

10 

14 

3.  SiO2 1.4 Water 0.6 1.09(φ=0.04) 

1.10(φ=0.06) 

1.13(φ=0.08) 

9 

10 

13 
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Here, two different conduction pathways are possible- one though the nanoparticle pathway 

where the k/kf is high and the other through liquid pathway where the k/kf is low and (d) 

surfactant coated nanoparticle in base fluid (kp>>kf). Here, the surfactant moieties stabilize 

the nanoparticles thereby providing a stable suspension, where the k/kf enhancement will be 

modest or high. However, conduction through percolating nanoparticle paths can carry heat 

much more effectively.207 Thermal conductivity values of bulk particle, base fluid, nanofluids 

of different volume fractions and their respective percentage enhancement are listed in  

Table 3.1   

3.4 Conclusions 

The thermal properties of nanofluids containing soft spheres of surfactants with different 

head group charges and alkyl chain length are investigated. The contributions of interfacial 

resistance, density, viscosity and surface morphology of dispersed particles on thermal 

conductivity are also studied by using model soft systems of micelles in the size range of 2.5 

to 7 nm. Our results show that the thermal conductivity variation of surfactant micelles with 

volume fraction fits well with the effective medium theory of poor thermal conductors. The 

long alkyl chain group of non-ionic surfactant micelles is found to be very poor thermal 

conductors at very low concentrations, with large interfacial tension compared to their 

anionic counterparts. Though a dramatic enhancement in viscosity is noticed at high 

concentrations, due to transformation of spherical micelles into cylindrical, the effective 

medium theory still holds good even after the morphological transformation. This may be 

probably due to the minor changes in the aspect ratio and poor k of the micelles as such. The 

k measurement in alumina, silicon dioxide and iron oxide nanofluids in presence of ionic and 

non ionic surfactants shows that the adsorbed surfactant does not influence the thermal 
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conductivity enhancement in nanofluids. Further, the stabilizing moieties on nanoparticles do 

not reduce the thermal properties of nanofluids but it enhances the dispersibility and stability 

of nanoparticles in the base fluids. These finding will have important implications for 

producing efficient nanofluids with superior heat transfer properties. 
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                               Effect of Nanoparticles Aggregation on Thermal and Electrical  

                               Conductivities of Nanofluids 

4.1 Introduction 

Nanofluids, which are colloidal dispersions of nanoparticles in traditional heat transfer fluids, 

have been attempted as a new class of coolants.3, 5, 6, 11, 14, 19, 20, 24, 26-29, 32, 34, 38-40, 147, 260, 325, 326 

The initial reports of anomalous thermal conductivity enhancement in nanofluids containing 

a small percentage of nanoparticles triggered interest in these material.35, 38 Besides, 

nanofluids have several interesting applications in diverse fields, e.g. drug delivery and 

targeting,327 cation and defect sensors,328-330 mechanical sealing54 etc. Along with the 

reported anomalous enhancement of k in nanofluids, several recent studies in stable 

nanofluids show enhancement within the Maxwell’s limits.10, 11, 14, 205, 207, 246, 248 Earlier 

reports suggest that linear and fractal aggregates lead to extra conduction paths which 

enhance the thermal conductivity of nanofluids.9, 11, 191 Very recently, magnetically 

polarizable nanofluids  have been shown to have tunable thermal properties,178, 331 which are 

being exploited for  innovative smart cooling applications.133, 197, 332 Though there are some 

studies on electrical conductivity (σ) measurements in nanofluids,333-337 the role of 

aggregation on σ of nanofluids is not investigated yet. To throw more light into the effect of 

aggregation on the physical properties of nanofluids, investigation of k, σ, viscosity and 

refractive index of four different aqueous nanofluids containing particles of similar size. Two 

of the nanofluids chosen for the present study were unstable (they phase separate within a 

short span of time after sonication) and the other two were stable (without sedimentation for 

a long period of time). 

Chapter IV 
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4.2 Materials and Methods 

The water based γ-Al2O3 and TiO2 nanofluids and aqueous SiO2 and α- Al2O3 nanofluids are 

used in the present study. The thermal conductivity, electrical conductivity, size, viscosity, 

refractive index and TGA measurements were carried out. All the electrical conductivity 

measurements have been carried out at 25 ºC. An inverted phase contrast microscope was 

used to obtain the microscopic images of nanofluids. 

4.3 Results and Discussion 

4.3.1 Dynamic Light Scattering and Thermogravimetric Analysis  

10
0

10
1

10
2

10
3

10
4

0

5

10

15

20

25

30   - Al2O3

 SiO2

 TiO2

 - Al2O3

N
u

m
b

e
r 

(%
)

Size (nm)  

Figure 4.1: Hydrodynamic size distribution obtained for γ- Al2O3 , SiO2, TiO2 and α – Al2O3 

nanofluids. 

Fig. 4.1 shows the hydrodynamic size distribution of γ- Al2O3, SiO2, TiO2 and α – Al2O3 

nanofluids. The average hydrodynamic sizes are found to be 13, ~15, ~13.5 and ~24.4 nm for 

γ-Al2O3, SiO2, TiO2 and α-Al2O3 nanoparticles, respectively. Overall, the size distribution is 
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narrow for all the four nanofluids. The hydrodynamic size includes the contributions of 

surfactant and the hydration layer on the nanoparticles. The zeta potential values of γ- Al2O3 

and SiO2 were -30 and +25 mV, respectively. In TiO2 and α – Al2O3 the zeta potential values 

were not measurable.  
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Figure 4.2: Thermogravimetric curves for (a) γ- Al2O3 (b) SiO2, (c) TiO2 and (d) α - Al2O3 

nanofluids.   

The thermogravimetric curves for water based γ- Al2O3, SiO2, TiO2 and α – Al2O3 nanofluids 

are shown in Fig. 4.2. The  single step weight loss  observed  at  ≈ 103 °C ( ~75 wt%),  ≈ 105 

°C ( ~72 wt%) , ≈ 108 °C ( ~87.4 wt%) and ≈ 110 °C ( ~77 wt%), for   γ- Al2O3, SiO2, TiO2 

and α – Al2O3, respectively is  attributed to the loss of water ( the amount is indicated in the 

respective brackets). Thereafter, a gradual decrease in weight is observed till 500 °C. The 
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weight loss from 100 to 500 °C is about ~ 1, 4, 6 and 0.7 wt % for TiO2, γ- Al2O3, SiO2 and α 

– Al2O3 nanofluids, respectively. The higher weight loss observed in the case of γ- Al2O3 and 

SiO2 system is due to the removal of surface active species present. 

4.3.2 Thermal Conductivity   
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Figure 4.3: Variation of effective thermal conductivity as a function of volume fraction for 

γ- Al2O3, SiO2, TiO2 and α-Al2O3 along with the EMT theoretical fit. 

Fig. 4.3 shows the k/kf of nanofluids along with EMT theoretical fit as a function of volume 

fraction of γ- Al2O3, SiO2, TiO2 and α-Al2O3 nanoparticle. In all the four systems, the thermal 

conductivity increases with increase in volume fraction of nanoparticles. The experimental 

data are fitted with the effective medium theory. For γ- Al2O3 and SiO2 nanofluids, the 

experimental data points falls within the EMT fit at lower concentration whereas the data 
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points falls below the EMT fit at higher concentration. But in the case of TiO2 and α Al2O3, 

the experimental data points are well above the theoretical fit for all concentrations.   

The maximum thermal conductivity enhancement observed in  6 vol% of γ- Al2O3 and  SiO2 

nanofluids are 14.3 and 10.4 %, respectively whereas it was 15 and 18.6 %, respectively for 4 

vol% of TiO2 and 6 vol% α-Al2O3 nanofluids. These results suggest that the non-aggregating 

nanofluids exhibit k within Maxwell limit while aggregating nanofluids exhibit k 

enhancement beyond the Maxwell limit. This was in good agreement with some of the earlier 

experimental findings.148 These results suggest that the nature of the aggregates and the 

percolating conduction path dictate the k enhancement in nanofluids.  

4.3.3 Electrical Conductivity  
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Figure 4.4: The variation of effective electrical conductivity as a function of volume fraction 

for γ- Al2O3, SiO2, TiO2 and α-Al2O3. 



  Chapter IV 

104 

 

Fig. 4.4 shows the effective electrical conductivity (σ/σf) of four water based nanofluids as a 

function of volume fraction. The electrical conductivity of water, Al2O3, SiO2 and TiO2 are 

5.5×10-6, 10-14, 10-18 and 10-12 S/cm, respectively. Though the  electrical conductivity values 

of the base fluid, γ- Al2O3, SiO2, TiO2 and α-Al2O3  are low, the σ of the nanofluids are 

extremely high. This large enhancement cannot be explained using Maxwell theoretical 

model, which severely underestimates the observed enhancement. Therefore, the observed 

enhancement in σ should solely originate from the variation of electric double layer around 

each nanoparticle. The electrical double layer depends on the Debye length and the size of 

the particle. For larger electrical double layer, the larger the bulk electrical conductivity. The 

concentration of the ions in the base fluid, the particle size, and the charge on the 

nanoparticles dictates the conductivity of the nanofluid. Our study clearly shows that (a) the 

electrical conductivity of nanofluid increases almost linearly with the volume fraction of the 

nanoparticles (b) σ has a strong dependence on volume fraction of the particles and (c) the 

electrical conductivity of nanofluid cannot be explained by Maxwell theoretical model. The 

electrical conductivity enhancement observed is 5218 %, 4366 %, 3142 % and 8876 % for 4 

vol% of γ- Al2O3, SiO2, α- Al2O3 and TiO2, respectively.  No clear trend is observed in the σ 

enhancement in stable and unstable nanofluids. Also, it is not clear how the agglomeration of 

particle affects the electrical conductivity of the nanofluids. More systematic studies are 

required to obtain further insights.  

4.3.4 Viscosity 

Fig. 4.5 shows the viscosity as a function of shear rate for the water based nanofluids of 

different volume fractions. In all the four systems, the viscosity increases with increase in 

volume fraction of nanoparticles. In general, the addition of nanoparticles in the base fluid 
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increases the viscosity of the nanofluid, as a result of either the occlusion of the solvent 

within the temporary nanoparticle clusters or due to the increase in the number density. The 

liquid occluded within the clusters does not participate in the flow, thus increasing the 

effective solid phase concentration.338-341 This is the reason for the observed increase in 

viscosity. The γ- Al2O3 and SiO2 nanofluids exhibit almost Newtonian behavior for all 

volume fractions in the shear rate range of 1 to 100 s-1. This is yet another confirmation that 

the particles in these nanofluids are non-aggregating. However, in the case of TiO2 and α-

Al2O3 nanofluids a shear thinning behavior is observed.  
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Figure 4.5: Viscosity as a function of shear rate for (a) γ – Al2O3, (b) SiO2, (c) TiO2 and (d) 

α- Al2O3 nanofluids of different concentrations. 
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The van der Waals attraction between the particles leads to the formation of dense aggregates 

(reversible) with a significant number of nearest neighbors which exhibit complex responses 

to applied flows and osmotic stresses. In such cases, the hydration layer between the particles 

within the aggregates provides a slippery bond  that is not shear resistant.342 Tsenoglou 338 

reported that with increasing shear rates the clusters are broken down by the hydrodynamic 

forces allowing the entrapped solvent to flow, thus reducing the viscosity. Thus, the sample 

exhibits a shear thinning behavior. The shear thinning behavior is observed up to a shear rate 

of 10 s−1 followed by a Newtonian region for α-Al2O3 nanofluid. At higher shear rate, 

Newtonian regime occurs due to the breaking down of clusters into primary particles. But in 

the case of TiO2 nanofluids shear thinning behaviors is observed even at the higher shear 

rates for higher volume fraction (3φ & 4φ), which indicates that the clusters are not fully 

destroyed by the hydrodynamic forces. The rheological results provide the evidence for the 

presence of aggregates or clusters in α-Al2O3 and TiO2 nanofluids. This is in agreement with 

the thermal conductivity result where the thermal conductivity of γ- Al2O3 and SiO2 

nanofluids are well below the Maxwell’s model whereas the thermal conductivity of TiO2 

and α-Al2O3 nanofluids are well above the Maxwell’s model. Fig. 4.6 shows the reduced 

viscosity as a function of nanoparticle concentration for γ- Al2O3, SiO2, TiO2 and α-Al2O3. In 

all the four systems, the viscosity increases with increase in nanoparticle concentration. The 

Einstein, Batchelor and Krieger-Dougherty (KD) fit on the experimental data points are also 

shown in the Fig. 4.6. The experimental data points show large deviation from the theoretical 

model at higher volume fractions for all the four nanofluids. Since the number density 

increases with concentration, the interaction between the nanoparticles at higher 
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concentration becomes stronger, which would have contributed to the observed deviation 

from the theoretical fit. 
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Figure 4.6: The reduced viscosity as a function of volume fraction of nanoparticles along 

with the theoretical fits using Einstein, Batchelor and Krieger & Dougherty models. 

It is worth to note that the theoretical models are ideal for dilute suspension where the 

interaction between the nanoparticle is less or negligible. At the highest volume fraction (4φ) 

the reduced viscosity is about two to four orders of magnitude higher than  that of the  base 

fluid for TiO2 and α-Al2O3, while only a moderate increase in reduced viscosity is observed 

for γ- Al2O3 and SiO2 nanofluids. 

4.3.5 Phase Contrast Optical Microscopy 

To obtain macroscopic evidence of the aggregation in nanofluids, the phase contrast 

microscopic images are taken for different volume fractions for all the four nanofluids. Fig. 

4.7 shows the microscopy images of water based nanofluids taken at different volume 
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fractions after sonication for 2 mins. The micrographs confirm that the cluster formation 

takes place in the case of TiO2 and α-Al2O3 nanofluids whereas in the case of γ- Al2O3 and 

SiO2 nanofluids no such clusters are observed. Even at very high concentrations, no micron 

sized aggregates are seen in the case of γ- Al2O3 and SiO2 nanofluids. 

(a1) (a2) (a3)

(b1) (b2) (b3)

(d1) (d2) (d3)

(c3)(c1) (c2)

 

Figure 4.7: Phase contrast optical microscopic images of γ–Al2O3 (a1= 0.5φ, a2=2φ and a3= 

6φ), SiO2 (b1= 0.5φ, b2=4φ and b3= 6φ), TiO2 (c1= 0.7φ, c2= 2φ and c3= 4φ) and α- Al2O3 

(d1= 0.25φ, d2= 2φ and d3= 4φ) at different volume fractions. The scale bar in each figure 

corresponds to 10 microns. 



  Chapter IV 

109 

 

 This means that if at all aggregates exist in these nanofluids, their size is much less than a 

micron. But in the case of TiO2 and α-Al2O3 nanofluids, the electrostatic stabilization seems 

to be not effective which leads to van der Waals attraction and aggregation of particles. 

4.3.6 Refractive Index   
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Figure 4.8 : Refractive index as a function of volume fraction for γ – Al2O3, SiO2, TiO2 and 

α- Al2O3 nanofluids.  

Fig. 4.8 shows the variation of refractive index with volume fraction of γ –Al2O3, SiO2, TiO2 

and α- Al2O3. In all the four systems the refractive index increases with increase in volume 

fraction of nanoparticle. The refractive index value is very high in the case of TiO2 and α-

Al2O3 nanofluids when compared to that of γ- Al2O3 and SiO2 for the same volume fraction 

of nanoparticles. The dramatic increase in refractive index observed should be due to the 

presence of aggregates in these systems as the nanomaterial always has a higher refractive 
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index than that of the base fluid.343, 344 The presence of aggregates in the system increases the 

local density of TiO2 and α-Al2O3 nanofluid resulting in a dramatic increase in refractive 

index. The refractive index measurements further confirm the presence of aggregates in TiO2 

and α-Al2O3 nanofluids.  

4.3.7 Time Dependant Thermal Conductivity Measurements  
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Figure 4.9: Time dependent effective thermal conductivity for (a) γ – Al2O3 and (b) α- Al2O3 

nanofluids for different volume fractions. Schematic representation of the distribution of 

particles in (c) non-aggregating and (d) aggregating nanofluids. 

In order to understand the effect of aggregates on the thermal conductivity of nanofluids, 

time dependent thermal conductivity measurements were done in γ- Al2O3 and α-Al2O3 

nanofluids. The Fig. 4.9 (a) shows the variation of k/kf and the % of enhancement with time, 
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after 2 min of sonication at four different particle concentrations of  0.5, 1, 3 and 6 vol% for 

γ- Al2O3 nanofluid. Here, k/kf increases with the particle loading and is found to be time 

independent. Fig. 4.9 (b) shows the variation of k/kf and the percentage of enhancement in k 

with time, after 2 min of sonication at four different particle concentrations (0.5, 0.7, 1, and 2 

vol%) for α-Al2O3 nanofluid. The k/kf increases with time and reaches a peak value after a 

time interval of about 3 hours and then starts decreasing with time. Both, the increase and 

decrease in k/kf can be explained on the basis of cluster formation. Immediately after 

sonication the particles are well dispersed. With time, the particles start  forming clusters 

which leads to an  increase in thermal conductivity because the conduction is effective 

through percolating conducting path of aggregates.59 With increasing time, due to strong 

interaction between the clusters, the clusters tend to come closer and form thick 

agglomerates, which eventually sediment due to gravitational force. The maximum 

enhancement observed (~3 hours) for particle loading of 0.5, 0.7, 1 and 2 vol% are 10.6, 13, 

16 and 16.5 %, respectively. After 3 hours, the k/kf starts decreasing. Earlier studies show 

that the nanoparticles tend to aggregate when the surface charge on the nanoparticle is 

relatively small leading to a decrease in thermal conductivity of nanofluids.189 The 

aggregation and the subsequent settling of clusters leads to a decrease in k with elapsed time. 

The schematic representation of distribution of particles in the non-aggregating and 

aggregating nanofluids is shown in Fig. 4.9 (c-d). 
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Figure 4.10: Photographs of different volume fractions (0.5, 0.7, 1 and 2φ) of α- Al2O3 (A-

D)   and   γ- Al2O3 nanofluids (E-H) at different volume fractions (0.5, 1, 3 and 6φ). Fig. 4.10 

(a&b) are taken immediately after sonication, Fig. 4.10 (c&d), (e&f) and (g&h) are taken at 

3, 30 and 172 hours, respectively after sonication. 
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Fig. 4.10 (a, c, e & g) shows the photographs of 0.5, 0.7, 1 and 2φ of α- Al2O3 nanofluids. 

Fig. 4.10 (b, d, f & h) shows the photographs of 0.5, 1, 3 and 6φ of γ- Al2O3 nanofluids at 

different time intervals. Fig. 10 (a & b) is taken immediately after sonication, Fig. 4.10 (c & 

d), (e & f) and (g & h) are taken at 3, 30 and 172 hours, respectively after sonication. From 

the photographs it is clearly seen that no noticeable phase separation occurs until 3 hours in 

both the systems. On the contrary, the particles start settling in the case of α- Al2O3 

nanofluids. After 172 hours, there is a complete phase separation for all volume fractions of 

α- Al2O3 (Fig. 4.10 g). This is in agreement with our time dependent thermal conductivity 

measurements, where the thermal conductivity is less, immediately after sonication but starts 

increasing with time and achieves the maximum value around 3 hours after sonication. As 

time increases further, the thermal conductivity decreases again. This is due to the fact that 

immediately after sonication, the particles are well dispersed. As time elapses the particles 

tend to come closer and start forming aggregates due to weak van der Waals attraction. 

Hence, the thermal conductivity increases with time due to the effective conduction of heat 

through the nanoparticle aggregates. As the time increases further, the aggregates coalesce to 

form bigger aggregates or clusters that eventually settle down due to gravity leading to a 

decrease in the thermal conductivity. On the other hand no visible settling is observed in the 

case of γ- Al2O3 (Fig. 4.10 (b, d, f & h)). 

4.4 Conclusions  

Thermal and electrical conductivity measurements were carried out in four water based γ- 

Al2O3, SiO2, TiO2 and α-Al2O3 nanofluids at different particle loading. It is observed that the 

thermal conductivity increases with increase in volume fraction in all the four cases. The 

thermal conductivity values of stable nanofluids are found to be well below EMT predictions 
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whereas it is above EMT predictions for unstable nanofluids.  The aggregating behavior of 

TiO2 and α-Al2O3 nanoparticles was evident from the shear thinning behavior whereas a 

Newtonian behavior is observed in γ- Al2O3 and SiO2 nanofluids. Electrical conductivity of 

the nanofluids is found to increase with increase in volume fraction. The refractive index and 

phase contrast microscopic results also confirm the aggregation in TiO2 and α-Al2O3 

nanofluids. The microscopy study confirms no noticeable aggregate formation in γ- Al2O3 

and SiO2 nanofluids. Time dependent studies show that the non-aggregating nanofluids 

exhibit time independent k/kf whereas aggregating nanofluids exhibit a time dependant k/kf.  
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 Effect of Nanoparticle Size, Morphology and Concentration on   

Specific Heat Capacity of Nanofluids              

5.1 Introduction 

Nanofluids have been a topic of intense research during the last one decade due to their 

interesting thermophysical properties and anticipated applications in heat transfer.2, 5, 12, 18-20, 

23, 38, 147, 345-349 Several factors affect the heat transfer properties of nanofluids that include 

thermal conductivity, viscosity, heat capacity, density and diffusion coefficient. For effective 

utilization of nanofluids for practical heat transfer applications, a synergetic balance of these 

thermophysical properties is a prerequisite. Though the thermal properties of nanofluids are 

investigated intensely, the studies on heat capacity of nanofluids are scarce.221, 223, 224, 227, 350 

A knowledge of specific heat capacity and thermal conductivity is important in order to 

understand the heat transfer properties of nanofluids. Nanofluids with higher heat capacities 

are necessary to enhance heat transfer efficiency at lower operating costs. Thermal 

diffusivity, thermal conductivity and specific heat capacity are inter-related as
D

k
C p  .                                                                                        

Unlike solids and gases, the accurate determination of heat transfer parameters in nanofluids 

is complex. So far, thermal conductivity studies have been the main focus of nanofluid 

research.220 An increase of thermal conductivity is necessary but not a sufficient condition for 

achieving high performance in heat exchange equipments. The specific heat capacity 

determines the rate at which the substance will heat up or cool down.351 As the heat capacity 

of a material is directly related to the atomic structure, measurements of heat capacity as a 

function of temperature could provide structural properties of nanostructured materials.352 In 

ultrafine particles, both bulk and surface phonon modes contribute to the vibrational specific 

Chapter V 
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heat. As the surface area to volume ratio increases, the surface mode contribution plays a 

prominent role over the bulk modes. Studies show that the specific heat in nanocrystals 

increases upto 20 % under an increase of atomic-level strain due to changes in the vibrational  

and configurational  entropy due  to  large  anharmonic atomic vibrations at grain boundaries 

and disordered lattice sites.353 

There are several studies which reports the strong and weak dependence of Cp on the volume 

fraction of nanoparticles. Yang et al.354 reported that at low volume fraction and moderate 

temperature change, the heat capacity of nanofluid doesn’t change much when compared to 

the base fluid. Several studies report a decrease in the heat capacity with increase in volume 

fraction.220-222 Yang et al.355 reported an increase in specific heat capacity with the increase in 

temperature. Shin et al.224 observed a 32 % increase in specific heat capacity in a eutectic salt 

mixture on dispersing alumina nanoparticles at 1 % mass concentration. The objective of the 

present work is to systematically study the effect of volume fraction, properties of dispersed 

particle (density, thermal conductivity, morphology etc.) on the specific heat capacity of 

nanofluids for a better understanding of their utility in heat transfer applications such as 

concentrating solar power and waste heat recovery. 

5.2 Materials and Methods 

For the present study, kerosene based Fe3O4 and PAO based Al2O3 nanofluids (nanospheres 

and nanorods) are used. The Fe3O4 nanofluids are prepared in our laboratory using 

coprecipitation approach. The synthesis procedure is briefly discussed in Chapter 2. Fe3O4 

nanoparticles and Al2O3 nanospheres were used to study the effect of particle volume 

fraction on the specific heat capacity. The effect of particle morphology on the specific heat 
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capacity of nanofluids was studied using Al2O3 nanospheres and nanorods. The effect of 

particle size on the specific heat capacity of nanofluids was studied using Fe3O4 

nanoparticles of size varying from 2.3 to 8.5 nm. The Al2O3 and Fe3O4 nanoparticles were 

characterized for their phase identity by XRD. The size distribution of the nanoparticles was 

determined by DLS. The thermogravimetric analysis of the nanofluids was carried out under 

inert atmosphere from 40 – 100 ºC at a heating rate of 2 ºC/min. Measurements of Specific 

Heat Capacity is carried out as described in Chapter 2.  

5.3 Results and Discussion   

5.3.1 Nanoparticles Characterization by XRD, DLS and TGA 

Fig. 5.1 (a) and 5.1 (b) show the XRD patterns of Al2O3 (sphere) and Fe3O4 nanoparticles, 

respectively. The diffraction peaks of (120), (031), (051), (151), and (002) were indexed to 

an orthorhombic structure of Al2O3 (JCP DS card no: 21-1307).  
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Figure 5.1: XRD patterns of (a) Al2O3 and (b) Fe3O4 Nanoparticles. 
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The diffraction peaks of (220), (311), (400), (422), (511), and (440) were indexed to a cubic 

spinel structure of Fe3O4 (JCP DS card no: 89-3854). An inverse spinel structure consists of 

oxide ions that form a cubic close-packed arrangement in which 1/3 of tetrahedral interstices 

and 2/3 of octahedral interstices coordinate with oxygen. The parallel alignment of Fe2+ and 

Fe3+ ions spin in the adjacent octahedral sites leads to a net magnetization and thus a ferri-

magnetic behavior356.  
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Figure 5.2: (a) Volume averaged hydrodynamic size distribution of Fe3O4 and Al2O3 

nanoparticles. (b) Volume averaged hydrodynamic size distribution of Fe3O4 nanoparticles of 

different size. 

Fig. 5.2 (a) shows the hydrodynamic diameter of the PAO based Al2O3 and kerosene based 

Fe3O4 nanofluids. The average hydrodynamic sizes are found to be 10 and ~ 8 nm for Al2O3 

and Fe3O4 nanoparticles, respectively. The size distribution is found to be narrow for both 

Al2O3 and Fe3O4 nanofluids. The time dependent hydrodynamic measurements carried out in 

these systems showed a time independent hydrodynamic size, which indicate the good  

stability of  the dispersions.148 Fig. 5.2 (b) shows the hydrodynamic size distribution of 
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Fe3O4 nanoparticles of different sizes synthesized with different solvent dielectric constants.  

The hydrodynamic diameters of particles prepared with ethanol water ratio of 20:80, 40:60, 

50:50 and 60:40 are found to be 3.6, 4.8, 6.5 and 8.6 ± 0.8 nm, respectively.  
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Figure 5.3 : Thermogravimetric curves for (a) PAO based Al2O3 nanofluid and (b) oleic acid 

coated Fe3O4 nanoparticle. 

The thermogravimetric curve for PAO based Al2O3 nanofluid in Fig. 5.3 (a) shows a single 

step weight loss at ≈ 468 °C (~88 wt%) due to the decomposition of PAO. The TGA curve 

for the Fe3O4 nanoparticles shows a two-step weight loss between 199-310 °C (~ 4 wt%) and 

310-400 °C (~12 wt%)  Fig. 5.3 (b). The first step (solid arrow) is due to the removal of 

loosely bound or free surfactant and the second step (dotted arrow) should be due to the 

removal of strongly bound surfactant molecules.    
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5.3.2 Effect of Volume Fraction of Nanoparticles on the Specific Heat Capacity of 

Nanofluids 

The variation of absolute specific heat capacity with temperature for different concentrations 

and the ratio of the specific heat capacity of nanofluid (Cp,nf/Cp,bf) with respect to the Cp of 

base fluid for kerosene based nanofluids are shown in Fig. 5.4 (a) and Fig. 5.4 (b), 

respectively.  
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Figure 5.4:   (a) The variation of specific heat capacity with temperature for different 

concentration of kerosene based Fe3O4 nanofluids. (b) Specific heat capacity ratio as a 

function of temperature for different concentration of Fe3O4 nanoparticles.   

Fig. 5.4 shows a marginal increase in the specific heat capacity with increase in temperature. 

As the nanoparticle concentration increases, the specific heat capacity of the kerosene based 
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Fe3O4 nanofluid is found to decrease. In general, the specific heat capacity of nanofluids can 

be explained using two models. The model I, which is similar to the mixing theory for  ideal 

gas mixtures,228 calculates the specific heat  of nanofluids (Cp,nf) by averaging  the Cp of  the 

base fluid (Cp,bf),  the Cp of nanoparticle (Cp,np) and  its  volume fraction. According to model 

I,  

                                                 
bfpnppnfp CCC
,,,

)1(                                            (5. 1) 

This equation has been used for the evaluation of heat transfer behavior of nanofluids in 

many experiments37, 357 and  also in theoretical simulations.358-360 

In Model II, Cp,nf is derived  by assuming thermal equilibrium between particles and the 

surrounding fluid, using  classical and statistical mechanics.220 According to Model II,  
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where, n and f are the particle and fluid densities, respectively and the nanofluid density 

nf  is  given by, 

                                                     fn

nf

nf

nf
V

m
 )1(                                (5. 3) 

where, mnf and Vnf are the mass and volume, respectively of the nanofluid. The specific heat 

of the bulk and nanosized Fe3O4 are 0.6512 and 0.79 J/g. °C, respectively.361 The specific 

heat capacity of pure kerosene is 2.01 J/g. °C.362 According to the theoretical model I, the 

effective specific heat of the nanofluid should be lower than the specific heat of pure 

kerosene. Here, the lower specific heat of nanoparticles in the base fluid results in a decrease 

in specific heat capacity of the nanofluid with increase in particle concentration. An earlier 
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study showed a similar  decrease in the heat capacity of nanofluid with increase in volume 

concentration and an increase with temperature in kerosene based iron oxide nanofluids.218 

Such a behavior was also observed in CuO nanofluids where the constrained liquid layering 

at the surface of nanoparticle free boundary is attributed as the cause for the variations in the 

Gibbs free energy and change in specific heat capacity. Studies on the effect of volume 

fraction on the specific heat capacity of water-based Al2O3 nanofluid showed that the specific 

heat capacity decreases with increase in particle concentration.220 Studies also conclude that, 

the solid-liquid interfacial conformation plays a critical role in the heat capacity changes 

because of the changes in the phonon vibration mode at the interface.223 Murshed et al.20 

reported that the thermal diffusivity of nanofluids increases significantly with increasing 

volume fraction of nanoparticles in the case of TiO2, Al2O3 and aluminum nanoparticles 

dispersed in ethylene glycol and engine oil. Their study revealed that the particle size and 

shape can influence the effective thermal diffusivity of nanofluids. Zhang et al.363 observed 

an increase in the thermal diffusivity with particle concentration in Au/toluene, Al2O3/water 

and CNT/water nanofluids. 

Fig. 5.5 shows the variation of Cp,nf of kerosene based Fe3O4 nanofluids along with 

theoretical fit using Model I and Model II at different temperatures. Fig. 5.5 shows that the 

experimental data fits better with the Model II than Model I. Similar agreement with model II 

was observed  by Zhou et al. 220 in water based Al2O3 nanofluid and Higano et al.218 in 

kerosene based Fe3O4 nanofluid.  
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Figure 5.5: Variation of specific heat capacity as a function of volume fraction of kerosene 

based Fe3O4 nanofluid at different temperatures along with Model I (dotted line) and Model 

II (solid line) fits. The corresponding wt% is shown in the top x- axis. 

Fig. 5.6 (a) and (b) shows the variation of specific heat capacity with temperature for 

different concentration of PAO based Al2O3 nanofluids and the variation of specific heat 

capacity ratio, respectively. Surprisingly, the specific heat capacity of Al2O3 / PAO increases 

upto 4 wt% nanoparticle concentration. Further increase in Al2O3 concentration led to a 

decrease in the Cp,nf  but larger than the Cp,bf. These results suggest that PAO molecules 

strongly modify the interfacial thermal characteristics of Al2O3 nanoparticles that increases 

the heat capacity of PAO based Al2O3 nanofluids.  
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Figure 5.6: (a) Specific heat capacity of alumina nanofluids with different weight percentage 

of Al2O3 nanoparticles in PAO and (b) Specific heat capacity ratio of alumina nanofluid with 

respect to PAO. 

In general, the mechanisms considered for  the unusual enhancement of the specific heat 

capacity are: (1) enhanced specific heat capacity of nanoparticle due to higher specific 

surface energy (compared with bulk material); (2) additional thermal storage mechanisms 

due to interfacial interactions (e.g., such as interfacial thermal resistance and capacitance) 

between nanoparticle and the adhering liquid molecules because of the extremely high 

specific surface area of the nanoparticle; and (3) the existence of semi-solid liquid layer 

adhering to the nanoparticles, which are likely to enhance the specific heat capacity due to 
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the smaller intermolecular spacing similar to the nanoparticle lattice structure on the surface 

(compared to the higher intermolecular spacing in the bulk liquid).  

Nelson et al.226 reported a specific heat capacity enhancement of 50 % in 0.6 % exfoliated 

graphite nanoparticle fibers suspended in PAO. The specific heat capacity of Al2O3 

nanoparticle was found to increase up to 25 % compared with the bulk value of Al2O3.352 A 

volumetric heat capacity (Cv) enhancement with increase in temperature in Al2O3 and ZnO 

dispersed in 60:40 by mass of ethylene glycol/water and in water based SiO2 nanofluids is 

reported.228 The enhancement of specific heat capacity of the silica nanocomposite is 

attributed to the high surface energy of nanoparticles that includes a phase transformation in 

the solvent material (liquid ordering). Such ordering of liquids on nanoparticles are expected 

to have semi-solid properties that gives rise to an increase in specific heat capacity of 

nanofluids.350, 364 The heat capacities of ionic salts are shown to  increase with molar mass 

due to an increase in number of translational, vibrational and rotational modes365.   

5.3.3 Effect of Nanoparticle Size on the Specific Heat Capacity of Nanofluids 

The variation of specific heat capacity and the normalized specific heat capacity of 

nanofluids with temperature with respect to particle size is shown in Fig. 5.7 (a & b). From 

the Fig. 5.7 it is clearly seen that the specific heat capacity ratio decreases with increase in 

particle size. A similar trend was reported by Xiong et al.229 for Ag nanoparticles of size 

ranging from 5 to 50 nm suggesting that the enhanced Cp in smaller sized nanoparticle is 

caused by the larger atomic thermal vibrational energies of surface atoms. Wang et al.223 

reported that the specific heat capacity of nanoparticle increases with decrease in size of the 

particle in the case of CuO nanoparticle of size ranging from 3.4 to 50 nm.  
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Figure 5.7:  (a) Specific heat capacity of kerosene based Fe3O4 nanofluids with different 

average particle sizes and (b) the corresponding specific heat capacity ratio. 

The major contribution to the specific heat capacity above ambient temperature is determined 

by the vibrational degrees of freedom, and the peculiarities of surface phonon spectra of 

nanoparticles are responsible for the anomalous behavior of specific heat capacity. The 

vibrational states with lower frequencies make a larger contribution to heat capacity.366 

Studies on the effect of nanoparticle size on the specific heat capacity by Dudda et al.50 

showed 8, 12, 19 and 27 % enhancement of specific heat capacity for the SiO2 nanoparticle 

size of 5, 10, 30 and 60 nm, respectively. Novotny et al.367 reported a decrease in the specific 

heat capacity with increase in the nanoparticle size which is attributed to the absence of low 

frequency modes and the increase in the specific heat capacity at low temperatures was 

attributed to the additional vibrational mode of surface phonon. More heat is required to raise 

the temperature of surface atoms because of larger vibrational amplitude of surface atoms, 

compared to the bulk atoms.368 A study on high-energy ball milled Ruthenium (Ru) and 
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Aluminum-Ruthenium (AlRu) nanoparticles of size ranging from 7 to 12 nm, with large 

atomic-level strain, showed  a specific heat increase  of ~20 %, which was attributed to the 

large changes in the vibrational and configurational part of  the entropy.353   

5.3.4 Effect of Shape of Nanostructures on the Specific Heat Capacity of Nanofluids 
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Figure 5.8: Variation of specific heat capacity as a function of temperature for PAO based 

Al2O3 nanofluids with spherical and rod shaped particles of concentration 0.01 wt%. 

Fig. 5.8 shows the variation of Cp as a function of temperature for PAO based Al2O3 with 

different particle morphologies. A concentration of 0.01 wt% was used in the case of 

spherical Al2O3 and rod shaped Al2O3 in PAO. For both the nanofluids, Cp increases with 

temperature. At the same concentration (0.01 wt%), the specific heat capacity of the 
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nanofluid containing spherical particles was more compared to that of  rod shaped Al2O3 

nanoparticles. In the present case, the aspect ratio of the nanorods was ~ 8 (80 x 10 nm2),   

while the nanospheres diameter was 10 nm. The surface area to volume ratio for nanorods is 

425×106 while that of nanospheres (diameter 10 nm) is 600×106. Therefore, the surface 

atoms are more in the case of nanospheres compared to that of nanorods. This means more 

heat is required to raise the temperature of surface atoms by one degree.  

 

Figure 5.9: Schematic representation of the effect of (a) smaller d, (b) larger d, (c) spherical 

particle and (d) non spherical particle on the specific heat capacity and thermal conductivity 

of the nanofluid. 

Therefore, the observed larger specific heat capacity of nanospheres than that of nanorods is 

in good agreement with surface atomic consideration. This study hence shows that the 
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particle morphology also plays a major role in the specific heat capacity of nanofluids. The 

observed reduction in Cp with increasing aspect ratio of nanoparticles is in sharp contrast 

with the increase in thermal conductivity in several nanofluids.130, 346, 369-375 The schematic 

representation of the effect of particle size and morphology on the specific heat capacity and 

thermal conductivity of the nanofluid is shown in Fig. 5.9. 

5.4. Conclusions 

The thermophysical properties of nanofluids with different types of nanoparticles as a 

function of concentration, shapes, size and base fluids are studied. The present work 

concludes that the nanoparticle concentration, shape and size play a major role in specific 

heat capacity of nanofluid. In the Fe3O4 nanofluids, the specific heat capacity is found to 

decrease with increasing particle concentration while an increase in the specific heat capacity 

is observed in Al2O3/PAO based nanofluid. This suggests that PAO molecules strongly 

modify the interfacial thermal characteristics of Al2O3 nanoparticles. The size dependent 

studies on specific heat capacity suggest that the Cp increases with decreasing dispersed 

nanoparticle size. The study shows that the particle morphology also plays a major role in 

specific heat capacity of nanofluids and the Cp decreases with increasing aspect ratio of 

nanoparticles due to reduced surface atomic contributions.  
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Tunable Thermal Transport in Phase Change Materials Using 

Inverse Micellar Templating and Nanofillers 

6.1. Introduction 

The use of organic phase change materials as heat transfer media has attracted much attention 

in the recent years due their ability to freeze without much supercooling.232 The 

crystallization of the n-alkane chain releases a large amount of latent heat, which is the key to 

heat transfer applications. Another material of focus, for such cooling applications over the 

past one decade, was dispersions of nanomaterials, popularly known as nanofluids38. The 

intense research on various nanofluids led to the conclusion that traditional nanofluids show 

only modest thermal conductivity enhancement.40, 147, 182, 246, 278 During the last decade, 

several new promising approaches to achieve extremely large thermal conductivity 

enhancement using carbon nanotubes,376 graphene,337, 369, 377, 378 magnetic materials 276, 331, 379 

and composites 191, 373, 377, 380 have been demonstrated. 

The recent finding of reversible tuning of electrical and thermal conductivities using first-

order phase transitions in percolated composite materials236-238, 243 have attracted much 

interest among nanofluid research community because of their important applications in heat 

management in various industrial sectors. Zheng et al.237 have observed large contrasts in the 

electrical and thermal conductivities at the phase transition temperature in graphite/water and 

carbon nanotube/hexadecane suspensions, which was attributed to the modulations in the 

electrical and thermal contact resistances due to the internal stress generated during the phase 

transition. Harish et al.238 reported  a large enhancement in the thermal conductivity in the 

solid phase (~250 %) of  an alkane (n-octadecane) containing 0.25 wt% of single-walled 

carbon nanotubes, compared to the nominal enhancement in the liquid state (~10 %). 

Chapter VI 



                                                                                                                                    Chapter VI 

 

131 

 

Schiffres et al.243 demonstrated tunable electrical and thermal conductivities by controlling 

the crystal growth through freezing rate control in solution-based nanocomposites where 

nanoparticles are driven into concentrated intercrystal regions to increase the percolation 

pathways and to reduce the interparticle resistance. Sun et al.236 studied the room temperature 

electrical and thermal switching in CNT/Hexadecane composites and found 5 orders of 

electrical and 3 times of k variations at the phase change point of hexadecane. Though 

significant enhancement in thermal and electrical conductivities are observed in 

nanocomposites during phase change, the reversible switching under long repeated cycling is 

strongly affected due to the agglomeration of nanomaterials because of the strong van der 

Waals interaction and the high reactivity of nanomaterials. Also, aggregation not only 

hampers the long term stability of such nanocomposites but also reduces their switching time. 

Here, a novel strategy is disclosed to overcome these difficulties by templating alkanes with 

inverse micelles. Since agglomeration issue is negligible in micellar systems due to steric 

interactions, such systems offer promising heat transfer applications. For these studies, soft 

systems of inverse micelles of size ranging from 1.5 to 6 nm, with different head groups were 

prepared. The k tunability of the micellar systems with dispersions of multiwalled carbon 

nanotubes and graphite nanofibers in n-hexadecane under identical experimental conditions 

were compared and the effect of functionalization of nanomaterials on stability, 

agglomeration and thermal conductivity enhancement was studied.  
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6.2 Materials and Methods 

6.2.1 Materials   

The surfactants OA, AOT and Span 80 were used in this study. The critical micellar 

concentrations (CMC) for OA, AOT and Span 80 are 0.72, 0.077 and 0.019 mM, 

respectively.381-384 For the studies, stock solutions of OA, AOT and Span 80 surfactants were 

prepared in n-hexadecane from which different concentrations were prepared. The structures 

of these three surfactants are shown in Fig. 2.1. The n-Hexadecane is chosen as the phase 

change material and graphite nanofibers and multiwalled carbon nanotubes are used as 

nanoinclusions. Preparation method to produce dispersion of MWCNT and GNF in 

hexadecane is discussed in Chapter 2.  

6.2.2 Methods  

The k of the dispersion was measured by using a hot wire probe207. An inverted phase 

contrast microscope was used to obtain the microscopic images of the nanofluids. Details of 

these equipments are discussed in Chapter 2. 

6.3 Results and Discussion   

6.3.1 Effect of Inverse Micellar Templating on k Contrast in Hexadecane under 

Freezing    

Fig. 6.1 shows the variation of k/kf and the percentage of increase in k as a function of 

temperature for different volume fractions of oleic acid in hexadecane. Here, kf is the thermal 

conductivity of hexadecane. The surfactants are amphiphilic molecules with hydrophilic and 

hydrophobic parts. They exist as unimers at concentrations below the critical micellar 
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concentration and form spherical inverse micelles just above the CMC. The hydrophobic 

force and entropy are the driving forces for the inverse micelle formation.  
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Figure 6.1: Variation of effective thermal conductivity and the percentage of increase in 

thermal conductivity as a function of temperature for different volume fractions of oleic acid 

in hexadecane. Inset shows the magnified view of region I (23 to 27 °C). 

In a normal micelle, the surfactant molecules are oriented in such a way that the hydrophobic 

hydrocarbon chains (tails) face towards the interior of the micelle, leaving the hydrophilic 

groups (head) in contact with the aqueous medium. In the case of non-polar solvent, the 

hydrophilic groups are sequestered in the micelle core and the hydrophobic groups extend 

away from the center. The CMC for OA is 0.72 mM (i.e. φ = 0.0002).381 The diameter of the 

oleic acid inverse micelle is ~ 6 nm.385 All the concentrations studied here are well above the 

CMC and hence inverse micelles are present in all these cases.  
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Fig. 6.1 can be divided into two regions, I and II, where region I (T > 22 °C) corresponds to 

the liquid phase and region II (T < 18 °C) corresponds to the solid phase. The k increases 

with increase in OA concentration in both regions I and II. In the liquid state, the k 

enhancement was nominal, i.e., from 1 to 6.9 %, as the φ of the OA is increased from 0.017 

to 0.223. In the solid state, immediately after freezing, the k enhancement increases from 188 

to 277 % as the OA φ increases from 0.017 to 0.223. With further decrease in temperature, 

beyond the freezing point, the k is found to decrease a little and then becomes constant for all 

the concentrations of OA. In the solid phase, a larger enhancement of 277 % is observed 

immediately after freezing of the base fluid (T =16 °C) for a φ

decrease in temperature below freezing point, the k decreases and reaches ~150.9 % at T=10 

°C and remains constant thereafter. The k of nanofluids increases with the micellar loading in 

both the regions, which can be understood as follows:   

The critical micellar concentration for oleic acid is 0.72 mM381 corresponding to a volume 

fraction 0.0002. As the concentration of oleic acid in the present study is much above the 

CMC, inverse micelles are present in the solutions. The increase in k with the concentration 

of OA in both the regions indicates that the presence of inverse micelles increase the k of the 

alkane. The k of pure hexadecane and OA are 0.144 and 0.164 W/m-K, respectively. To 

check the universality of micellar templating on k enhancement during freezing transitions, 

the experiments in two other inverse micellar systems were also performed.   

Fig. 6.2 shows the variation of k/kf and the percentage of increase in k as a function of 

temperature for different φ of AOT in hexadecane. The AOT forms inverse micelles in 

hexadecane above φ > 2.1×10-5  (i.e., 0.077 mM).382, 383 The φ values used in our experiments 
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were well above the CMC which ensure inverse micelles in the system. The linear length of 

the AOT  molecule is 1.2 nm and the typical inverse micellar size of AOT is 1.5 nm.386  The 

k increases with concentration of AOT in both the regions as observed in the case of OA.  
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Figure 6.2: Variation of effective thermal conductivity and the percentage of increase in 

thermal conductivity as a function of temperature for different volume fractions of AOT in 

hexadecane. Inset shows the zoomed view of region I (23 – 27 °C). 

In the liquid state, the k increases from 4.8 to 7.6 % as the φ of AOT is increased from 0.072 

to 0.189. In the solid phase, the k enhancement increases from 133 to 170 % as the φ of AOT 

is increased from 0.072 to 0.189, immediately after freezing. With further decrease in the 

temperature, the k is found to decrease slightly and then remains constant. This can be 

explained in terms of the variations in the aspect ratio of the needlelike crystals formed.243 It 
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has been shown by Schiffres et al.243 that rapid cooling can result in a larger aspect ratio of 

the needles and a larger k enhancement. 
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Figure 6.3: Variation of effective thermal conductivity and the percentage of increase in 

thermal conductivity as a function of temperature for different volume fractions of Span 80 in 

hexadecane. Inset shows the zoomed view of region I (23 – 27 °C). 

Fig. 6.3 shows the variation of k/kf and the percentage of enhancement in k as a function of 

temperature for different volume fractions of Span 80 in hexadecane. The k values of pure 

hexadecane and Span 80 are 0.144 and 0.182, respectively. The CMC value of Span 80 is 

approximately 0.019 mM384 which corresponds to a φ of 6.24×10-6. The typical inverse 

micellar size of Span 80 is 5 nm.387 Like in the previous two cases, the k increases with φ in 

both the regions. In the liquid state, the k enhancement increases from 2.7 to 7.3 % as the φ 
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increases from 0.079 to 0.205. In the solid state, the k enhancement increases from 124 to 

196 % as the φ is increased from 0.079 to 0.205, immediately after freezing. With further 

decrease in temperature beyond freezing point, the k is found to decrease a little and attains a 

constant value. In solid phase a larger enhancement of 196 % is observed immediately after 

freezing of base fluid (T = 16 °C and φ of 0.205). With further decrease in temperature, the k 

decreases and reaches 103 % and remains constant at T ≤ 10 °C.    

The aggregation number is the ratio of micellar core volume to the volume of one chain. The 

presence of surfactant micelles may have affected the freezing/melting point of hexadecane 

due to thermodynamic effects and also due to the different crystal structures formed. Studies 

show that the  dispersed oil droplet size  has an effect on the freezing point of hexadecane 

(bulk freezing point of hexadecane is 18 °C) in agreement with the Gibbs−Thomson 

equation.388 On the contrary, in the presence of normal micelles, k decreases with increase in 

concentration of micelles, and the mechanism of conduction of heat through normal micelle 

is discussed in Chapter 3. The molecular dynamics simulations studies show that the 

interfaces of organic liquids with surfactant tail groups are highly conductive.389 The large 

conductance of the organic liquid-surfactant interface was attributed partly to the penetration 

of alkane molecule into the surfactant tail regions, which is more prominent for linear 

surfactant molecules. The very similar molecular and vibrational structures of the surfactant 

tails and the alkane molecules lead to the optimization of the van der Waals interactions 

between the chains in the two species.   

The composite system has a matrix of alkane base fluid with surfactant micelles dispersed. 

As the net thermal resistance of inverse micelle is much lower than that of the alkanes 
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because of the highly ordered packing of the linear chain surfactant within the sphere, the 

effective interfacial resistance along the conduction path should be much lower than that of 

pure alkane. Further, the cores of the micelles have polar head groups, which might entrap 

hydrophilic moieties (e.g. moisture, ions etc.) within the cores, which is again more thermally 

conducting than the alkane (e.g. water has a thermal conductivity of 0.6 W/m-K compared to 

0.12 W/m-K for alkanes). With increase in oleic acid concentration, the numbers of inverse 

micelles in the system will also increase which in turn reduces the effective interfacial 

thermal resistance along the heat conduction pathways. The observed increase in k with 

increase in volume fraction of the micelles is in very good agreement with the above 

hypothesis.  

When the alkane undergoes first order phase transition during cooling, it forms crystals237 of 

different morphologies, whose aspect ratio can vary from micro to millimeter scale 

depending on the rate of cooling.243 This suggests that, during the freezing transition, the 

nanosized frozen inverse micelles with highly packed linear chain surfactant within the 

sphere are pushed to the inter crystal  boundaries, thereby filling the heat conduction path  

that reduces the effective thermal resistance.238 Studies show that the presence of surface 

active species in long-chain alkanes can induce or alter surface freezing to become oriented 

chains.390 An earlier study suggests that the internal stress generated during freezing also 

improves the conduction among the crystals.237 Molecular dynamics simulations of  the 

structure of paraffins in solid and liquid states shows that,  upon crystallization, the k doubles 

due to the formation of nanocrystallites paraffin.242 
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Among the three micellar systems studied, oleic acid based templating showed the highest k 

enhancement. The matched  alkyl chain length (or vibrational spectrum)  of both oleic acid 

and hexadecane seems to optimize the van der Waals interactions between the chains in the 

two species, thereby lowering the interfacial thermal resistance, in agreement with earlier 

theoretical predictions.390 Simulations results further show that penetration of alkane 

molecules in the tail region of a straight chain surfactant is more (with less thermal 

resistance) compared to less-ordered unsaturated, kinked surfactant or double-tailed lipid 

molecules. The molecular surface structure of liquid alkanes changes with alterations in a 

solvent’s molecular structure due to surface free energy considerations.391 In the presence of 

inclusions, the surface structure is altered due to changes in the van der Waals interactions 

between adjacent solvent molecules and the net ordering of liquid molecules at an interface 

due to intrinsic interfacial anisotropy. The greater efficiency of thermal vibration waves 

(phonons) through straight and densely packed chains are expected to provide a better heat 

conduction. Molecular dynamics simulations predict a larger interfacial thermal resistance 

for dissimilar structured base fluid (alkane) and surfactant molecules.389 Based on our 

experimental results, the conclusions drawn are graphically illustrated in Fig. 6.4 (a-d). 
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(a) (b)

(c) (d)

 

Figure 6.4: (a&b) The atomic structure of alkanes without and with inverse micelles, 

respectively. The magnified views of a single hexadecane molecule and the inverse micelles 

are shown by arrows. Figure 6.4 (c&d) shows the configuration of the crystals without and 

with inverse micelles, respectively.   

Fig. 6.4 (a) and (b) shows the atomic structure of alkanes without and with inverse micelles, 

respectively. The magnified view of a single hexadecane molecule and the inverse micelles 

are shown by arrows. Fig. 6.4 (c) and (d) shows the configuration of the crystals without and 

with inverse micelles, respectively. During freezing transition, the inverse micelles are 

pushed to the microcracks and the intercrystal boundaries, leading to a better heat conduction 

path. The alkane molecules may also undergo some ordering around the inverse micelles, 

which can restrict translational diffusions of alkane molecules. These findings are consistent 

with the ice-templating and  nanoparticle-induced molecular alignment of alkane.243 In order 

to compare the micellar templating to that of nanofillers, the temperature dependent k 
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measurements are carried out using MWCNTs and GNF. Also, effect of nanomaterial type 

and their aggregation on k enhancement under freezing conditions are studied.   

6.3.2 Effect of Graphite Nanofiber Inclusions on k Contrast in Hexadecane under 

Freezing 
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Figure 6.5:  Variation of effective thermal conductivity and the percentage of increase in 

thermal conductivity as a function of temperature for different volume fractions of GNF in 

hexadecane. Inset shows the zoomed view of region I (23 – 27 °C).  

 Fig. 6.5 shows the variation of k/kf and the percentage of increase in k as a function of 

temperature for different volume fractions of GNF in hexadecane. As the volume fraction of 

GNF increases, the k also increases in both the liquid and solid phase. This observation was 

in agreement with the earlier reports.236, 237, 243  In liquid state, the k enhancement increases 

from 4.5  to 11 % whereas in the solid state the k enhances from 136 to 245  % as the F-GNF 
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concentration increases from 0.0008 to 0.0039. With further decrease in temperature beyond 

freezing point, the k decreases a little and remains constant for all concentration of GNF. In 

solid phase, a larger enhancement of 245 % is observed immediately after freezing of the 

alkane basefluid (T=16 °C) at a GNF loading of φ = 0.0039. With a further decrease in 

temperature, the k decreases and reaches 161 % at T≤ 10 °C. Earlier study in graphite/HD 

suspension237 shows that the k increases to 220 % in the solid state with a graphite loading of  

φ = 0.008. The large contrast observed in the k in the solid state was attributed to the 

effective transfer of heat through percolation structures and the internal stress generated 

during freezing. Schiffres et al.243 demonstrated the tuning of electrical conductivity and k by 

varying  freezing rate control between 102 and 10-3  °C/min, where they achieved a thermal 

conductivity contrast ratio varying between 2.3 and 3.0 for a φ of 0.01 in  multilayer 

graphene suspended in hexadecane at solid-liquid transition while k varies between 2.1 and 

2.6 in pure hexadecane. The larger k contrast at slower cooling rate was attributed to the 

formation of larger crystals and the accumulation of more nanoparticles at the intercrystal 

regions thereby creating additional percolation pathways for heat transport. Harish et al.238 

observed a 250 % enhancement of k in the solid state with a SWCNT loading of 0.25 wt%. It 

was suggested that the alkane molecules surrounding the nanotubes, when frozen to solid 

phase, exhibit a tendency to form lamellar layers along the nanotubes axis leading to a 2D 

structural ordering in the planes perpendicular to the nanotube axis which is similar to the 

crystalline polymer.238  
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Figure 6.6: Effective thermal conductivity of GNF nanofluids as a function of volume 

fraction in the solid and liquid state. EMT fit is shown by the solid line. 

Fig. 6.6 shows the k/kf of GNF nanofluids as a function of volume fraction in the solid and 

liquid state. The Maxwell model is shown by the solid line. At room temperature, the thermal 

conductivity  of the GNF and the base fluid (hexadecane) are ~ 1500 W/m-K392 and 0.144 

W/m-K, respectively. The theoretical fit shows that at room temperature the experimental 

data are well above the Maxwell’s theory. These results show an extremely large thermal 

conductivity enhancement in both liquid and solid phase in the presence of F-GNF 

nanoinclusions. Similar enhancement beyond the EMT predictions are observed in multilayer 

graphene suspended in hexadecane.243 in hexadecane based  graphite and CNT dispersions237, 

393 and in n-octadecane based single-walled carbon nanotube dispersions.238 Table 6.1 shows 

the comparison of the thermal conductivity results in nanofluids with different phase change 

materials and the dispersed materials.  
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Table 6.1 : Comparison of the thermal conductivity values in nanofluids with different phase 

change materials and dispersed materials. 

Sl. 

No 

Dispersed phase Dispersion 

medium 

Volume 

fraction   

k/kf Ref 

Liquid (25 

°C) 

Solid (4 °C) 

1. Multilayer 

graphene 

Hexadecane 0.01 - 3.0 243 

2.  Functionalized  

MWCNT 

Hexadecane 0.01 1.42 3.93  

236 

Original 

MWCNT 

0.008 1.07 2.71 

3.  Graphite Hexadecane 0.01 2.9 8.57 237 

 

 

4.  

SWCNT  

Octadecance 

0.001 1.1 2.5  

238 Exfoliated 

graphite 

nanoplatelets 

0.0004 1.43 3.2 

0.002 1.14 2.71 

 

 

 

5 

Oleic acid  

 

 

Hexadecane 

0.223 1.069 2.85  

 

Present 

work 

AOT 0.19 1.076 2.19 

Span 80 0.205 1.03 2.1 

F-GNF 0.0039 1.11 2.6 

F- MWCNT 0.0039 1.13 2.05 

The k changes in hexadecane under repeated freezing and melting cycles for φ = 0.223 of 

OA, φ = 0.189 of AOT and φ = 0.205 of Span 80 are shown in Fig. 6.7. During 

repeated cycles of freezing and melting, the k/kf  in liquid state are found to be 1, 1.069, 1.076 

and 1.076 for HD, OA, AOT and Span 80, respectively. The k/kf of solid states are found to 

be 1.74, 2.8, 2.19 and 2.11 for HD, OA, AOT and Span 80, respectively. These results show 
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that the freezing and melting are completely reversible for all the systems studied owing to 

the monodispersity and non-aggregating nature of micelles.  
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Figure 6.7 : Effective thermal conductivity of  (a) pure n-Hexadecane with, (b)  φ = 0.223 of 

OA (c) φ = 0.189 of  AOT and (d) φ = 0.205 of Span 80 after different cycles, closed circles 

and open circles indicate the k/kf measured at 25 °C and 4 °C, respectively. 
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6.3.3 Effect of Aggregation of Nanoinclusions on k Enhancement during Freezing 

6.3.3.1 Bare, Surfactant Stabilized and Surface Modified GNF 

Fig. 6.8 shows the variation of k as a function of temperature for pure alkane, span stabilized 

GNFs and F-GNFs of φ = 0.0038. In liquid state, the k of base fluid and nanofluids follows 

the usual trend.  
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Figure 6.8: Variation of effective thermal conductivity as a function of temperature for pure 

HD, surfactant stabilized GNFs (GNF+Span80), and F-GNFs. Inset shows the zoomed view 

of region I. 

After freezing, the enhancement of k of the base fluid was 126 % at 15 °C. Further, a 

decrease in temperature results in a decrease in k, to a value of 73 %, which remains constant 

at T ≤ 10 °C. In the case of HD containing bare graphite nanofibers (φ = 0.0038 GNF), the k 
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enhancement was almost the same as that of the base fluid at 15 °C and remains constant 

with further decrease in temperature. On the other hand,  GNF (φ = 0.0039) stabilized with 

Span 80 showed an enhancement of around 242 % at 15 °C and the value decreases gradually 

and reaches 155 % enhancement at T ≤ 10 °C. F-GNF (φ = 0.0039) also showed an 

enhancement of around 245 % at 15 °C and decreases gradually and reaches 161 % at T ≤ 10 

°C. These results suggest that the functionalized nanomaterials provide a higher k 

enhancement than that of bare nanomaterials. Among the stabilized ones, the surface 

modified (F-GNF) gave higher enhancement on freezing. It is known that the dispersibility of 

nanomaterials improves with functionalization, which should be the main reason for the 

observed enhancement in stabilized nanofluids.148, 331 It is believed that the distribution of 

GNF’s at the grain boundaries are uniform during the crystallization of alkanes in the case of 

F-GNF compared to the bundled one in the case of bare GNF. This finding shows that the 

well dispersed GNF are stable and provides better percolated nanofiber network pathways for 

the effective heat conduction.243   

6.3.3.2 Bare, Surfactant Stabilized and Surface Modified MWCNTs  

Fig. 6.9 shows the variation of k/kf  as a function of temperature for pure HD, Span 80 

stabilized MWCNTs and F-MWCNTs. In the latter two cases the φ of MWCNTs is 0.0038. 

In the liquid state both the surfactant stabilized and the surface modified MWCNTs show a 

higher k than that of base fluid. The % of k enhancement was 8 and 13 % for nanofluids 

containing Span 80 stabilized and functionalized MWCNTs, respectively. Like the GNF, the 

F- MWCNTs showed a better k enhancement than the surfactant stabilized nanofluid. For F- 

MWCNTs, the maximum enhancement observed is 157 and 69 % at 15 and 10 °C, 
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respectively. In the case of nanofluid stabilized with Span 80, the % of k enhancement is 48 

and 17 % at 15 and 10 °C, respectively.  
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Figure 6.9:  The variation of effective thermal conductivity as a function of temperature for 

pure HD, Span 80 stabilized MWCNTs and F-MWCNTs of φ = 0.0038. 

The reason for the higher k enhancement in F-MWCNT dispersion is attributed to the better 

dispersibility of MWCNTs, as evident from the microscopic images, where the percolated 

nanofibers networks are uniformly distributed, which enables better conduction pathways. 

The molecular dynamics simulation studies on structural phase transition and crystallization 

process of alkane molecules in carbon nanotube dispersions show an isotropic-to-nematic or 

smectic transition with molecules aligned with embedded nanotubes.394 Under certain 

situations, the alkane molecules can even form lamellar layers or two-dimensional structure 

ordering that can affect the translational diffusions and rotation freedom.    
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 (a)

(e)

(d)

(b)

(c)
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Figure 6.10: Phase contrast optical microscopic images of (a) bare GNFs, (b) Span stabilized 

GNFs, (c) F-GNFs, (d) bare MWCNTs, (e) Span stabilized MWCNTs and (f) F-MWCNTs in 

hexadecane. In all the cases, the volume fraction is 0.0038. The scale bar corresponds to 50 

μm.      

To obtain macroscopic evidence for the dispersibility of nanofillers in the PCM matrix and 

their aggregation under different stabilization conditions, the phase contrast microscopic 

images of bare GNF, Span 80 stabilized MWCNTs and GNFs and F-MWCNTs and F-GNFs 

in hexadecane are taken. Fig. 6.10 shows the optical microscopic images of (a) bare GNFs, 

(b) Span stabilized GNFs, (c) F-GNFs, (d) bare MWCNTs, (e) Span stabilized MWCNTs and 
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(f) F-MWCNTs in hexadecane. In all the cases, the volume fraction of dispersed 

nanomaterial is the same φ  = 0.0038 and the microscopy images were taken after 

sonication for 2 mins. The images confirm the presence of very large aggregates in the case 

of nanofluids with bare GNFs and bare MWCNTs compared to the other four cases. The 

Span 80 stabilized and functionalized GNF are fairly well dispersed. Large clusters are 

observed in the case of Span 80 stabilized MWCNTs nanofluids whereas F-MWCNTs 

nanofluids showed only a few small clusters, confirming better dispersibility under surface 

functionalization. Therefore, the observed larger k enhancement in stabilized nanofillers 

dispersions are indeed due to better distribution of nanofillers in the intercrystal  boundaries.  

6.4 Conclusions 

Extremely large tunable thermal conductivity in a phase change alkane is achieved using 

inverse micellar templating. The thermal conductivity enhancement between the solid and 

liquid phase in presence of inverse micelles of size ranging from 1.5 – 6 nm can vary 

between 111 to 185 %. These results suggest that during the freezing transition, the 

nanosized frozen inverse micelles with highly packed linear chain surfactant are pushed to 

the inter crystal boundaries, thereby paving effective heat conduction path. Comparison of 

results with that of nanofillers in alkanes showed that the k contrast in surface modified 

graphite and multiwalled carbon nanotube in n-hexadecane at 15 °C for φ ~ 0.0039 are found 

to be 161 and 157 %, respectively. The phase contrast optical microscopic images confirm 

better dispersibility under surface functionalization, which enables better distribution of 

nanofillers in the intercrystal boundaries and higher thermal conductivity enhancement. 

Further, these results suggest interesting possibilities of using micellar templated phase 
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change materials for applications in latent heat thermal storage systems (e.g. solar 

engineering, seasonal regulation of building temperature, and thermal storage) and new 

insight into the role of aggregation of nanofillers in k enhancement under freezing conditions.  
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Role of Nanoinclusions on Thermal Conductivity enhancement in 

Phase Change Materials under Freezing. 

7.1 Introduction  

Latent heat storage has been on the frontiers of research with an aim of obtaining a heat 

storage system with a high heat capacity and good heat transfer property. Use of appropriate 

material to store the heat is the key to the development of heat storage systems. The last 

decade witnessed several new methods that were employed to enhance the thermal 

conductivity of nanofluids using carbon nanotubes,346, 351, 371 metal oxides,27, 152, 173, 268, 395, 396 

graphene,374, 377, 397 magnetic materials178 and composites.280, 398-401 The use of organic phase 

change materials as continuous phases (base fluids) has attracted much attention in the recent 

years due to the advantages of phase change materials such as self nucleating properties, 

chemical stability, high heat of fusion, safe and non reactive nature and ability to freeze 

without much super cooling 232. The PCMs used for ambient temperature related applications 

are hydrocarbons with different chain lengths. Most of the phase change materials (organic) 

have low thermal conductivity which limits their utility in practical applications. The 

increase of the thermal conductivity of organic phase change materials using different 

nanoinclusions has been a topic of research in recent years. The nanoinclusions can be 

ceramic particles,402 metallic particles,403 and carbon materials404 with higher thermal 

conductivity. Reversible tuning of electrical and thermal conductivity using phase change 

material in percolated composite materials236-238, 405 has drawn considerable attention owing 

to their applications in heat management systems in various industrial sectors such as 

construction, textile, food packaging industry, medical packaging industry, automobile, 

transportation etc. A sudden increase in thermal conductivity of n-octadecance occurs when 

Chapter VII 
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it transforms from liquid to solid phase. Zheng et al.237 reported a large contrast in electrical 

and thermal conductivities using first-order phase transitions in percolated composite 

materials. Thermal conductivity studies on CNT/Hexadecane composites shows a 3 times 

enhancement in thermal conductivity at the phase change point of hexadecane236. Harish et 

al.238 reported a large contrast in the thermal conductivity enhancement of phase change 

alkane in liquid and solid phase with single-walled carbon nanotube inclusions. Tunable 

electrical and thermal conductivities through freezing rate control in hexadecane based 

nanocomposite was reported by Schiffres et al.243 Though there are studies on thermal 

conductivity of PCM with nanoinclusions in the recent years, the effect of clusters on the 

thermal conductivity of PCMs is not studied systematically. In the present work, the role of 

aggregates on the thermal conductivity in liquid and solid phase of PCM is studied. 

7.2 Materials and Methods 

7.2.1 Materials 

Hexadecane used as phase change material, copper nanowire, graphene nanoplatelets and 

multiwalled carbon nanotubes are used for the present study. The details of the materials 

used and the preparation of dispersions of CuNW, MWCNT and graphene nanoplatelets in 

hexadecane are discussed in Chapter 2. 

7.2.2 Methods 

The thermal conductivity of the dispersion was measured by using a hot wire probe.207 An 

inverted phase contrast microscope was used to obtain the microscopic images of the 

nanofluids. 
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7.3 Results and Discussion 

7.3.1 Effect of Aggregation of Nanomaterials on Thermal Conductivity Contrast in 

Hexadecane during Freezing Transition 

7.3.1.1 Copper Nanowire Additives  
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Figure 7.1: Variation of effective thermal conductivity and the percentage of increase in 

thermal conductivity as a function of temperature for different wt% of copper nanowire in 

hexadecane (a) lower particle loading and (b) higher particle loading. 

Fig. 7.1 shows the variation of k/kf and the percentage of increase in thermal conductivity as 

a function of temperature for different wt.% CuNW in hexadecane. Fig. 7.1 can be divided 

into three regions named I, II and III. T > 22 oC corresponds to region I, where the nanofluid 

is in the liquid phase, the temperature just above and below the freezing point correspond to 

the region II and region III, respectively. In all the regions, the thermal conductivity increases 

with increase in CuNW concentration. In liquid phase, the thermal conductivity enhancement 

increases from 1 to 3 % as the CuNW concentration increases from 0.001 to 0.33wt %. In 

solid phase, immediately after freezing (region II), the thermal conductivity enhancement 
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increases from 126 to 182 % as the CuNW concentration increases from 0.001 to 0.01wt %. 

With further decrease in temperature beyond freezing point (region III), the thermal 

conductivity is found to decrease and become constant for all concentrations of CuNW. In 

the solid phase (region II), a larger enhancement of 182 % was observed immediately after 

freezing of base fluid (T =16 oC) for a particle loading of 0.01 wt% of CuNW. With further 

decrease in temperature below freezing point (region III) the thermal conductivity decreases 

and reaches a steady enhancement value of 130 %  at T =10 oC or below. With further 

increase in concentration of CuNW beyond 0.01 wt%, the thermal conductivity starts 

decreasing. For a maximum particle loading of 0.33 wt%, the thermal conductivity in the 

region II is 135 %. With further decrease in temperature below the freezing point (region III), 

the thermal conductivity decreases and reaches an enhancement of 118 % at T =10 oC. The 

observed higher thermal conductivity in the solid phase is attributed to the effective heat 

transfer through the continuous networking structure present during the phase transition. The 

hexadecane crystals are known to exhibit strong anisotropic growth kinetics237 where needle 

like structures are formed which is expected to increase the contact area of the dispersed 

particle.237 During freezing, when the crystals begin to nucleate and form needle-like 

structures; particles are gradually pushed to the grain boundaries,238 resulting the formation 

of a continuous quasi-2D network of bundles. The internal stresses generated during the 

phase transition can reduce the thermal contact resistances237 in the percolated 

nanoinclusions, which causes the enhancement in the effective thermal conductivity of the 

frozen phase.237, 240 In contrast to the small molecular liquids, the long linear molecular 

liquids can form ordered interfacial structures that can significantly  alter the thermal 

conductivity of the fluid.242     
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7.3.1.2 Multi Walled Carbon Nanotubes Additives  

Fig. 7.2 shows the variation of k/kf and the percentage of increase in thermal conductivity as 

a function of temperature for different wt% of bare MWCNT in hexadecane. The thermal 

conductivity variation of pure hexadecane is also shown for comparison.  
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Figure 7.2: Variation of effective thermal conductivity and the percentage of increase in 

thermal conductivity as a function of temperature for different wt% of bare multi-walled 

carbon nanotube in hexadecane. 

The thermal conductivity increases with concentration of MWCNT in all the three regions (I, 

II & III). In region I, the thermal conductivity enhances from 1 to 3 % as the MWCNT 

concentration increases from 0.005 to 0.05 wt%, whereas in region II the thermal 

conductivity increases from 123 to 195 %. As seen in the previous case, with further decrease 

in temperature, beyond freezing point (region III), the thermal conductivity decreases and 

becomes a constant. The concentration beyond 0.05 wt%, a decrease in the thermal 

conductivity is observed in the solid phase (region II and III) whereas in liquid phase (region 

I) the thermal conductivity continues to increase with increase in concentration. In region II, 
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a larger k enhancement of 195 % was observed immediately after freezing of the base fluid 

(T=16 oC) for a particle loading of 0.05 wt% of MWCNT. With further decrease in 

temperature the thermal conductivity decreases and becomes a constant value of 109 % at 

T=10 oC. Irrespective of the phase, the thermal conductivity of nanofluids increases with 

particle loading in all the regions. Decreasing the temperature beyond freezing point results 

in a decrease in thermal conductivity for all concentrations of MWCNT. The observed 

decrease in thermal conductivity above a particle loading is expected to be due to the 

presence of aggregates formed in the system, which do not form a favorable conduction 

pathway for heat transport. 

7.3.1.3 Graphene Nanoplatelets Additives  
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Figure 7.3: Variation of effective thermal conductivity and the percentage of increase in 

thermal conductivity as a function of temperature for different wt% of graphene nanoplatelets 

in hexadecane. 

Fig. 7.3 shows the variation of k/kf and the percentage of increase in thermal conductivity as 

a function of temperature for different wt% of GNP in hexadecane. The thermal conductivity 
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increases with the concentration of GNP in all the three regions. In the liquid phase, the 

thermal conductivity enhancement increases from 1 to 4.8 % as the GNP concentration is 

increased from 0.005 to 0.05 wt% and in region II the thermal conductivity  increases from 

143  to 180 %  for the same  GNP concentration range. With further decrease in temperature 

beyond the freezing point (region III), the thermal conductivity is found to decrease for all 

the concentrations of GNP and then becomes constant. For concentrations beyond 0.1 wt%, a 

decrease in thermal conductivity in region II & III is observed, whereas in region I the 

thermal conductivity increases with increase in concentration beyond 0.1 wt%. In region II, a 

larger enhancement of 80 % was observed after freezing of base fluid (T=16 oC) for a particle 

loading of 0.75 wt% of GNP and reaches a constant value of 105 % at T=10 oC. The thermal 

conductivity of nanofluids increases with particle loading in all the regions. The decreasing 

in temperature beyond freezing point results in a decrease in thermal conductivity for all the 

concentrations of GNP. The presence of aggregates at higher particle loading leads to an 

unfavorable conduction pathway which is responsible for the decrease in thermal 

conductivity above a certain concentration under freezing. The values of k/kf of CuNW, 

MWCNT and GNP in the three regions I, II and III at different concentrations are listed in 

Table 7.1.    
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Table 7.1 : k/kf values of CuNW, MWCNT and GNP in the regions I, II and III at different 

concentrations. 

 

Particle Concentration (wt %)   k/kf 

Region I Region II Region III 

 

CuNW 

0.001 1 2.26 1.89 

0.0075 1 2.63 2.15 

0.01 1 2.82 2.3 

0.33 1 2.35 2.12 

 

 

MWCNT 

0.005 1.02 2.18 1.79 

0.01 1.035 2.6 2.07 

0.05 1.035 2.95 2.09 

0.1 1.028 2.66 1.88 

0.5 1.056 2.22 1.79 

 

 

GNP 

0.005 1 2.43 2.08 

0.01 1 2.61 2.25 

0.1 1.028 2.8 2.22 

0.2 1.03 2.45 1.86 

0.5 1.056 2.22 1.79 



                                                                                                                                                Chapter VII 

160 

 

10
-3

10
-2

10
-1

2.1

2.4

2.7
  8 

o
C

 12 
o
C

 15 
o
C

(a)

10
-2

10
-1

1.8

2.1

2.4

2.7

3.0

  8 
o
C

 12 
o
C

 15 
o
C

(b)

k
/k

f

10
-2

10
-1

10
0

1.8

2.1

2.4

2.7

3.0
  8 

o
C

 12 
o
C

 15 
o
C

Concentration (wt%)

(c)

 

Figure 7.4: Effective thermal conductivity as a function of concentration at different 

temperatures for (a) CuNW, (b) MWCNT and (c) GNP (Closed circle, open circle and closed 



                                                                                                                                                Chapter VII 

161 

 

triangle correspond to measurements at 8, 12 and 15 oC, respectively). The observed 

microstructures at certain concentrations are shown in the inset. 

Fig. 7.4 shows the k/kf as a function of concentration at different temperatures below freezing 

point for copper nanowire, multi-walled carbon nanotube and graphene nanoplatelets 

dispersed in hexadecane. In all the three systems, as the concentration of the nanoinclusion 

increases, the thermal conductivity starts increasing and reaches a maximum, followed by a 

decrease above a certain concentration. In the case of bare CuNW the thermal conductivity 

increases and reaches the maximum enhancement of 182 % at 15 oC for 0.01 wt %, but with 

further increase in concentration, the thermal conductivity starts decreasing. Similarly in the 

case of bare MWCNT and GNP, the maximum enhancements observed are 195 and 180 % at 

15 oC for 0.05 and 0.1 wt%, respectively. With further increase in concentration of 

nanoparticle the thermal conductivity decreases.   

Table 7.2 shows the size range, density and bulk thermal conductivity of CuNW, MWCNT 

and GNP used in the present study. As the density of CuNW is very high, it is prone to 

sedimentation (sedimentation velocity at infinite dilution is given by 
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2 2

0

gd
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 ), as 

compared to the other two nanomaterials. Among the three, the MWCNT possesses the 

highest bulk thermal conductivity of 6600 W/m.K. Yet, the thermal conductivity 

enhancement for concentrations above 0.1 wt% of particle loading was comparable in all the 

three cases. This again goes in agreement with the classical EMT theory, where the thermal 

conductivity in dispersions is solely dependent on the volume fraction of dispersed phase and 

not the thermal properties of suspended materials.199 In order to achieve a parallel mode of 
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conduction, the interparticle spacing and interfacial thermal resistance are to be very small.26  

Since the particles are not stabilized, they have a tendency to form agglomerates due to weak 

van der Waals attraction. In such scenario, an increase in thermal conductivity is anticipated 

because of the effective conduction of heat through the percolating conducting path of 

aggregates.59   

Table 7. 2: The size range, density and bulk thermal conductivity of CuNW, MWCNT and 

GNP. 

S.No Particle Size Density (g/cm3) k (bulk) W/m.K 

1. CuNW Length – 10-50 μm  

Diameter – 50nm  

8.94 385 

2  MWCNT Length - 10-30 μm  

Diameter < 8nm 

1.3-1.4 6600  

3  GNP  Lateral size : 2μm 

Thickness : 1 – 4 nm  

2.25  3000  

Among the three nanofluids CuNW gives the largest enhancement at very low particle 

loading under freezing. The maximum enhancement observed immediately after freezing is 

181 % for a particle loading of 0.01 wt% (8.61×10-6 φ) CuNW. In the case of MWCNT and 

GNPs, the enhancement observed immediately after freezing is 195 and 182 % for particle 

loading of 0.05 wt% (0.000275φ) and 0.1 wt% (0.000342φ), respectively. The larger 

enhancement at very low concentrations observed in the case of CuNW was quite 

reproducible. However, this enhancement is quite puzzling and it is not clear if it is due to the 

larger length and diameter or due to the inherent large bulk thermal conductivity value. A 

large enhancement was reported by Wang et al.,406 in CuNW – polyacrylate composites 
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where a thermal conductivity enhancement of  ~ 1350 % was observed at an ultralow loading 

of 0.9 φ%, which was attributed to the large aspect ratio and single-crystalline structure of 

CuNW. Studies in magnetic nanofluids178 and soft sphere nanofluids326 also shows increase 

in k with aspect ratio. Cherkasova et al.407 studied the influence of particle anisotropy on the 

thermal conductivity of the nanofluids and reported that the thermal conductivity of the 

suspensions is enhanced with larger aspect-ratio of particles. Evans et al.408 also found that 

the high aspect ratio particles give larger thermal conductivity enhancement than spherical 

particles. Another study show that the  high  interfacial thermal resistance in the case of high 

aspect ratio particles can inhibits the  thermal conductivity increase.409 
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Figure 7.5: Phase contrast optical microscopic images of (a) bare MWCNT and (b) GNP in 

hexadecane at different particle loadings. 

To obtain insight into the microstructural evolution of nanomaterials in basefluids, the phase 

contrast microscopic images are taken for the bare MWCNT and GNP in hexadecane at room 

temperature. Fig. 7.5 (a) and (b) show the microscopic images of MWCNT/hexadecane and 

GNP/hexadecane taken after sonication for 2 mins. The evolution of aggregates with increase 

in concentrations was evident from the microscopy images in both cases.  However, the size 

of the aggregates present in GNP/ hexadecane system was less compared to that of 

MWCNT/hexadecane. 

The repeated cycles of the thermal conductivity of pure hexadecane and with 0.005 wt% of 

MWCNT and GNP during melting and freezing is shown in Fig. 7.6. The freezing and 

melting cycles are found to be perfectly reversible in the case of hexadecane but showed 

some deviations with nanofillers, mainly in the freezing condition. The thermal conductivity 

enhancements of MWCNT nanofluid in the liquid phase during the first, second, third and 
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fourth cycles are 1.023, 1.02, 1.012, and 1, respectively and during freezing, the  

enhancement were 2.1, 2.43, 2.36, and 1.75, respectively.  
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Figure 7.6: Thermal conductivity of (a) Hexadecane, (b) 0.005 wt% MWCNT and (c) 0.005 

wt% GNP after different cycles of melting and freezing. Closed and open circles indicate the 

k measured at 25 oC and 10 oC during different thermal cycles, respectively. 

The thermal conductivity enhancements of GNP nanofluid in the liquid phase during the first, 

second, third and fourth cycles are 1.02, 1, 1, and 1, respectively and during freezing, the 

enhancement were 2.15, 2.20, 1.5, and 1.57, respectively.  

7.4 Conclusions 

The thermal conductivity changes in phase change alkane incorporated with copper 

nanowire, multiwalled carbon nanotube and graphene nanoplatelets inclusions with different 

loading were studied. The phase contrast microscopic results show aggregate formation with 

increase in concentration of dispersed nanomaterials due to weak van der Waals attraction. 

These results suggest that at an optimal nanoparticle loading, the space filling agglomerates 

in a phase change alkane can provide extremely large tunable thermal conductivity. The 
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thermal conductivity decreases with temperature and stabilizes several degrees below the 

freezing point. About two orders of thermal conductivity enhancement are observed at very 

low concentrations of nanofillers during the liquid to solid phase change. The increase in 

thermal conductivity during the first order phase transition is attributed to the reduction in the 

interfacial thermal resistance and the internal stress generated in the presence of 

nanomaterials at the grain boundaries of alkane crystals. An anomalously large thermal 

contrast is observed at very low concentration of copper nanowire which should have 

applications in heat transfer. Further studies are required to understand the reason behind this 

anomalous enhancement at very low concentration of Cu nanowires. 
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Chapter 8              Conclusions and Recommendations for Future Work 

8.1 Conclusions 

The factors influencing the thermal properties of nanoparticle suspensions and phase change 

materials are studied systematically. The key findings are summarized below. 

The thermal conductivity studies in model soft micellar system of average size 2.5 to 7 nm 

with different head group charges, show that the thermal conductivity of ionic surfactant 

micelles follows effective medium theory of poor thermal conductors (i.e. 1-3φ/2, with the 

interfacial resistance tending to infinity). The long alkyl chain groups of non-ionic surfactant 

micelles are poor thermal conductors at very low concentrations with large interfacial tension 

compared to their anionic counterparts. The k measurements in aqueous alumina, silica and 

non-aqueous iron oxide nanofluids with particle size in the range of 12-15 nm, show that the 

presence of excess surfactant does not lower the thermal conductivity enhancement in 

nanofluids significantly, though the latter has a much lower conductivity than the basefluid. 

The adsorbed moieties on nanoparticles do not lower their thermal properties significantly 

but they enhance the dispersibility and stability of nanoparticles in the base fluids. For ‘hard’ 

spheres, the thermal conductivity follows effective medium theory for good conductors. The 

orientation of cylindrical nanomaterials along heat flow direction and their aspect ratio are 

found to have significant influence on the thermal conductivity enhancement of nanofluids. 

While the higher aspect ratio with random ordering gives a lower thermal conductivity, the 

orientated cylinders with high aspect ratio provides a dramatic enhancement in the thermal 

conductivity.  
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The thermal conductivity, electrical conductivity, viscosity and refractive index are found to 

increase with increase in volume fraction of nanoparticles in aggregating and non-

aggregating nanofluids. For stable nanofluids, the experimental k data fitted well with the 

Maxwell’s non-interacting model at lower concentration but deviated at higher concentration. 

For aggregating nanofluids, the experimental k values are found to be higher than the EMT 

predictions. The k is found to be time independent and dependent, respectively for stable and 

unstable nanofluids. The phase contrast microscopic study showed the presence of micron 

sized aggregates in TiO2 and α- Al2O3 nanofluids and the absence of such aggregates in γ-

Al2O3 and SiO2 nanofluids. It is also observed that the aggregation in unstable nanofluids 

leads to a strong modification of their viscosity and refractive index. 

The effect of particle size and volume fraction of nanoparticles on the temperature dependent 

specific heat capacity of metal oxide nanofluids show that the specific heat capacity 

decreases with increase in volume fraction and particle size in kerosene based Fe3O4 

nanofluids but enhances in the case of PAO based Al2O3 nanofluids. These results suggest 

that PAO molecules strongly modify the interfacial thermal characteristics of Al2O3 

nanoparticles that in turn increases the heat capacity of PAO based Al2O3 nanofluids. For 

kerosene based nanofluids, the Cp data was in reasonable agreement with thermal equilibrium 

model for specific heat (Model II) but showed a large deviation from the mixing model 

(Model I). This study also showed that the particle morphology plays a major role in specific 

heat capacity of nanofluids and the Cp decreases with increasing aspect ratio of nanoparticles 

due to a reduced surface atomic contribution. 
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A new approach was developed to achieve large tunable thermal conductivity in phase 

change alkane using inverse micellar templating. Thermal properties of n-hexadecane 

basefluids containing inverse micelles of different volume fractions have been studied using 

two ionic and non-ionic surfactants. For 0.223, 0.19 and 0.205 vol% of oleic acid, dioctyl 

sodium sulfosuccinate and sorbitan oleate inverse micelles, the thermal conductivity contrast 

between the solid and liquid phase were 185, 119 and 111%, respectively. Unlike the 

nanofluids, the thermal conductivity enhancement of micellar templated alkanes were 

perfectly reversible under repeated thermal cycling because of monodispersity and non 

aggregation of micelles due to effective intermolecular repulsion between micelles. These 

results suggest that during the first order phase transition, the inverse micelles are pushed to 

the grain boundaries of alkane crystals thereby reducing the interfacial thermal resistance. In 

addition to this, the internal stress generated during freezing improves the heat conduction 

through the alkane crystallites. 

The thermal conductivity changes in phase change alkane incorporated with copper 

nanowire, multiwalled carbon nanotube, graphite nanofibers and graphene nanoplatelets 

showed that at an optimal nanoparticle loading, the space filling agglomerates in a phase 

change alkane can provide extremely large tunable thermal conductivity. The thermal 

conductivity decreases with temperature but stabilizes several degrees below the freezing 

point. About two orders of magnitude thermal conductivity enhancement is observed at a 

very low concentration of nanofillers during the liquid to solid phase change. The increase in 

thermal conductivity during the first order phase transition is attributed to the reduction in the 

interfacial thermal resistance and the internal stress generated in the presence of 

nanomaterials at the grain boundaries of alkane crystals. The thermal conductivity 
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enhancement with volume fraction showed a large deviation from EMT theory in these 

nanofluids, which confirms the effective conduction of heat through percolated pathways. An 

anomalously large thermal contrast is observed at a very low concentration in copper 

nanowire suspensions. The phase contrast microscopic results show an increase in the 

aggregate growth with increase in concentration of dispersed particles, which corroborates 

the effective heat transport through percolated nanoparticle pathways. 

8.2 Recommendations for Future Work 

 To study the effect of bulk k of suspended nanomaterial on thermal conductivity of 

phase change material under freezing.  

 To study the thermal conductivity of coreshell nanofluids, binary nanofluids, nano 

emulsions etc.. 

 To develop suitable approaches to design PCM based cooling circuits. 

 Probing the effect of heating and cooling rates on k enhancement in PCM. 

 Development of superior nanocomposite for effective heat transfer applications 
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