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PREFACE

Nanofluids are a new class of nanotechnology based heat transfer
fluids, defined as a uniform suspension of nanometer sized metallic or
nonmetallic particles in a base fluid. These nano-suspensions have been found
to possess enhanced thermal conductivity at comparatively low concentrations
of nanoparticles. Even at very low volume fractions (< 0.1%) of the suspended
nanoparticles, enhancements as high as 40% in thermal conductivity have been
reported in many nanofluids. Moreover, the percentages of enhancements are
found to increase with nanofluid characteristics such as particle concentration,
particle size, temperature etc. For the past two decades, scientists and
engineers have made significant advances in the precise measurement of
thermal conductivity of nanofluids and its variations with various
characteristics cited above. Also different theoretical models have been
developed to account for the observed enhancements in thermal conductivity
and associated properties of nanofluids. Following the conventional effective
medium or mean field models and including physical mechanisms specifically
applicable to nanofluids, scientists have tried to explain the observed
anomalous features of the thermophysical properties of these systems.
Researchers have modified the effective medium theory taking into account
mechanisms such as adsorption of liquid molecules around nanoparticle
surface, formation of nanoparticle clusters in liquid medium, Brownian motion
of nanoparticles at finite temperature, scattering of thermal waves at
nanoparticle-matrix interfaces etc. However, several questions still remain
unanswered and researchers do not seem to agree on the mechanism(s)
responsible for the observed results. An associated puzzling issue still
remaining unresolved on this subject is the effect of the size and shape of

suspended nanoparticles on the effective thermal conductivity of nanofluids.



Most of the work done so far has been on low molecular weight nanofluids
such as water based ones with metallic or nonmetallic nanoparticle
dispersions, and not much on high molecular weight nanofluids such as
polymeric ones has been reported in literature. In low molecular weight based
nanofluids the formation and stability of liquid adsorption layer around the
nanoparticle couldn’t be possible due to the low viscosity of the base medium.
Moreover, in high molecular weight polymer based nanofluids, a mechanism
such as adsorption of liquid molecule around the nanoparticles will possibly
control the thermal conduction process. The higher viscosity of the high
molecular weight base medium gives a better stability for adsorbed nanolayer
formed around the nanoparticle surface and in a high molecular weight
nanofluid system consisting of metallic nanoparticles, the formation of
nanoparticle clusters also have a significant role for deciding the effective
thermal conductivity of nanofluids. So the validity of these mechanisms has to
be checked accurately following a measurement system which possesses high

accuracy and precision in experimental values of thermal conductivity.

In this work we have tried to establish the mode of variation of effective
thermal conduction properties of polymeric nanofluids with particle
concentration and extended our analysis to their condensed form, known as
polymeric nanosolids. Generally the thermal properties like thermal
conductivity and thermal diffusivity of a material determine the thermal
conduction mechanism in a material. Since the heat losses in a sample do not
affect its thermal diffusivity value it is better to measure thermal diffusivity
than thermal conductivity for monitoring thermal conduction in a sample. The
measurement of thermal properties of polymeric nanofluids and their solid
counterparts have been done with experimental techniques that are based

photothermal effects. The absorption and conversion of optical energy into



thermal energy is common for all light absorbing materials irrespective of
whether they are solids, liquids or gases. The subsequent excitation and
deexcitation of electronic and atomic energy levels results in the heating in
these materials. Such process form the basis of photothermal techniques
employed for thermal property analysis. We have also arrived at theoretical
conclusions on effective thermal conduction observed with polymeric
nanofluids and their solid counterparts following the conventional effective
medium theory and its modified forms proposed by previous authors. It has
been shown that the experimental results agree with our theoretical

predictions within the uncertainty of the experimental results.

We have employed a thermal wave resonant cavity (TWRC) which
works based on thermal wave interference to measure the thermal diffusivity
of nanofluids. The thermal wave interference technique measures the thermal
diffusivity of a fluid filled in a resonant cavity formed between two parallel
metallic foils through which thermal waves generated at one metallic foil by
modulated optical absorption propagate back and forth resulting in
interference maxima and minima. By performing cavity length scan or light
modulation frequency scan, the interference peaks can be made to shift from
one maximum (or minimum) to the next maximum (or minimum). By
measuring the separation between adjacent peaks of the interference maxima
or minima in a cavity scan mode or the phase separation in a frequency scan

mode, one can determine the thermal diffusivity of the fluid accurately.

We have studied the variation in thermal conduction in condensed
polymeric nanosolids with the concentration of nanoparticles. The
determination of thermal properties of nanosolids has been made with
photopyroelectric (PPE) as well as photoacoustic (PA) thermal wave

techniques. In the PPE technique, an intensity modulated beam of light (from a



laser) incident on the sample generates a thermal wave, which propagates
through the sample creating a corresponding periodic temperature rise on the
opposite side of the sample. This temperature rise is picked up with a
pyroelectric detector (such as a PVDF film) attached to the sample. The
amplitude and phase of the pyroelectric signal are recorded as a function of
modulation frequency with a Lock-in-amplifier. The thermal properties such as
thermal conductivity, specific heat capacity as well as thermal diffusivity of the
samples have been evaluated from the amplitude and phase values of the
thermal wave. The measurements have been carried out on samples with

different mass fractions of nanoparticles.

The PA measurement of thermal diffusivity of a solid is based on the
sensitive detection of acoustic waves generated by the absorption of
modulated electromagnetic radiation, the most popular radiation source
nowadays being lasers. It is now well established that the PA effect involves
production of acoustic waves as a consequence of the generation of thermal
waves in the medium due to non-radiative de-excitation processes in the
sample as a result of periodic heating by the absorption of modulated light.
The experimental method is based on the analysis of the variations in the
amplitude and phase of the PA signal with the light modulation frequency,
which is also the frequency of the generated acoustic waves. The sample is
kept in an enclosed volume provided with a window to irradiate the sample
and a sensitive microphone picks up the PA signal, which is usually amplified
and processed with a lock-in amplifier. The experiment needs to be carried out
in a vibration free environment so that a sufficiently high signal to noise ratio

can be achieved.

In the following paragraphs, we give a chapter wise description of the

contents of the thesis.



Chapter 1 is a review on thermal conductivity of nanofluids. The
concept, preparation of nanofluids and experimental techniques followed by
previous authors are discussed in this chapter. The experimental investigations
on the dependence of various parameters such as nanoparticle volume
fraction, nanoparticle size, temperature, type of nanoparticle, type of base fluid
on effective thermal conductivity of nanofluids are also included. Various
theoretical models proposed by previous researchers to describe the
anomalous enhancements observed with nanofluids are put in proper
perspective. A somewhat comprehensive study on the anomalous
enhancement observed with thermal conductivity of nanofluids is described in
one of the sections. Investigations on the validity of mechanisms such as
formation of adsorption layer around the nanoparticle for describing the
effective thermal conductivity of polymeric nanofluids is one of the main
themes of the work presented in this thesis. This is discussed along with the

thermal conduction studies performed in polymeric nanosolids.

Chapter 2 describes the experimental techniques followed for the
measurements reported in this thesis. It describes the design and fabrication of
a thermal wave resonant cavity (TWRC) cell that we have employed for
measuring the thermal diffusivity of polymeric nanofluids. The main parts of a
thermal wave resonant cavity are i) a resonant cavity formed between two
parallel metallic foils ii) stepper motor controller attached to one of the metallic
foils for varying the cavity length to produce thermal wave interference. The
stepper motor is driven by signals from a programmed PC. A computer
program has been developed in visual basic to control the step size in the
cavity length scan experiment. Sensitive detection of the interference maxima
and minima have been performed with a PVDF detector and its output has

been analyzed with a Lock-in-amplifier which has been interfaced to the PC.

\



Experimental investigations on effective thermal conductivity and the thermal
diffusivity of polymeric nanosolids have been performed with the
conventional photoacoustic and photopyroelectric techniques. A description of
the basic principles and measurement of these techniques are also discussed in

this chapter.

Chapter 3 outlines the various theoretical models that we have followed
to describe the experimentally observed thermal conductivity of polymeric
nanofluids and polymeric nanosolids. The concept and derivation of
conventional effective medium theory for effective thermal conductivity of two
component mixtures, originally proposed by Maxwell, are discussed in this
chapter. The modified form of effective medium model proposed by previous
authors based on the mechanisms such as adsorption layer formation around
the nanoparticle, nanoparticle clustering etc. for describing the anomalous
enhancement observed with these nanofluids have also been discussed in this
chapter. As a second part of this chapter various theoretical models for
effective thermal conductivity of nanosolid materials, such as the model
developed by Nan considering the interfacial scattering in nanosolids, the
model developed by Cheng and Vachon following the diffusion of thermal
waves through nanoparticles and others have been discussed. Our predictions
on effective thermal conductivity of condensed polymeric nanosolids are also
presented by combining the concepts of Nan’s model and Cheng-Vachon

model.

Chapter 4 describes the results on the effect of nanoparticle volume
fraction on the effective thermal diffusivity of polymeric nanofluids and others
investigated by thermal wave resonant cavity technique. The variation in
thermal conduction in nanofluids is done by varying the concentration of

nanofluids.  The preparation of different concentrations of polymeric

Vi



nanofluids has been done following two step method which includes the
nanoparticle synthesis, dispersion of nanoparticles in the base fluid etc. These
are described in this chapter. Measurement of thermal diffusivity of polymeric
nanofluids and results obtained with these high molecular weight nanofluid
systems are given in this chapter. A comparison of experimental results and
theoretical analysis that we have carried out in the same system following the
theoretical models proposed by previous authors are also presented and
discussed in this chapter. In order to isolate the effect of adsorption layer on
effective thermal conductivity of nanofluids, we have also investigated the
variations of effective thermal diffusivity/thermal conductivity of water based
nanofluids with the concentration of nanoparticles. The experimental results

obtained with these are also presented and analyzed in this chapter.

Chapter 5 discusses the effect of nanoparticle size on effective thermal
diffusivity and thermal conductivity of polymeric and water based nanofluid
systems investigated by a thermal wave resonant cavity. The preparation of
polymeric and water based nanofluids with variations in the size of
nanoparticles are also described in this chapter. Finally, the validity of
mechanisms such as adsorption of liquid layer around nanoparticle surfaces
and clustering of nanoparticles in determining the particle size dependence of

effective thermal conductivity of nanofluids are discussed.

Chapter 6 describes the results on the investigations that we have
carried out on effective thermal conductivity and thermal diffusivity of
polymeric nanosolids by varying the concentration of nanoparticles. The
measurements have been carried out using photopyroelectric and
photoacoustic techniques. Comparison of observed experimental results with

various theoretical models are presented and discussed in this chapter.

vii



Chapter 7 gives a summary and conclusion of work done in this thesis.
Scope for future work in polymeric nanofluids and polymeric nanosolids are

presented in the last section of the thesis.
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Chapter 1

Introduction to Nanofluids

1.1 Introduction

Thermal properties of liquids play a decisive role in heating as well as
cooling applications in industrial processes. Thermal conductivity of a liquid is
an important physical property that decides its heat transfer performance.
Conventional heat transfer fluids have inherently poor thermal conductivity
which makes them inadequate for ultra high cooling applications. Scientists
have tried to enhance the inherently poor thermal conductivity of these
conventional heat transfer fluids using solid additives following the classical
effective medium theory (Maxwell, 1873) for effective properties of mixtures.
Fine tuning of the dimensions of these solid suspensions to millimeter and
micrometer ranges for getting better heat transfer performance have failed
because of the drawbacks such as still low thermal conductivity, particle
sedimentation, corrosion of components of machines, particle clogging,
excessive pressure drop etc. Downscaling of particle sizes continued in the
search for new types of fluid suspensions having enhanced thermal properties

as well as heat transfer performance.

All physical mechanisms have a critical scale below which the properties
of a material changes totally. Modern nanotechnology offers physical and
chemical routes to prepare nanometer sized particles or nanostructured materials
engineered on the atomic or molecular scales with enhanced thermo-physical

properties compared to their respective bulk forms. Choi (1995) and other
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researchers (Masuda et al., 1993; Lee ef al., 1999) have shown that it is possible
to break down the limits of conventional solid particle suspensions by conceiving
the concept of nanoparticle-fluid suspensions. These nanoparticle-fluid
suspensions are termed nanofluids, obtained by dispersing nanometer sized
particles in a conventional base fluid like water, oil, ethylene glycol etc.
Nanoparticles of materials such as metallic oxides (Al,O3, CuO), nitride ceramics
(AIN, SiN), carbide ceramics (SiC, TiC), metals (Cu, Ag, Au), semiconductors
(TiO,, SiC), single, double or multi walled carbon nanotubes (SWCNT,
DWCNT, MWCNT), alloyed nanoparticles (Al7oCus) etc. have been used for the
preparation of nanofluids. These nanofluids have been found to possess an
enhanced thermal conductivity (Shyam et al., 2008; Choi et al., 2001; Eastman
et al., 2001) as well as improved heat transfer performance (Xuan et al.,, 2003;
Yu et al., 2003; Vassalo et al, 2004; Artus, 1996) at low concentrations of
nanoparticles. Even at very low volume fractions (< 0.1%) of the suspended
particles, an attractive enhancement up to 40% in thermal conductivity has been
reported on these nanotechnology based fluids (Wang et al., 1999) and the
percentage of enhancement is found to increase with temperature (Das et al.,
2003) as well as concentration of nanoparticles (Shyam et al, 2008). The
effective thermal conductivity of these nanofluids are usually expressed as a
normalized thermal conductivity value obtained by dividing the overall thermal
conductivity of the nanofluid by the base fluid thermal conductivity or sometimes

as a percentage of the effective value with respect to the base fluid value.
1.1.1 Properties of nanofluids

It may be noted that particle size is an important physical parameter in
nanofluids because it can be used to tailor the nanofluid thermal properties as

well as the suspension stability of nanoparticles. Researchers in nanofluids have

[ D |
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Introduction

been trying to exploit the unique properties of nano particles to develop stable

as well as highly conducting heat transfer fluids.

The key building blocks of nanofluids are nanoparticles; so research on
nanofluids got accelerated because of the development of nanotechnology in
general and availability of nanoparticles in particular. Compared to micrometer
sized particles, nanoparticles possess high surface area to volume ratio due to
the occupancy of large number of atoms on the boundaries, which make them
highly stable in suspensions. Thus the nano suspensions show high thermal
conductivity possibly due to enhanced convection between the solid particle
and liquid surfaces. Since the properties like the thermal conductivity of the
nano sized materials are typically an order of magnitude higher than those of
the base fluids, nanofluids show enhancement in their effective thermal
properties. Due to the lower dimensions, the dispersed nanoparticles can behave
like a base fluid molecule in a suspension, which helps us to reduce problems
like particle clogging, sedimentation etc. found with micro particle suspensions.
The combination of these two features; extra high stability and high
conductivity of the dispersed 'manospecies’ make them highly preferable for
designing heat transfer fluids. The stable suspensions of small quantities of
nanoparticles will possibly help us to design lighter, high performance thermal

management systems.

Cooling is indispensable for maintaining the desired performance and
reliability of a wide variety of industrial products such as computers, power
electronic circuits, car engines, high power lasers, X-ray generators etc. With
the unprecedented increase in heat loads and heat fluxes caused by more power
in miniaturized products, high tech industries such as microelectronics,
transportation, manufacturing, metrology and defense face cooling as one of the

top technical challenges. For example, the electronics industry has provided

Department of Instrumentation, CUSAT



Chapter-1

computers with faster speeds, smaller sizes and expanded features, leading to
ever increasing heat loads, heat fluxes and localized hot spots at the chip and
package levels. Such thermal problems are also found in power electronics,
optoelectronic devices etc. So the enhanced heat transfer characteristics of
nanofluids may offer the development of high performance, compact, cost

effective liquid cooling systems.
1.2 Nanofluid thermal conductivity research: A review

Practical applications of nanofluids discussed above are decided by the
thermophysical characteristics of nanofluids. In the last decade, significant
amounts of experimental as well as theoretical research were done to investigate
the thermophysical behavior of nanofluids. All these studies reveal the fact that
micro structural characteristics of nanofluids have a significant role in deciding
the effective thermal conductivity of nanofluids. There are many reviews on
nanofluid thermal conductivity research (Wang et al., 2007; Murshed et al.,
2008a; Choi et al., 2009; Wen et al., 2009). In all reviews on nanofluid thermal
conductivity, both theoretical models as well as experimental results have been
discussed. By closely analyzing the experimental results and theoretical models
followed by previous authors we get a good picture of the conflicting reports on
the effective thermal conductivity of nanofluids and the mechanisms supporting
these reports. Experimental work done by a good number of research groups
worldwide has revealed that nano fluids exhibit thermal properties superior to
base fluid or conventional micrometer sized particle-fluid suspensions. Choi et
al. (2001) and Eastman et al. (2001) have shown that copper and carbon
nanotube (CNT) nano fluid suspensions possess much higher thermal
conductivities compared to those of base fluids and that CNT nanofluids have
showed a non linear relationship between thermal conductivity and

concentration at low volume fractions of CNTs (Choi et al., 2001).
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Initial work on nanofluids was focused on thermal conductivity
measurements as a function of concentration, temperature, and particle size.
Measurements of the thermal conductivity of nanofluids started with oxide
nanoparticles (Masuda et al., 1993; Lee et al, 1999) using transient hot wire
(THW) method. Nanofluids did not attract much attention until Eastman et al.
(2001) showed for the first time that copper nanofluids, have more dramatic
increases than those of oxide nanofluids produced by a two step method.
Similarly Choi et al. (2001) performed thermal conductivity measurement of
MWCNTs (Multi walled Carbon nano tubes) dispersed into a host fluid,
synthetic poly (a-olefin) oil, by a two step method and measured the effective
thermal conductivity of carbon nanotube-oil suspensions. They discovered that
nanofluids have an anomalously large increase in thermal conductivity, up to
150% for approximately 1 vol % of nanotubes, which is by far the highest
thermal conductivity ever achieved in a liquid. This measured increase in
thermal conductivity of nanotube based nanofluids is an order of magnitude
higher than that predicted using existing theories (Maxwell, 1873; Hamilton
and Crosser, 1962). The results of Choi ef al. (2001) show another anomaly that
the measured thermal conductivity is non linear with nanotube loadings, while
all theoretical models predict a linear relationship. This non linear relationship
is not expected in conventional fluid suspensions of microsized particles at such
low concentrations. Soon, some other distinctive features such as strong
temperature dependent thermal conductivity (Das et al, 2003) and strong
particle size dependent thermal conductivity (Chon et al, 2005) were

discovered during the thermal conductivity measurement of nanofluids.

Although experimental work on convection and boiling heat transfer in
nanofluids are very limited compared to experimental studies on conduction in

nanofluids, discoveries such as a two fold increase in the laminar convection
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heat transfer coefficient (Faulkner et al, 2004) and a three-fold increase in the
critical heat flux in pool boiling (You et al., 2003) were reported. The potential
impact of these discoveries on heat transfer application is significant. Therefore,
nanofluids promise to bring about a significant improvement in cooling
technologies. As a consequence of these discoveries, research and development
on nanofluids have drawn considerable attention from industry and academia

over the past several years.

Most of the experimental studies on effective thermal conductivities of
nanofluids have been done by using a transient hot wire (THW) method, as this
is one of the most accurate methods to measure the thermal conductivities of
fluids. Another method generally employed is the steady state method. All the
experimental results obtained by these methods have shown that the thermal
conductivity of nanofluids depend on many factors such as particle volume
fraction, particle material, particle size, particle shape, base fluid properties and
temperature. More detailed descriptions about the effect of these parameters on

effective thermal conductivity of nanofluids are discussed below.
1.2.1 Effect of particle volume fraction

Particle volume fraction is a parameter that has been investigated in
almost all of the experimental studies and most of the results are generally in
agreement qualitatively. Most of the research reports show an increase in
thermal conductivity with an increase in particle volume fraction and the
relation found is, in general, linear. There are many studies in literature on the
effect of particle volume fraction on the thermal conductivity of nanofluids.
Masuda et al. (1993) measured the thermal conductivity of water based
nanofluids consisting of AlLO; (13nm), SiO; (12nm) and TiO, (27nm)

nanoparticles, the numbers in the parenthesis indicating the average diameter of
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the suspended nanoparticles. An enhancement up to 32.4% was observed in the
effective thermal conductivity of nanofluids for a volume fraction about 4.3%
of Al,O; nanoparticles. Lee et al. (1999) studied the room temperature thermal
conductivity of water as well as ethylene glycol (EG) based nanofluids
consisting of Al,O3 (38.5nm) and CuO (23.6nm) nanoparticles. In this study a
high enhancement of about 20 % in the thermal conductivity was observed for
4% volume fraction of CuO in CuO/EG nanofluid. Later Wang et al. (1999)
repeated the measurement on the same type of nanofluids based on EG and
water with AlLOs; (28nm) as well as CuO (23nm) as inclusions. The
measurements carried out by these groups showed that for water and ethylene
glycol-based nanofluids, thermal conductivity ratio showed a linear relationship
with particle volume fraction and the lines representing this relation were found

to be coincident.

Measurements on other nanofluid systems such as TiO, in deionized
water (Chopkar et al., 2008) and multi walled carbon nanotube (MWCNT) in
oil (Choit et al., 2001) show a non linear relation between the effective thermal
conductivity and particle volume fraction which indicate the interactions

between the particles in the system.
1.2.2 Effect of particle material

Most of the studies show that particle material is an important parameter
that affects the thermal conductivity of nanofluids. For example, Lee et al.
(1999) considered the thermal conductivity of nanofluids with Al,O; and CuO
nanoparticles mentioned in the previous section. They found that nanofluids
with CuO nanoparticles showed better enhancement compared to the nanofluids
prepared by suspending Al,Oz nanoparticles in the same base fluid. It may be
noted that as a material ALLbO; has higher thermal conductivity than CuO.
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Authors explain this behavior as due to the formation clusters of AlO;

nanoparticles in the fluid.

Chopkar et al. (2008) made room temperature measurements in water
and EG based nanofluids consisting of Ag,Al as well as Ag,Cu nanoparticles
and it was found that the suspensions of Ag,Al nanoparticles showed
enhancement in thermal conductivity slightly more than Ag,Cu nanoparticle
suspensions. This was explained as due to the higher thermal conductivity of
Ag,Al nanoparticles. Also, the suspensions of carbon nanotubes in different
fluids were found to possess a surprising enhancement upto about 160% (Choi

et al., 2001) in the effective thermal conductivity value.
1.2.3 Effect of base fluid

According to the conventional effective medium theory (Maxwell,
1873), as the base fluid thermal conductivity decreases, the effective thermal
conductivity of a nanofluid increases. Most of the experimental reports agree
with the theoretical values given by this conventional mean field model. As per
Wang et al.’s (1999) results on the thermal conductivity of suspensions of
ALLO; and CuO nanoparticles in several base fluids such as water, ethylene
glycol, vacuum pump oil and engine oil, the highest thermal conductivity ratio
was observed when ethylene glycol was used as the base fluid. EG has
comparatively low thermal conductivity compared to other base fluids. Engine
oil showed somewhat lower thermal conductivity ratios than Ethylene Glycol.
Water and pump oil showed even smaller ratios respectively. However,
CuO/EG as well as CuO/water nanofluids showed exactly same thermal
conductivity enhancements at the same volume fraction of the nanoparticles.
The experimental studies reported by Xie et al. (2002b) also supported the

values given by the mean field theory.
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Chopkar et al. (2008) contradicted the above results based on mean field
theory statement by reporting higher thermal conductivity enhancement for
nanofluids with a base fluid of higher thermal conductivity. The theoretical
analysis made by Hasselmann and Johnson (1987) have shown that the
effective thermal conductivity of fluid-particle mixtures were nearly

independent of base fluid thermal conductivity.
1.2.4 Effect of particle size

The advent of nanofluids offers the processing of nanoparticles of
various sizes in the range of 5-500 nm. It has been found that the particle sizes
of nanoparticles have a significant role in deciding the effective thermal
conductivity of nanofluids. There are many studies reported in literature
regarding the dependence of nanoparticle size on effective thermal conductivity
of nanofluids. Chopkar et al. (2006) studied the effect of the size of dispersed
nanoparticles for Al;gCusp /EG nanofluids by varying the size of Al;oCusp
nanoparticles in the range from 9 nm to 83 nm. In another study on water and
EG based nanofluids consisting of Al,Cu and Ag,Al nanoparticles, Chopkar et
al. (2008) also investigated the effect of particle size on effective thermal
conductivity of nanofluids. In all these cases it has been found that the effective
thermal conductivity of a nanofluid increases with decreasing nanoparticle size.
Also, the results of Eastman et al. (2001) and Lee et al. (1999) support this
conclusion drawn by Chopkar et al. (2008) on the particle size effect on the

effective thermal conductivity of nanofluids.

In another study of the effect of particle size on the thermal conductivity
of nanofluids, reported by Beck ef al. (2009) in water as well as EG based
nanofluids consisting of AlLO; nanoparticles, the normalized thermal

conductivity of nanofluids vary in such a way that it decreases with decreasing
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the nanoparticle size. Thus conflicting reports have appeared in literature on the

dependence of particle size on the thermal conductivity of nanofluids.
1.2.5 Effect of particle shape

For experimentation, spherical as well as cylindrical shaped
nanoparticles are commonly used for nanofluid synthesis. The cylindrical
particles have larger aspect ratio (length to diameter ratio) than spherical
particles. The wide differences in the dimensions of these particles do influence
the enhancement in effective thermal properties of nanofluids. Xie et al
(2002a) measured the thermal conductivity of water as well as EG based
nanofluids consisting of both cylindrical as well as spherical SiC nanoparticles.
It was observed that in water based nanofluids, the cylindrical suspensions had
higher thermal conductivity enhancement of about 22.9% than the spherical
particles for the same volume fraction (4.2%). Also the theoretical values based
on Hamilton-Crosser model (1962) are found to be in good agreement with this

comparatively higher enhancement for cylindrical particle suspensions.

Another experimental study reported by Murshed et al. (2005) in water
based nanofluids consisting of spherical as well as rod shaped TiO;
nanoparticles showed a comparatively higher enhancement for rod shaped

particles (32.8%) than spherical particles (29.7%) at a volume fraction of 5%.

In addition to these experimental results a general observation is that
nanotube suspensions show a higher enhancement than the spherical particle
suspension due to rapid heat transfer along a larger distance through a
cylindrical particle since it has a length of the order of a micrometer. However,
the cylindrical particle suspension need higher pumping power due to its
enhanced viscosity (Timofeeva et al., 2009) which limits its usage, possible

application as a heat transfer fluid.
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1.2.6 Effect of temperature

The temperature of a two component mixture, such as a nanofluid,
depends on the temperature of the solid component as well as that of the host
media. In a nanofluid the increase in temperature enhances the collision
between the nano particles (Brownian motion) and the formation of
nanoparticle aggregates (Li et al., 2008a), which result in a drastic change in the
thermal conductivity of nanofluids. Masuda ef al. (1993) measured the thermal
conductivity of water-based nanofluids consisting of Al,Os, SiO,, and TiO;
nanoparticles at different temperatures. It was found that thermal conductivity
ratio decreased with increasing temperature. But the experimental results of
others have been contradictory to this result. The temperature dependence of the
thermal conductivity of Al,O; /water and CuO/water nanofluids, measured by
Das et al. (2003), have shown that for 1 vol.% Al,Os/water nanofluid, thermal
conductivity enhanced from 2% at 21°C to 10.8% at 51°C. Temperature
dependence of 4 vol. % Al,O3; nanofluid was much more significant, an
increase from 9.4% to 24.3% at 51°C. The investigations of Li et al. (2006) in
CuO/water as well as Al,Os/water reveal that the dependence of thermal
conductivity ratio on particle volume fraction get more pronounced with
increasing temperature. In spite of these experimental results, the theoretical
results based on Hamilton-Crosser model (1962) do not support the argument of
any significant variation in thermal conductivity with temperature. Researchers
have explained the enhancement in thermal conductivity with temperature in
terms of the Brownian motion of particles since it increases the micro

convection in nanoparticle suspensions.
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1.2.7 Effect of sonication time

The ultrasonic vibration technique is the most commonly used technique
for producing highly stable, uniformly dispersed nano suspensions by two step
process. It has been found that the duration of the application of the ultrasonic
vibration has a significant effect on the thermal conductivity of nanofluids

(Hong et al., 2006) since it helps to reduce the clustering of nanoparticles.
1.2.8 Effect of the preparation method followed

The enhanced heat transfer characteristics of nanofluids depend on the
details of their microstructural properties like the component properties,
nanoparticle volume fraction, particle geometry, particle dimension, particle
distribution, particle motion, particle interfacial effects as well as the uniformity
of dispersion of nanoparticles in host phase. So, the nanofluids employed in
experimental research need to be well characterized with respect to particle
size, size distribution, shape and clustering of the particles so as to render the

results most widely applicable.

As per the application, either a low or high molecular weight fluid can
be used as the host fluid for nanofluid synthesis. The dispersion of
nanoparticles in a base fluid has been done either by a two step method or by a
single step method. In either case, a well-mixed and uniformly dispersed
nanofluid is needed for successful reproduction of properties and interpretation
of experimental data. As the name implies the two step method involves two
stages, first stage is the processing of nanoparticles following a standard
physical or chemical method and in the second step proceeds to disperse a
desired volume fraction of nanoparticles uniformly in the base fluid.
Techniques such as high shear and ultrasound vibration are used to create
uniform, stable fluid-particle suspensions. The main drawback of this technique

12
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is that the particles will remain in an aggregated state even after the dispersion
in host fluids. The single-step method provides a procedure for the

simultaneous preparation and dispersion of nanoparticles in the base fluid.

Most of the metallic oxide nanoparticle suspensions are prepared by the
two step method (Kwak e al, 2005). The two step method works well for
oxide nanoparticles as well, but it is not as effective for metallic nanoparticles
such as copper. Zhu et al. (2004) developed a one step chemical method for
producing stable Cu-in ethylene glycol nanofluids and have shown that the
single step technique is preferable over the two step method for preparing

nanofluids containing highly thermal conducting metals.
1.3 Experimental methods

As mentioned above, thermal conductivity is the most important
parameter that decides the heat transfer performance of a nanofluid. Thus,
researchers have tried to achieve higher enhancements in effective thermal
conductivity of nanofluids by varying the nano particle volume fraction, nano
particle size, nano particle shape, temperature, the host fluid type as well as the
ultra sonication time required for preparing nanofluids. For all these
measurements researchers have followed either a two step or a single step
method for the preparation of nanofluids. They have employed experimental
techniques such as the transient hot wire method (Hong et al., 2005; Beck et al,,
2009) and the steady state method (Amrollahi et al., 2008) for the measurement
of the thermal conductivity of nanofluids. Other methods such as temperature
oscillation method (Das ef al., 2003) and hot strip method (Vadasz et al., 1987)
are seldom used for thermal conductivity measurements. In all these methods

the basic principles of measurement are the same, but differ in instrumentation
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and measurement techniques followed. The salient features of each of these

measurement techniques outlined below.
1.3.1 The Transient hotwire technique

The transient hot wire (THW) method to measure the thermal
conductivity of nanofluids has got established itself as an accurate, reliable and
robust technique. The method consists of determining the thermal conductivity
of a selected material/fluid by observing the rate at which the temperature of a
very thin platinum wire of diameter (5-80 um) increases with time after a step
voltage has been applied to it. The platinum wire is embedded vertically in the
fluid, which serves as a heat source as well as a thermometer. The temperature
of the platinum wire is established by measuring its electrical resistance using a
Wheatstone’s bridge, which is related to the temperature through a well-known

relationship (Bentley et al., 1984).

If %’ is the current following through the platinum wire and ‘¥’ is the
corresponding voltage drop across it, then the heat generated per unit length of

the platinum wire is given by,

g =/ (1.1)

If T; and T, are the temperatures recorded at two times t; and t;
respectively, the temperature difference (7;-7>) can be used to estimate the

thermal conductivity using the relationship,

14 .
L E N )
4n(T,~ Tl { [a ﬂ (2
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where ‘I’ is the length of the platinum wire.

The advantages of this method are its almost complete elimination of the
effects of natural convection and the high speed of measurement compared to

other techniques.

1.3.2 The steady state technique

In the steady state method (SSM), a thin layer of the fluid with unknown
thermal conductivity is subjected to a constant heat flux. The layer has one
dimension thickness very small compared to the other dimensions, so that the
one-dimensional Fourier equation can be used to define the heat flow in the
system. By measuring the temperature on both sides of this layer the thermal
conductivity of the liquid can be determined. Many steady state thin layer
experimental systems have been developed for the determination of thermal
conductivity of fluids including nanofluids (Xuan er al., 2000; Belleet and
Sengelin 1975; Schrock and Starkman 1958). Among them the coaxial
cylinders method is probably the best steady state technique for the
determination of the thermal conductivity of nanofluids. The major advantages
of this method are the simplicity of its design and the short response time of the
measuring procedure. By this method the thermal conductivity measurement is
possible with an accuracy of +0.1%. This method is applicable to electrically
conducting liquids as well as toxic and chemically aggressive substances. The
apparatus built for measurements based on this technique include two coaxial
aluminum cylinders with different diameters and lengths. The region between
the two cylinders is filled with the liquid of unknown thermal conductivity.
Both ends of the system are well insulated, ensuring no heat loss from the ends.
An electrical heater is inserted at the middle of the inner cylinder, fitting well in

the hole drilled for this purpose. Then the simultaneous recording of the

Department of Instrumentation, CUSAT



Chapter-1

temperature of the layers is possible with the help of temperature sensors

having high accuracy positioned on either side of the layer.

For a steady state situation the thermal conductivity of the fluid can then

be evaluated using the equation (Xuan et al., 2000),

Ln(R,/R
kf =q n( 2/ 1) (13)
27U(T; ~T,)
Knowing the thermal conductivity k, of aluminium cylinders which is
estimated accurately to be 75 W m" K, the thermal conductivity of the

nanofluid can be determined following the equation (Xuan et al., 2000),

where f; and £, are the equipment shape factors, 7" and 7, are the temperatures

on either side of the layer and the cylinder.
1.4 Theoretical models for thermal conductivity of nanofluids.

For the past one and half decades there has been a great deal of interest
in understanding the anomalous enhancement in thermal conductivity observed
in several types of nanofluids. This is mainly due to the fact that in several
experimental results reported in literature, the observed enhancements in
thermal conductivity are far more than those predicted by the well-established
mean field models. Even in the case of the same nanofluid system,
enhancements reported by different groups have shown wide differences. The
conventional mean filed models such as the Maxwell-Garnett model, Hamilton-
Crosser model as well as Bruggemann model were originally derived for solid
mixtures and then to relatively large solid particle suspensions. But, these
models have been derived from standard reference models for effective thermal

conductivity of mixtures. Therefore, it is questionable whether these models are
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able to predict the effective thermal conductivity of nanofluids. Nevertheless,
these models are utilized frequently due to their simplicity in the study of
nanofluids to compare theoretical and experimental values of thermal
conductivity. In the following sections we briefly outline the salient features of
the theoretical models widely used to explain the observed thermal conductivity
of nanofluids. More detailed description of these models are presented and

discussed in chapter 3.
1.4.1 Maxwell-Garnett model

Maxwell (1873) developed the first theoretical model for effective
thermal conductivity of two component mixtures considering negligible
interfacial resistance at the interface between the host phase and inclusions.
This model defines the effective thermal conductivity of isotropic, linear, non-
parametric mixtures with randomly distributed spherical inclusions. The
inclusions are considered to be small compared to volume of the effective
medium and are separated by distances greater than their characteristic sizes.
Extension of this model to nanofluids expresses the thermal conductivity of
nanofluids as an effective value of the thermal conductivities of the inclusions,

and the base fluid, which takes the form (Maxwell, 1873)

_ ke, + 2k, +2(k, k)4,
eff
k,+2k, —(k, —kf)¢v

(1.5)

Here £, is given by (Chen ef al., 1996)

. 3a4 )

* (1.6)
p 3 b
T+

where k. k, and krare the thermal conductivities of the nanofluid, nanoparticles

(in bulk) and the base fluid, respectively and @, is the volume fraction of
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dispersed particles. It may be noted that the interaction between the particles is
neglected in the derivation. As can be seen from the above expression, the

effect of the size and shape of the particles are not included in the analysis.
More detailed descriptions of these models are available in literature
(Maxwell, 1873; Das et al., 2007)

1.4.2. Hamilton-Crosser model

Later, Maxwell model was modified for non-spherical inclusions by
Hamilton and Crosser (Hamilton and Crosser, 1962). They expressed the
effective thermal conductivity of a binary mixture by the expression,

k,+(n=Dk, —(n-1)¢,(k, —k,)
Tk +(n=Dk, +,(k, —k,)

(1.7)

where n =— is the empirical shape factor, y being the sphericity of the dispersed
74

particle. When n=3, Equation (1.7) reduces to the expression for effective thermal

conductivity given by the Maxwell-Garnett model (Equation 1.5).
1.4.3 Bruggemann model

The two models outlined above have not considered the interaction
between the inclusion phases. The model developed by Bruggeman, known as
the Bruggeman model (Bruggeman, 1935), includes the interactions among the

randomly distributed spherical inclusions in the host phase.

For a binary mixture of homogeneous spherical inclusions, the

Bruggeman model gives an expression for effective thermal conductivity as,

k=34, ~ Dk, +[31-¢,) Dk, +~/A (1.8)

Department of Instrumentation, CUSAT



Introduction

where,

A=(3¢, -k, +[3(1-4,)-DI'k,” +2[2+94,(1- 4 )k k,  (1.9)

Most of the experimental findings show that thermal conductivities of
several nanofluids are far more than the values predicted by these mean field
models. The mean field models failed to explain the following experimental

findings,

(1) Nonlinear behavior that have appeared in effective thermal
conductivity enhancements of nanofluids (Chopkar et al., 2006; Li et
al., 2000; Kang et al., 2006; Hong et al., 2005; Jana et al., 2007,
Shaikh et al., 2007; Xie et al., 2002).

(i1) Effect of particle size and shape on thermal conductivity enhancements
(Xie et al, 2002; Chon et al., 2005; Kim et al, 2007; Li et al.,
2007 ;Chen et al., 2008 ;Shima et al., 2009).

(iii) Dependence of thermal conductivity enhancement on fluid
temperature (Chopkar et al., 2006; Li et al., 2006; Chon et al., 2005;
Wen et al., 2004).

So researchers tried to rennovate these conventional mean filed models
by including other mechanisms like Brownian motion of nanoparticles (Jang
and Choi, 2004), clustering of nanoparticles (Prasher et al., 2006, Wang et al.,
2003), formation of liquid layer around the nanoparticles (Yu and Choi, 2003;
Keblinski et al., 2002), ballistic phonon transport in nanoparticles (Keblinski et
al., 2002), interfacial thermal resistance (Nan et al., 1997; Vladkov and Barrat,
2006) etc. The following sections describe features of the various models based

on these mechanisms.
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1.4.4 Brownian motion of nanoparticles

Jang and Choi (2004) modeled the thermal conductivity of nanofluids by
considering the effect of Brownian motion of nanoparticles. This model is
based on the aspect that energy transport in a nanofluid consist of four modes;
heat conduction in the base fluid, heat conduction in nanoparticles, collisions
between nanoparticles and micro-convection caused by the random motion of
the nanoparticles. Among these modes, the random motion of suspended
nanoparticles, the so called Brownian motion, transports energy directly by
nanoparticles. This model gives a general expression for effective thermal
conductivity of nanofluids by combining the four modes of energy transport in
nanofluids. Among the four modes of energy transport the first mode is the
collision between base fluid molecules, which physically represents the thermal
conductivity of the base fluid. Assuming that the energy carriers travel freely

only over the mean free path/; , after which the base fluid molecules collide;

the net energy flux Jy across a plane at z is given by (Kittel, 1969)

1, 7 - dT
J =—1 C, C (-¢)—(1-¢)=—k
U 3 BF V .BF BF( ¢v) dZ ( ¢v)

BF

d—f(l—cév) (1.10)

A —

where C,,.,C,., T are the heat capacity per unit volume, mean speed, and
temperature of the base fluid molecules, respectively, and®, and kgr are the
volume fraction of nanoparticles and thermal conductivity of the base fluid.

The second mode is the thermal diffusion in nanoparticles embedded in

fluids, the net energy flux Jy at z plane is given by,

1 i - dT dT
J =——1 C =-k —¢, (1.11)

U 3 nano V.,nano v v dZ nano dZ
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where k..o and v are the thermal conductivity of the suspended nanoparticles
and the mean speed of electron or phonon, respectively. The thermal
conductivity of suspended nanoparticles involving the Kapitza resistance is

given by (Keblinski ef al., 2002),
knano = ﬂkp (1-12)

The third part of motion is the collision between nanoparticles due to
Brownian motion. The nanoparticle collision in a fluid medium is a very slow
process (Keblinski et al., 2002); the contribution of this mode to thermal

conductivity is much smaller than the other modes and can be neglected.

The last mode is the thermal interactions of dynamic or dancing
nanoparticles with base fluid molecules. The random motion of nanoparticles
averaged over time is zero. The vigorous and relentless interactions between
liquid molecules and nanoparticles at the molecular and nano scales translate
into conduction at the macroscopic level, because there is no bulk flow of
matter. Therefore the Brownian motion of nanoparticles in nanofluids produces
convection like effects at the nano scales. So the fourth mode can be expressed

as,

T,uno —Tar) dT
JU = h(Tnano _TBF)¢V = h5T¢v §—BF

0 —h5r¢vz (1.13)

T

where 4 and Jr are heat transfer coefficient for flow past nanoparticles and

thickness of the thermal boundary layer, respectively.

k 2 2
Here h D i Re dnano Pr f
nano

Neglecting the effect of the third mode, we can write the expression for

effective thermal conductivity of the nanofluid as,
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ke =kpr (1=0,) + kyo 9, + 9,001 (1.14)
§[=% (1.15)

The proposed model is a function of not only thermal conductivities of
the base fluid and nanoparticles, but also depends on the temperature and size
of the nanoparticles. So Equation (1.14) can be modified for effective thermal

conductivity of nanofluid as,

ky=k(1-¢)+k, ¢v+3cld—fkf Re,’ Pr, 4, (1.16)

p

C, is a proportionality constant, dr is the diameter of fluid molecules, d,
is the diameter of the nanoparticle, P is the Prandtl number of the base fluid,
which represent the ratio of the viscous diffusion rate to thermal diffusion rate
of the base media and kp* is the thermal conductivity of the particle considering
the interfacial thermal resistance known as the Kapitza resistance, ‘4’ is a

constant and Re, is the Reynold’s number given by,

Re, = % (1.17)

where C,, is the random motion velocity of nanoparticles and vy is the

kinematic viscosity of the base fluid. C} ,, can be determined using the relation,

D
Cru :Z_O (1.18)
BF
T
where D, = ky is the nanofluid diffusion coefficient, where kz is the
3mu,d,

Boltzmann constant, 7'is the temperature in K and u,is the dynamic viscosity of

the base fluid. When the dependence of the model on nanoparticle size is

yay4
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considered, it is seen that the thermal conductivity of nanofluid increases with
decreasing particle size, since the decreasing particle size increases the effect of

Brownian motion. In the derivation of this model, the thickness of the thermal

3d,
. /
boundary layer around the nanoparticles was taken to be equal to A.f

where dyis the diameter of the base fluid molecule. As the volume fraction of
nanoparticle increases, the effective thermal conductivity of nanofluids tend to
increase with Brownian motion of nanoparticles since it depends on the volume
fraction and temperature. There are many other studies that appeared in
literature on the effect of Brownian motion on the thermal conductivity of
nanofluids. But, the validity of this mechanism has been questioned by its
room temperature dependence on thermal conductivity since this model
describe the effective thermal conduction in nanofluids as an overall effect of

micro convective heat transport through nanoparticles.
1.4.5 Effect of clustering of nanoparticles

This model is based on the phenomenon of clustering of nanoparticles
(Prasher et al., 2006; Wang et al., 2003) in the host media; the formation of
these particle clusters or aggregates of nanoparticles tend to enhance the
thermal conductivity of nanofluids. The interconnected particle clusters, which
grow as fractal structures, as reported by some authors (Wang et al., 2003),
form easy channels for thermal waves to propagate resulting in an overall
enhancement in thermal conductivity and this mechanism of particle clustering
increases with concentration of particles in the fluid. The theoretical expression
for thermal conductivity of nanofluids by particle clustering has been worked
out by previous workers (Prasher et al., 2006; Wang et al., 2003). The
expression for the effective thermal conductivity of nanofluids with particle

clusters takes the form (Prasher et al., 2006),
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(k, + 2k 1= @[k, —k,]

where k, is the single nanoparticle thermal conductivity and k, is the thermal

conductivity of the clustered nanoparticle, given by

k,=(-¢, )k, +d. k, (1.20)

nt

where ¢, is the cluster volume fraction and ¢, is the volume fraction of the

9,
D

particles in a cluster ¢, =

Equation (1.19) implies that the effective thermal conductivity of
nanofluids increases with increase in cluster size. Evans et al. (2008) proposed
that clustering can result in fast transport of heat over relatively large distances
since the heat can be conducted much faster by solid particles when compared
to the liquid matrix. They investigated the dependence of thermal conductivity
of nanofluids on clustering and interfacial thermal resistance and have shown
that the effective thermal conductivity increases with increasing cluster size.
However, as the particle volume fraction increases, the nanofluid with clusters
show relatively smaller thermal conductivity enhancement. When it comes to
interfacial resistance, it is found that the interfacial resistance decreases with the
enhancement in thermal conductivity, but this decrease diminishes for

nanofluids with large clusters.

According to previous reports the nanoparticle clusters increase the
effective thermal conductivity of nanofluids, but the enhancement due to
clustering at higher particle concentrations is questioned by phenomena like

sedimentation of clustered nanoparticles.

N
~
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1.4.6 Formation of semisolid layer around nanoparticles

It has been speculated that (Yu and Choi 2003; Keblinski et al., 2002)
molecules of the base fluid form a semi-solid layer around the nanoparticles by
the adsorption of the base fluid molecules. This ordered semi-solid layer, which
has a higher thermal conductivity than the base fluid, increases the effective
particle volume fraction and hence the effective thermal conductivity of the
nanofluid. Thickness of this adsorption layer is given by Langmuir formula (Li

et al., 2008; Yan et al., 1986).

p= L | AM 8 (1.21)
\/—77 PN,

where ‘M’ is the molecular weight and p, is the mass density of the fluid. N is

the Avagadro’s number.

As per Langmuir formula the thickness of the adsorption layer is found

to be of the order of 10_9m for a liquid like water. Yu and Choi (2003) modified
the Maxwell (1873) model including the effect of liquid layering around
nanoparticles and assumed some possible values for the thermal conductivity of
the nanolayer. This model considered the nanoparticle with liquid layer as a
single particle and the thermal conductivity of this particle was determined
following effective medium theory. This renovated Maxwell model gives the

effective thermal conductivity of a nanofluid as

Lt 2k, 20k, =k )0+ B,
o kpe +2kf _(kpe _kf )(1+ﬂ)3¢v '

(1.22)

Here k. is the thermal conductivity of the layered nanoparticle, given by

_R20-p)+(+)1+20)) (123)
" =+ B 2y
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k . .. .
where y = k—l where k; is the thermal conductivity of the nanolayer, and £ is a

P
constant defined as . , where 7, is the radius of the particle and ¢ is the
r
P
thickness of adsorption layer given by Equation (1.21).
In addition to this, Yu et al. (2004) modified the Hamilton-Crosser
model (1962) for non spherical particle suspensions by considering the

adsorption effect on nanoparticle surfaces.

Wang et al. (2003) have presented another expression for effective
thermal conductivity of nanofluids based on particle clustering and the surface
adsorption effects of nanoparticles. According to this model the effective

thermal conductivity of clustered particle-fluid suspension is given by,

(1-,)+ 3¢, [ Kol

, k,(r)+2k,
off _ o (1) / (1.24)
k, k,(ryn(r)
T =g+ [
o ko (r)+2k,
where n(7) is the radius distribution function given by,
2
In(r / r,)
n(l") — 1 eXp _ cl “cl
Vc,x/ﬁlno /277,'111(7 (1.25)

and k. is the equivalent thermal conductivity of the cluster, which can be
determined by replacing ¢, by ¢,"in the thermal conductivity expression given

by Bruggeman model and k. can be written as,

k, =3¢, -k, +[31—-¢,) 1k, +~A (1.26)

)
N\
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where
A=(Gg, -1k, +[3(1-¢,) - 1Tk,* +2[2+ 94, (1-¢ )k k, (1.27)

and ¢,"is given by,

8 =, r)"” (1.28)

Here r,; is the radius of the clustered nanoparticle and r, is the thermal
conductivity of the bare nanoparticle and d; is the fractal dimension having

values in the range 1.8 - 2.2.

While considering the effect of liquid layering the k&, in the above
expression have to be replaced with k., the thermal conductivity of the layered

nanoparticle, and is given by

k +2k)+2A4(k —k
szk,( p+24) . (k, k) (1.29)
(k, +k)— 4 (k,—k)

where k; is the thermal conductivity of the adsorption layer and 4=1- ¢ (t+a)’

rp+t

3
and r, is replaced by (r,*+t) and ¢, by( j @,. The main drawback of the

Ty

above mechanism is that there is no experimental data available on the
thickness and thermal conductivity of the adsorbed nanolayers, which raise

serious questions about the validity of the model.
1.4.7 Models based on interfacial thermal resistance

According to researchers, various mechanisms described above are
responsible for enhancement in the effective thermal conductivity of nanofluids,
and all the models based on these have been derived without considering the

interfacial effects at fluid-particle boundaries. If these effects are taken into
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account it has been found that there is a possibility for de-enhancement in
effective thermal conductivity of nanofluids. Xuan et al. (2003) and Koo ef al.
(2004) have modified the Maxwell-Garnett model in order to arrive at an
expression for effective thermal conductivity of nanofluids in this regime. By
performing molecular dynamics simulation Vladkov and Barratt (2004) have
developed an expression for effective thermal conductivity of nanofluids
considering the effects such as interfacial thermal resistance (Kapitza
resistance) at the nanoparticle-fluid interface and Brownian motion heat transfer

between the particles and fluid molecules.

The expression for effective thermal conductivity in this regime can be

written as,
(k” (1+2 )+2)+2¢(k” (I-a)-1)
L a ), —r _a —
ke/f — kf kf (1 30)
k k k ’
TP +2a)+2) =4 P (1-a)-])
kf kf

where o :R"kf/ , Ri being the Kapitza resistance. This model predicts an
p

enhancement in effective thermal conductivity of nanofluids for a >1, and a
decrease for a <1 .This is because of the effective increase in Kapitza resistance
due to scattering of thermal waves at the solid-liquid interfaces, which is

determined by the value of a.

Nan et al. (1997) generalized the Maxwell —Garnett model, considering
the interfacial thermal resistance at the fluid-particle boundary which arises due
to the scattering of thermal waves at the interfaces. According to this model the
normalized thermal conductivity of nanofluids having particles shaped as

prolate spheroids with principal axes a;;=a,; < as;, take the form,
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&z 3+9,128,(1-L)) + B;;(1- Ly;)] (1.31)
kf 3_¢v(2ﬁ11Lll +:B33L33) .
where,

2

)4 p
L, = - c
11 2(p2_1) 2(p2_1)3/2
Ly=1-2L,p=ay/q,

osh™ p,

k, —k,
Bi= : , (1.32)
k_/' + Lu' (kn‘ - k_/')
P
l+yLk, Ik,

y=Q2+1/p)R, k. /(a,/2)
Here R;,; is the Kapitza interfacial thermal resistance.

1.4.8 Model based on Ballistic phonon transport in nanoparticles

In nanoparticles the diffusive heat transport is valid if the mean-free path
of phonons is smaller than the characteristic size of the particle under
consideration. In a nanoparticle if the diameter is less than the phonon mean
free path, the heat transport is not diffusive, but is rather ballistic. This fact
prevents the application of conventional theories for modeling the thermal
conductivity of nanofluids. Keblinski et al. (2002) noted that ballistic heat
transport still cannot explain the anomalous thermal conductivity
enhancements, because temperature inside the nanoparticles is nearly constant

and this fact does not depend on the mode of heat transfer.

1.4.9 Summary of theoretical models

The above are the commonly used theoretical models developed by

previous authors to interpret the observed thermal conductivity enhancements
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in nanofluids. In order to get the best fitting with experimental results some
authors have also tried different combinations of the above mechanisms (Xuan
et al., 2003; Koo et al., 2004) and defined the effective thermal conduction in
nanofluids as a combined effect of two or more mechanisms. But these
mechanisms have faced inadequacies to interpret the wide variations in the
experimental data reported in literature since there often exist physically
unrealistic situations with these proposed mechanisms. Table I summarizes
some of the experimental data of nanofluid thermal conductivity reported by
previous authors and their deviations from the proposed theoretical models
based on the Brownian motion of nanoparticles, clustering effects of
nanoparticles and other effects. In association to the Brownian motion of
nanoparticles, the main question is about the possibility of micro convection of
nanoparticles at room temperature. So the temperature dependence of Brownian
motion as well as its influence on clustering of nanoparticles need to be verified

with experimental data.

Other models based on mechanisms such as formation of nanolayer
around the nanoparticles also are found to be limited to resolve the
inconsistencies of the experimental results. The main problems that arise with

these models are

(1) The variation of the thickness of the adsorption layer with nanoparticle

size couldn’t be predicted.

(i) There is no experimental data available in literature on the thermal

conductivity of the adsorbed nanolayer.

(iii) The very existence of a semisolid monolayer is questionable.

Department of Instrumentation, CUSAT



Introduction

Table 1 presents a summary of the experimental findings reported by
previous authors for various nanofluids and the corresponding mechanisms
proposed for each. The wide differences in the experimental results that have
appeared in the case of the same nanofluid system increases the depth of the
issues involved. The main reason for the observed controversies may be due to
the differences in the experimental techniques employed, differences in sample

preparation methods, variations in particle sizes etc.

Recently, an elaborate inter-laboratory comparison initiated by
International Nanofluid Property Benchmark Exercise (INPBE) done by 34
organizations across the world has been published (Buongiorno et al., 2009).
This has helped to resolve some of the outstanding issues in this field. In this
exercise different research groups have measured thermal conductivity of
identical samples of colloidal stable dispersions of nanoparticles using different
experimental techniques such as transient hot wire technique, steady state

technique and optical methods.

The samples tested in the INPBE exercise comprised of aqueous and
nonaqueos base fluids, metal and metallic oxide particles, spherical and
cylindrical particles at low and high particle concentrations. The main

conclusions drawn from the exercise are the following.

(1) The thermal conductivity of nanofluids increases with increasing particle
loading as well as the aspect ratio of the dispersed particles, which is
in tune with the classical effective medium theory, originally proposed

by Maxwell (1873)
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Table 1.1 Summary of experimental findings and corresponding models for

thermal conductivity of nanofluids

Consistency/in-
Citation to M consistency
Experimental . Particle Volume Particle size ax. with the Details of
Nanofluid type . o Enhancem .
methods fraction ?v (%) (nm) . proposed analysis
ent (%) .
mechanisms
Masuda et al, Al203 -Water 1.30-4.30 13 324 “:;flogf:‘;;?;n 2-step
(1993) Si02- Water 1.10-2.40 12 1.1 motion of 31.85-86.85°C
Ti02- Water 3.10-4.30 27 10.8 .
nanoparticles
. 2-step
eo oral, (1999 | NeOsWaterlEG 1.004.30/1.005.00 o g | et (THW)
i Cu0- Water/EG 1.00-3.41/1.004.00 ' 12123 models Room
temperature
Wang et a1, Al>0s/Water/EG 3.00-5.50/5.00-8.00 28 16141 I_nconsister_lt Room
(1999) Al203/EO/PO 2.25-7.40/5.00-7.10 28 30/20 with mean field temperature
Cu0/Water/EG 4.50-9.70/6.20-14.80 23 34/54 models (SSM)
2-step
Eastman ef 4l I_nconsister_lt (THW) Room
’ Cu-EG 0.01-0.56 <10 41 with mean field | temperaturel.5
(2001)
models %
error
Effect of
Xie et al, SiC/Water/EG 0.78-4.18/0.89- 26 sphere 1713 | Consistent with | Paricle shape
(2002a) SiC/Water/EG 3.501.00-4.00 600 cylinder | 24123 H-C models "E“d sue s
xamined
(THW)
Room
temperature
Xie et al, Al,0s Water/EG 5.00 60.4 23/29 Consistent with & effect of
(2002b) Alz0s [PO/glycerol 5.00 60.4 38/27 H-C model base fluid
verified
(THW)
21-51°C
Das et al, Al203] Water 1.00-4.00 384 24 Consistent with depenE:?lce of
(2003) Cu0/ Water 1.00-4.00 28.6 36 H-C model
temperature
Verified 2-step
Room
Murshed et al, Ti02 [Water 0.50-5.00 15 sphere 30 Consistent with temperature
(2005) Ti02/ Water 0.50-5.00 10 x 40 rod 33 H-C model 2-step
(THW)
Consistent with Effect of
Hong et al, Brownian clustering was
(2006) Fel E6 0.10-055 10 18 motion of investigated
nanoparticle (THW)
27.5-34.7°C
Li and Peterson A0y Water 2.00-10.00 36 29 | noonsistent 26.9-33.4°C
(2006) Cud Water 2.00-6.00 29 5 | Wihmeanfield | ({temperature
models oscillation
technique)
Chopkar et a, AbCu Water[EG 1.00-2.00 310681101 | 96766 | meonsistent Effect of
(2008) AgzAll Water[EG 1.00-2.00 33/80 106ig3 | “ith mean field particle
models size was
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examined
Consistency/in-
Citation to Particle Volume L Max. consistency iis of
Experimental Nanofluid type fraction & (70 Particle size Enhancem with the Detalls.o
methods (nm) ent (%) proposed analysis
mechanisms
Effect of
Beck et 4l I_nconsister_lt Particle
’ Al20s/ Water 1.86-4.00 8-282 20 with mean field size was
(2009) .
models examined
(THW)
Inconsistent
. Al20s/ Water 0-18 36/47 31131 with Brownian o
Mintsa et al, CuO Water 0-16 29 2 motion of 20487

(2009) nanoparticles

Inconsistent
with Brownian

Turgut et al, Ti0z [Water 0.2-3.0 21 74 motion of 13-55°C

(2009) nanoparticles
Chai et . Inconsistent Room
i MWCNT/ PAO 0.04-1.02 25 x50000 57 with mean field temperature
(2001)
models (THW)
5 (diameter) Effect of
Assael et al, DWCNT /Water 0.75-1.00 130 8 Consistent with sonication
(2005) MWCNT |Water 0.60 34 clustering effect time was
10000 )
examined
Room
20 ~50 Consistent with temperature
Liu et al, (2005) MWCNT -EG/EO 0.20-1.00/1.00-2.00 . 12130 mean field & base fluid
(diameter)
models effect was
examined

(i1) At least for the samples tested in the exercise, there is no anomalous
enhancement of thermal conductivity as reported by previous workers.
The observed variations are within the limits set by the respective

measurement techniques.

(ii1)) The measurement technique such as THW found to possess an error up
to 3% and the preparation techniques followed for nanofluid synthesis

also affects the overall thermal conductivity.

The overall of conclusion of the INPBE is that the reports on anomalous

thermal conductivity reported by previous authors are experimental artifacts.

Even though the INPBE resolved the general controversies on the

effective thermal conductivity enhancement as mentioned above, the effect of
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particle size on the thermal conductivity of nanofluids has not been completely
understood yet. It is expected that the Brownian motion of nanoparticles result
in higher thermal conductivity enhancement with decreasing particle size.
However, some of the experiments show that thermal conductivity decreases
with decreasing particle size. The controversial reports on this aspect could be
due to the formation of nanoparticle clusters. There are many more issues about

which the INPBE exercise is silent about.

Particle size distribution is another important parameter that controls the
thermal conductivity of nanofluids. Most of the standard characterization
techniques give the average particle size in a sample and it is suggested that
average particle size is not sufficient to characterize a nanofluid due to the
nonlinear relation between particle size and thermal transport. It is also noted
that particle shape is effective on the thermal conductivity of nanofluids since
the rod shaped particles offer higher thermal conductivity than spherical ones.
More systematic investigations need to be made on this aspect to resolve the
outstanding issues. Temperature dependence is another important parameter
while discussing the thermal conductivity of nanofluids. Since only limited
studies have done on this aspect, more investigations on thermal performance of
nanofluids at higher temperatures have to be done, which may broaden the

applications of nanofluids.

Even though a large number of theoretical models have been developed
to resolve the controversies on the various experimental results available on the
thermal conductivity of nanofluids, none of them does satisfactorily explain the
dependence of micro structural characteristics of nanoparticles as well as the
temperature on effective thermal conductivity of nanofluids. More systematic
experimentation as well as theoretical modeling are needed to understand the

thermal transport mechanisms in a nanofluid completely.
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1.5 Work presented in this thesis

Most of the work done so far on nanofluids has been on nanofluids
prepared with low molecular weight base fluids such as water, oil, ethylene
glycol etc., which are the common heat transfer fluids used in industries. Since
a great deal of physics has emerged on the mechanisms of thermal conductivity
in such nanofluids, it is interesting to investigate thermal properties of
nanofluids prepared with high molecular weight base fluids, such as polymeric
fluids. Another interesting aspect is that polymeric nanofluids can be condensed
to form the corresponding solid nanosolids. This opens up the possibility of
investigating thermal properties of such condensed nanofluids or nanosolids. It
is interesting to investigate the physics involved in the mechanism and suggest

possible applications for such materials.

In the present work we had tried to investigate the validity of some
mechanisms proposed to be responsible for observed thermal conductivity
enhancements in polymeric nanofluids and extended the studies to their solid
counterpart. We have carried out the measurement of the relevant thermal
properties of such nanofluids to understand the role of mechanisms like

interfacial thermal wave scattering at nanoparticle-matrix boundaries.

In order to study the thermal conduction in polymeric nanofluids we
prepared two sets of polymer based nanofluids, TiO,/ PVA (*) and Copper/
PVA (**) and measured the thermal diffusivity following a thermal wave
interference technique. The nanofluid preparation was done following a two

step method.

The thermal diffusivity of the prepared nanofluids has been measured in
a Thermal Wave Resonant Cavity (TWRC) cell, which works based on thermal
wave interference. We varied the concentration of nanoparticles as well as the

dispersed particle size to study the overall variation in effective thermal
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conduction in nanofluids. As a result we obtained enhancements in the
normalized thermal conductivity/diffusivity for TiO,/PVA and Cu/ PVA
nanofluids. It has been found that the effective thermal conductivity of
polymeric nanofluids decreases with increasing nanoparticle size. In order to
define the effective thermal conduction in polymeric nanofluids we have
followed appropriate theoretical models for effective thermal conductivity
proposed by previous workers.

In addition to the above, measurements have been carried out and
theoretical calculations done for TiO, /water and Cu/water nanofluids as well
for completeness. The variations of thermal conductivity/diffusivity obtained
with variations in particle volume fractions are in tune with the mean field
theory. For these samples also no deenhancement of any kind in thermal
conductivity or diffusivity at low particle volume fractions has been obtained.

As a second part of the work we have extended the studies to the
condensed state of nanofluids and investigated the respective variations in
effective thermal conductivity of condensed nanofluids, or the corresponding
nanosolids, with concentration of nanoparticles. The main goal of this study has
been to achieve tunability in thermal properties of nanosolids from negative to
positive with respect to base fluid value. Then we carried out the thermal
conductivity measurements on these condensed samples following the
photopyroelectric (PPE) technique. We have measured the variations of the
normalized thermal conductivity as a function of concentration for the two sets
of samples, TiO,/PVA and Cu/PVA.

For the TiO,/ PVA nanosolid system the normalized thermal conductivity is
found to decrease with particle volume fraction in the beginning and then it
increases. In the case of Cu/ PVA nanocomposite system the variation of
thermal conductivity with particle volume fraction is opposite to

*TiO, nanoparticles dispersed in PolyVinyl Alcohol
**Copper nanoparticles dispersed in PolyVinyl Alcohol
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that for TiO,/PVA system. Up to about 4% increases in nanoparticle
concentration, the thermal conductivity of the nanosolid increased by a small
value (about 7%). This increase in thermal conductivity has been attributed to
the high thermal conductivity of copper nanoparticles. In order to explain our
experimental results, we developed at a theoretical expression for effective
thermal conductivity and diffusivity of nanosolids by combining ideas from

models proposed by previous authors.

From the present work we have concluded that for low molecular weight
nanofluids thermal conduction is controlled by the diffusion of thermal waves
while in polymeric nanofluids mechanisms of interfacial conduction and
diffusion of thermal waves decide the overall thermal conductivity nanofluids.
From the experimental studies it is found that it is possible to tune the thermal
conductivity of polymeric nanofluids and their solid counterparts by dispersing
them with appropriate nanoparticles in desired concentrations. The tunability
range can be varied from negative to positive with a proper choice of
nonmetallic or metallic nanoparticles and their concentrations. Further work
with other base fluids and nanoparticles is necessary to evaluate the commercial

viability of this class of materials.
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Experimental Methods

2.1 Introduction

The characterization of a material involves the determination of its
characteristic physical properties following established experimental techniques
under known conditions. Generally the word characterization stands for
analysis of the structural (material identification) as well as characteristic
physical properties of a material. Generally material identification or structural
analysis are done in crystalline materials for the identification of the type of
constituent phases, identification of unit cell dimensions, surface morphology,
grain sizes etc. In addition, the determination of characteristics physical
properties and the relevant physical constants or variables of the sample are
carried out. By performing characterization of a material, various physical and
chemical properties of a material can be identified and determined, which are

important for its applications in technology.

The main goal of the work presented in this thesis is the thermal
characterization of selected polymeric nanofluids and the corresponding
nanosolids prepared in the laboratory. In this chapter we discuss the principles
and methods of the different experimental techniques we have followed for the
characterization of the prepared nanofluids and nanosolids. The characterization
methods described in the present work starts with the techniques adopted for the
preparation of nanoparticles, which are the prime components for the

preparation of nanofluids and nanosolids. These nanoparticles determine the
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effective thermal properties of these materials. Normally the structural
identification and material analysis of these special material composites are
done by standard characterization techniques such as Powder X-ray Diffraction
(XRD), Scanning Electron Microscopy (SEM), Transmission Electron
Microscopy (TEM) etc.

The characteristic thermal properties such as thermal diffusivity, thermal
conductivity and specific heat capacity of the prepared polymeric nanofluids
and nanosolid samples have been determined by a set of photothermal
techniques; the thermal wave interference technique using a thermal wave
resonant cavity (TWRC) (Shen and Mandelis, 1996), Photopyroelectric
technique (PPE) (Menon and Philip, 2000), Photoacoustic (PA) technique
(Madhusoodanan et al., 1987) etc. A homemade thermal wave resonant cavity
(Shen and Mandelis, 1996) is used to measure the thermal diffusivity of the
prepared nanofluid samples. A TWRC cell works on the principle of thermal
wave interference occurring in a thermal wave resonant cavity. The other
photothermal techniques are based on photopyroelectric (Mandelis, 1985) and
photoacoustic (Rosenswaig, 1980) effects and these have been used for the
measurement of thermal properties such as thermal conductivity, thermal
diffusivity, and specific heat capacity of the condensed nanosolid materials. The
common principle of these two techniques is the detection of the temperature
fluctuations in a sample due to the absorption of intensity modulated
electromagnetic radiation by the sample. Detailed descriptions of the various
measurement techniques that we have followed to determine the characteristic
as well as thermal properties of the nano material based samples (liquids and

solids) are described in the following sections.
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2.2 Standard characterization techniques

The thermophysical properties of materials are determined by their
micro structural characteristics such as structure and chemical composition of
the constituent phases. While downscaling a material into nanoparticles with
dimensions in nano meter ranges, these characteristic properties show a wide
difference from its respective bulk form due to the differences in the number of
constituent atoms and their spatial distribution in crystal lattices. So the
synthesis and characterization of nanomaterials are the first and foremost steps
in experimental research on nano materials. The synthesis of nano materials is
usually done following physical or chemical routes. Proper selection of
synthesis parameters and procedures for a nano material and the appropriate
characterization techniques help to carry out evaluation of its desired properties
and potential applications. The standard characterization techniques include
techniques adopted to determine properties like particle size, particle shape,
microstructure etc. by experimental techniques under standard conditions.
There exist several advanced and sophisticated techniques for structural and
morphological characterization of nanocrystalline materials. In this work we
have followed some of the well known techniques for the structural

characterization of the nano crystalline materials and nanosolids.

We have employed characterization techniques like powder X-ray
diffraction technique and Scanning Electron Microscopy for material
identification and structure analysis of the prepared nanoparticles. In addition to
these, standard thermal analysis technique like differential scanning calorimetry
has been used for the evaluation of specific heat capacity of the prepared
nanomaterials. The principle and methodology of these measurement

techniques are described in the following sections.
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2.2.1 Powder X-Ray diffraction technique

Most of the nanostructures are essentially crystalline particles
characterized by a large value for the ratio of the number of surface atoms to
interior atoms. Most of the interesting properties of nanomaterials are brought

about by the large number of surface atoms in the particle material.

The powder X-ray diffraction technique (XRD) is a general technique
used for the determination of crystal structures and atomic spacing. This
technique is based on Bragg’s law of diffraction of X-rays from different
symmetry planes of a crystal. The regular arrangement of atoms along the
cleavage planes of a crystal act as grating elements which diffract X-rays. The
Bragg’s law of diffraction relate the wavelength (A) of the incident X-ray
radiation with inter planar spacing (d’) in a crystal. According to this law the
constructive interference in the diffraction pattern is obtained only when the

interfering reflected rays satisfy the condition,

2d sinf = nAi (2.1)
where 6 is the angle of diffraction.

In the present studies we have used a Bruker AXS D8 Advance X-ray
Powder diffractometer to identify the structure and estimate the average size of
the nanocrystalline particles. Identification of the phases of the nanocrystalline
samples are done by scanning the sample through a range of angles of incidence
20 for X-rays. Then, at each of the incident angles, the diffracted rays are
detected, processed and analyzed. Here all the possible directions of diffraction
are obtained by the random orientation of the powdered material; conversion of

the diffraction peaks into d-spacing identifies a crystalline material since each
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material has a set of unique d-spacing. Typically, this is achieved by

comparison of d-spacing with standard reference patterns.

The thickness (#) of a thin crystalline sample or the approximate sizes of
nanoparticles can be evaluated from an X-ray diffraction peak (Cullity, 1978),

as outlined below.

Consider a nano crystal having size (?) composing of (m+1) crystalline
planes. Let X-rays be incident on adjacent crystalline planes at angles 9,, 6:...
O... The constructive and destructive interference occurring in this entire crystal

lattice produces an intensity variation shown in Figure 2.1.

20, 20 20,

Figure 2.1 A typical X-ray diffraction pattern from a crystal

Here 260, and 26, are the diffraction angles at which the intensity of the
diffracted beams drop down to zero. The width of the diffraction peak increases
as the thickness of the crystal decreases because the angular range (26,-26,)
increases as m decreases. Here the width of the curve B is usually measured in

radians, at intensity equal to half the maximum intensity. As a rough measure of
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B, we can take half the difference between the two extreme angles at which the
intensity is zero, which amounts to assuming that the diffraction peak is

triangular in shape. Therefore,
1
3:5(201 -26,)=6,-6, (2.2)

As with Equation (2.1), now we write the path difference for these two
angles as related to the entire thickness of the crystal rather than to the distance

between adjacent planes:
Therefore
2tsin @, = (m +1)4
2tsin @, = (m - 1)4
By subtraction we find

t(sinf@, —sinf,) = 4

6+6,) . (6-0
Here 0~ 6, 03 so that 2tCOS( 12 stm( 12 ZJ:E

6,+0, ~ 20,

sin 6,-6, ) _(6-6,
2 2

o o 2t(%)c0503 =1

and
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Simplification of this equation gives,

_ 094
Bcosby (2:3)

This equation is known as Debye-Scherrer formula, is generally used to

estimate nanoparticle sizes.
2.2.2 Scanning Electron Microscopy (SEM)

The scanning electron microscopy is a widely used technique to
visualize and analyze the surface morphology and micro structural

characteristics of materials (Muralidharan and Subrahmania, 2009).

The scanning electron microscope (SEM) uses a focused beam of high
energy electron beam to generate a variety of signals at the surface of solid
specimens. The signals that are derived from electron-sample interactions
reveal information about the sample including surface morphology (texture),
chemical composition, crystalline structure and orientation of the constituent
material particles of a sample. This instrument images a sample by scanning it
with high energy electrons following a raster scan method. In most of the
applications the data are collected over a selected area of the surface of the
sample, and a 2D image is generated that displays spatial variations in the
surface properties of a material. In SEM, a specimen is irradiated by an electron
beam and data on the specimen are delivered by secondary electrons emitted
from the surface layer of thickness ~ 5nm and by backscattered electrons
emitted from the volume of linear size ~ 0.5um. Due to its high depth of focus

SEM is frequently used for studying fracture on material surfaces.

In a scanning electron microscope, a high energetic accelerated electrons

interact with a sample and produce signals corresponding to ejected secondary
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electrons (that produces SEM images), back scattered electrons (BSE),
diffracted back scattered electrons (EBSD-that are used to determine the crystal
structures and orientation of minerals), characteristic X-rays, electromagnetic
radiation and heat. SEM analysis is considered to be non-destructive, because
the X-rays generated due to electron beam - sample interaction do not lead to
any volume loss in the sample. The electrons emitted from the sample are
detected to form a magnified image which allows the examination of the
structure and morphology of the materials surface. In this work we have
employed a scanning electron microscope (JEOL Model JSM - 6390LV) having

an image resolution of ~ 3nm at an accelerating electron voltage of 30kV.
2.2.3 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry is an instrumental method for the
measurement of changes in enthalpy of a sample as the sample temperature is
varied. In differential scanning calorimetry (DSC), the sample material is
generally subjected to a linear temperature program, and the heat flow rate into
the sample is continuously measured; this heat flow rate is proportional to the
instantaneous specific heat of the sample (O’Neill ef al., 1964; Waston et al.,
1964). Two sample holders are mounted symmetrically inside an enclosure
which is normally held at room temperature. A primary temperature control
system controls the average temperature of the two sample holders, using
platinum resistance thermometers and heating elements embedded in the sample
holders. A secondary temperature control system measures the temperature
difference between the two sample holders, and adjusts this difference to zero
by controlling a differential part of the total heating power. This differential
power is measured and recorded. The plot of the variation of the differential

power with the programmed temperatures is known as the DSC curve. In this
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work we have used a Differential Scanning Calorimeter, Make Metler-Toledo,

Model 822°, for some of the measurements.

In order to measure the specific heat capacity (c,) of an unknown sample
having a known mass (m), the DSC curve is plotted with and without sample
(baseline). Comparison of these heat flow rates with that of a standard reference
material with known specific heat capacity (c,’) with known mass (m’) (ratio
method), gives the specific heat capacity of the unknown sample. Figure 2.2
shows a set of typical DSC curves, which can be used to measure the specific
heat capacity of an unknown sample. Here the baseline is the DSC curve

obtained without any sample in the sample pans.

A

Sapphire reference (m'c p' )

dH
dt

Sample (mc),)

Base line

v

Temperature T

Figure 2.2 A typical DSC curves used for the specific heat capacity
measurement of an unknown sample following ratio metric
method

Here the rates of heat flow into the sample and reference materials can

be written as,
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dt Y P dt (24)
di__ . _ . .dT )
dt Y= dt (2:3)

For the simplicity of the calculation here we have assumed that m=m,

so the specific heat capacity of the sample is given by,

'

€p _my

L ' 2.6
e, my (2.6)
Generally sapphire is used as the reference material in these
measurements. The thermal properties of the nanofluid and nanosolid samples
investigated in this work have been analyzed following the DSC technique. In

certain cases the heat capacities of the samples has been determined by the ratio

method, as outlined above.

2.3 Thermal diffusivity measurement by thermal wave

interference technique
Thermal wave propagation through a sample is determined by the
thermal diffusivity of the material; so the measurement of thermal diffusivity of

materials helps to design various heat transfer systems. Since thermal

diffusivity is directly related to thermal conductivity through the relation,

A=-c 2.7)

where £ is the thermal conductivity, p is the density and C is the specific heat
capacity of the medium, a measurement of thermal diffusivity directly leads to

determination of thermal conductivity. Conventionally, the photo thermal
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techniques, such as the photopyroelectric (PPE) and photoacoustic (PA)
techniques have been used to measure the thermal diffusivity of samples by
recording the frequency or time dependence of the amplitude or phase of
thermal waves in a fixed volume material (Mandelis et al., 1993a; John ef al.,
1986; Munidasa et al., 1994). The development of a new Photothermal
technique with a variable sample to source distance (Mandelis et al., 1993b;
Vanniasinkam, 1994) has opened up the possibility of measuring spatial
dependence of amplitude and phase of thermal waves, in a sample leading to
the development of the thermal wave interference technique. Thermal wave
interferometer is a device that employs interference of counter propagating
thermal waves to measure the thermal diffusivity of samples in their gaseous as
well as liquid phases. The working principle of this technique is analogous to
that of a resonance column used to determine the velocity of sound waves. In a
thermal wave interferometer the spatial dependence of thermal wave amplitude
is recorded to measure the thermal diffusivity of a fixed length of a fluid filled

inside a cavity.
2.3.1 Principle of the technique

The heart of a thermal wave interferometer is a Thermal Wave Resonant
Cavity (TWRC) cell; which works based on the phenomenon of interference of
thermal waves inside a resonant column (Shen ef al.,, 1996; Shen et al.,1995).
The resonant column or cavity is made up of two parallel plates; one made up
of a thin metallic foil of copper and the other of a metal coated Poly Vinylidine
Di Fluoride (PVDF) film. Here the copper foil launches thermal waves into the
cavity by the absorbing an intensity modulated laser radiation. The PVDF film
acts as a thermal wave reflector as well as a thermal wave detector to monitor
the temperature fluctuations due to the thermal wave propagation through the

fluid sample filled inside the cavity. Thermal waves propagating through the
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sample inside the cavity get reflected from the PVDF film attached opposite

side of the thermal wave resonant column.

Fre77]
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PVDF foil Metal foil

> Interference pattern

Figure 2.3 Formation of consecutive maxima and minima due to thermal
wave interference in a resonant cavity cell (TWRC).

A cavity length scan at a fixed modulation frequency for light or
modulation frequency scan for a fixed cavity length produces interference
maxima and minima inside the cavity. Figure 2.3 shows a schematic illustration
of the formation of interference maximum and minimum during the cavity
length scan in a thermal wave resonant cavity. The spatial variations of the
amplitudes and phases of the thermal waves inside the cavity are recorded as an
in-phase and quadrature outputs of a Lock-in-amplifier with the help of the
PVDF the thermal wave transducer. The resonance like extrema obtained in the
in-phase (IP) and quadrature (Q) outputs are used to determine the thermal

diffusivity of the fluid sample with high precision.

Since the copper foil is opaque, assuming a one dimensionality for the
thermal response of the cavity, the general expression for PPE signal detected
by the PVDF detector can be derived from the value of average pyroelectric
voltage as follows (Vanniasinkam et al., 1994; Mandelis et al., 1993a),
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WLa,./) il i i 2.8)
Qs ] )= 2 2. 2ol Dogl .
K0, (140 X1+by ) 1= Ve " |\ 1= VeV g€

where o; = (1+i)4}”%, (2.9)
J

is the complex thermal diffusion coefficient and «; denotes the thermal

diffusivity ; j=g, s, p (g-fluid, s-copper wall, p-PVDF wall); f'is the modulation
frequency; and [/ is the thickness of copper foil, pj are the thermal coefficients

at j-k interface, defined as

by
T )

(2.10)
b_/k‘K/ -

Kya;
The mathematical steps to arrive at Equation (2.8) are not reproduced

here as these are well documented in literature (Mandelis et al., 1993b). The

real part of Equation (2.8) Re [V (L,q,, ) ], stands for in-phase signal, the IP-

PPE while Im [V (L,a,, /) ] stands for the quadrature signal, Q-PPE.

2.3.2 Cavity length scanning

In a cavity length scanning experiment, modulation frequency f of the

incident light is fixed. For a given fluid Equation (2.8) can be written as,

—crgL
V(L) =C x ¢

(2.11)

-20,L
— g
1 ygsygpe
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where C is complex constant independent of cavity length. The IP-PPE and Q-
PPE signals thus vary with cavity length and their extrema occur at (Shen ef al.,

1995),

Lo =("—%)§ . n=1,2,3..... (2.12)

for the case of In-Phase signal, and

L@ -pt in=1,2,3,4.... (2.13)

n

for the quadrature channel,

where 1 =2, /ﬂa% (2.14)

is the thermal wave length corresponding to the modulation frequency f and a,
is the thermal diffusivity of the fluid sample. The conditions for IP-channel and
Q-channel extrema are the same as the antinodal conditions for a standing wave
in a pipe resonator with a capped end and with an open end respectively
(Kinsler and Fray, 1962). By locating the cavity lengths corresponding to these
thermal wave extrema, the thermal diffusivity can be calculated. Owing to
exponential decay of thermal waves in space, the extrema corresponding to n=1
and n=2 alone are significant as shown in Figure 2.4(a) and 2.4(b). Note that
thermal waves are highly dissipative in nature. From Equations (2.12), (2.13)

and (2.14) we can write the following expressions for thermal diffusivity.

_l wpy _¢oup) | 3

o _H(L2< ) >)

“ :ﬂ(h@ —L1<’P))2 \ (2.15)
z

o :ﬂ(LzuP) _L1<Q>)2

T
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where L") and L, are the extrema corresponding to the in-phase PPE
signal and 1,9 maximum extrema corresponding to the quadrature output.

Any of the above expressions can be used to calculate the thermal diffusivity of

the fluid medium.

The precise determination of the extremal positions is critical in cavity length
scanning experiments. The PPE signal (amplitude and phase) is recorded as a
function of the cavity length. An eighth order polynomial fit on the
experimental data helps to determine the positions of these extrema precisely. It

is found experimentally that using two extrema in the IP channel, L, and
L,'™ vyield very reproducible results, but when the L,/ in the Q-channel is

used the reproducibility is not so good. The superior reproducibility while using
the extrema in the IP channel is probably due to the fact that positions of
extrema in the same channels shift by the same amount if noise or instrumental

phase shift is introduced during the experiment.
A

Amplitude

Cavity Length L

Figure 2.4(a): Variation of the amplitude of the resonance signal with
cavity length in a cavity length scan experiment (in-phase
output).
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Amplitude

v

Cavity Length

Figure 2.4 (b) Variation of the amplitude of the resonance signal with
cavity length in a cavity length scan experiment

(quadrature output).

The formation of typical interference maxima and minima as a function

of cavity length in a cavity length scan experiment is shown in Figures 2.4(a)

and 2.4(b) for IP and Q channels respectively.

2.3.3 Frequency scanning

In a modulation-frequency scan experiment, the modulation frequency of
the incident radiation is varied keeping the cavity length fixed, to get the
interference maxima and minima inside the cavity. Here the relation between
cavity length L and the frequency corresponding to the n™ extremum in the IP

channel, £, ", is found to be (Shen et al., 1995)

LA 1,2,3 2.16
L=(n-)""—;n= :

(n 2) 2 7n b b ( )

where 4,") =2 EO%UP) (2.17)
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For the Q-channel the extreme condition can also be expressed as (Shen

et al.1995)

or L ~ an@ (2.18)

o
2,@ =2 ”%(Q) (2.19)

where n=1, 2, 3, 4...

In the frequency scan experiment, the PPE signal amplitude and phase
are measured as a function of modulation frequency. The interference maxima
are obtained by normalizing the measured PPE signal with a reference PPE
signal, obtained by performing the corresponding frequency scanning
experiment with air inside the cavity. In this experiment the first trough in the
IP signal is used to calculate the thermal diffusivity of the sample inside the
cavity. In this case also, the first extremum corresponding to n=1 is significant.
So from Equations (2.16)-(2.19), we can write the expression for thermal

diffusivity as,

2 .(IP)
(L YA 22
ag_[0.3315j 7 (2.20)

In a frequency scanning experiment, the types of variations of the in-

phase and quadrature outputs are similar to those of the cavity scan experiment.

In all our experiments we have used the cavity length scan technique to

measure thermal diffusivity of the fluid filled in the cavity.
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2.3.4. Technical description of the TWRC cell

A diagram of the Thermal Wave Resonant Cavity cell that we have
designed and fabricated in the laboratory is shown in Figure 2.5. The main part
of this TWRC cell is a Thermal wave Resonant Cavity formed between two
reflecting walls for thermal waves. One cavity wall is made of a 35 um thick
copper foil attached to a fixed cylindrical tube so as to form a stretched flat
surface about lcm in diameter. The other wall was formed by a metal coated
PVDF film, which also acts as a pyroelectric detector, of thickness 28 pm and
Icm diameter fixed on a copper disc at the bottom of the thermal wave
resonator cavity. One side of the copper foil acts as a thermal wave generator
formed by the absorption of optical radiation from a modulated He-Ne laser (20
mW, 632.8 nm). The outer surface of the copper foil has been blackened to
enhance optical absorption. The copper foil remains thermally thin at all
modulation frequencies less than 30Hz (thermal diffusion lengths in copper at
all these frequencies are much greater than the physical thickness of copper
foil). The holder bearing the PVDF film is attached to a micrometer stage,
which allows variations in cavity length L with a resolution of 2.5 um in one
step. The forward and backward movements of the sample holder (or PVDF
foil) are made possible by this micrometer stage which is controlled by a
stepper- motor driven by a computer. The upper and lower surfaces of the
PVDF detector is electrically connected to a dual- phase Lock —in —amplifier
(Stanford Research Systems model SRS 830) which detects the resonant
maxima and minima. A more detailed view of the experimental set up for the

TWRC cell is shown in the Figure 2.6
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Figure 2.5 Technical Parts of a Thermal Wave Resonant Cavity (TWRC)
cell

2.3.5 Measurement Method

The thermal diffusivity values of the different nanofluids in this work
have been measured following the cavity scan experiment described above.
This experiment offers a new degree of spatial freedom, which allows
measurement of thermal diffusivity of fluids in the intra cavity region of the

Thermal wave Resonant Cavity. As has been described earlier, the cavity length
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scan experiment records the thermal wave resonances at a single modulation

frequency. Furthermore, no normalization is needed, which leads to a fast,

precise measurement of the thermal diffusivity of fluids with uncertainties less

than +2% . The method has been tested with known liquids prior to adapting it

to nanofluids. We think that this technique is more convenient and accurate than

other techniques such as transient hot wire or parallel hot plate methods for

measurement of thermal conductivity of nanofluids.

+“—>

<

LI

o
o

Cu

Ref. (f)

—

He-Ne laser

PC
CD

D-PVDF detector, Cu-Copper foil, LI-Lock-in-amplifier, C- Mechanical chopper CD-

Chopper driver, PC-Personal computer

Figure 2.6 Experimental set up for the measurement of thermal
diffusivity of fluid samples using the TWRC cell by thermal
wave interference method.
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Figure 2.6 shows the experimental set up of TWRC cell that we have
configured to measure the thermal diffusivity of nanofluid samples. A
modulated optical radiation from a 20mW He-Ne laser (632.8 nm) impinges
normally on the copper foil. A multimode plastic optical fiber (core diameter 2
mm) is used to guide the laser beam on to the copper foil. The PVDF transducer
detects the thermal waves launched by the optically heated copper foil and
produces an electrical signal. After pre-amplification by a low noise amplifier,

the signal is fed into a Lock-in amplifier (SRS 830).

A computer program in Visual Basic developed by us controls the
operation of the experimental set up. The program is designed in such a way
that the micrometer moves step by step and data acquisition is done by the
Lock-in-amplifier at each step. The Lock-in-amplifier is interfaced to the

computer to make the whole experiment fully automated.

The interference extrema obtained inside the cavity when the cavity
length is varied are detected by the In-Phase and Quadrature channels of the
Lock-in amplifier. The Lock-in amplifier readouts have been obtained by
interfacing it to a Dell Vostro 1015 PC. We have plotted the thermal wave
interference obtained as a function of the cavity spacing and an eighth order

polynomial fit on experimental data helped to find the extrema L,"” | L,"”,

L, etc. Substituting these values in Equations (2.15) we have evaluated the

thermal diffusivity of the nanofluid samples.
2.4 Photo acoustic (PA) technique

Photo acoustic (PA) technique for the measurement of thermal
properties of solids is based on the sensitive detection of acoustic waves
generated by the absorption of modulated electromagnetic radiation, the most

popular radiation source nowadays being lasers. It is now well established that
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the PA effect (Rosenwaig et al., 1980) involves production of acoustic waves
as a consequence of the generation of thermal waves in the medium due to
periodic heating by the absorption of modulated light as a result of non-
radiative de-excitation processes in the sample. The PA technique constitutes a
comparatively simple and reliable experimental tool (Adams et al.,1977), which
has been extensively used for the measurement of thermal properties such as
thermal diffusivity and conductivity of solid samples (Charpentier et al., 1982;
Madhusoodanan et al., 1987).

The method is based on the analysis of the variations of the amplitude
and phase of the PA signal with the light modulation frequency, which is also
the frequency of the generated acoustic waves. Figure 2.7 shows parts of a basic
photoacoustic set up that we have used to measure thermal diffusivity of solid
samples. The sample having thickness /; is mounted on a high thermal
conduction backing material such as copper. A modulated laser radiation from
a He-Ne laser (632.8 nm), absorbed by the sample generates temperature
fluctuation on the surface of the sample, immediately generates acoustic waves,
which are detected by a sensitive microphone and a lock-in amplifier processes
the detected acoustic signals. The experiment needs to be carried out in a
vibration free environment so that a sufficiently high signal to noise ratio can be
accomplished. In the present work we have measured the variations of the PA
amplitude with modulation frequency to arrive at the thermal diffusivity of the

samples.

The sample thicknesses chosen in a PA experiments are such that at low
modulation frequencies (say < 50 Hz) the thermal diffusion length of the
sample is more than the physical thickness of the sample, in which case the

sample is said to be thermally thin. By increasing the modulation frequency to

@ Department of Instrumentation, CUSAT



Experimental Method

higher values (say > 100 Hz) the thermal diffusion length decreases and at a

high enough modulation frequency, it becomes

Glass window

He-Ne laser _—— t‘ ___________________
M

Sample

| Microphone

Mechanical Chopper

Lock in Amplifier

Figure 2.7 Parts of a basic photoacoustic set up used to measure thermal
diffusivity of solid samples.

less than the physical thickness of the sample. This takes the sample to a
thermally thick regime. The modulation frequency at which the sample
switches from a thermally thin state to thermally thick regime is called the
critical frequency. Critical frequency can be determined by measuring the
variations of the PA amplitude or phase with modulation frequency, which
appears as a distinct change in slope in the PA amplitude plot or as a maximum
in the phase plot. Once the critical frequency f. is determined, thermal

diffusivity a can be determined from the relation (Madhusoodanan et al.,1987)
o= 7[]‘;42 (2.21)
where [ is the sample thickness.

This technique has been employed by a good number of previous
workers to determine thermal diffusivities of a variety of solid samples (Philip

and Madhusoodanan, 1988; Parthasarathy ef al., 1988).
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2.5 Photopyroelectric (PPE) technique

Pyroelectric effect involves the induction of spontaneous, rapid,
polarization in a non-centrosymmetric, and generally piezoelectric, material due
to changes in temperature of the material. The Photopyroelectric effect consists
of generation of spontaneous polarization in a pyroelectric material due to the
absorption of intensity modulated electromagnetic radiation followed by the
corresponding rise in temperature. The theory of photopyroelectric effect in
solid samples giving the relevant expressions to determine thermal properties
such as thermal conductivity and thermal effusivity of a material were

originally developed by Mandelis and Zver (1985).

A modified PPE technique for the thermal characterization of condensed
solids was developed earlier (Menon and Philip, 2000). This technique enables
simultaneous measurement of the thermal conductivity, thermal diffusivity and

specific heat capacity of a solid sample.

i o heal i @ﬂ)
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% % Lock-in Amplifier
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Figure 2.8 A schematic diagram of the Photopyroelectric experimental set
up.
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In this work we have followed the same method for the simultaneous
determination of thermal diffusivity, thermal conductivity and specific heat
capacity of polymeric nanosolid samples described in chapter 6 of the thesis. A
schematic diagram of the PPE experimental set up that we have used for the

thermal characterization of the prepared nanosolid samples is shown in Figure 2.8.

In this technique, an intensity modulated beam of light (from a laser)
incident on the sample generates a thermal wave, which propagates through the
sample resulting in a corresponding temperature rise on the opposite side of the
sample. This temperature rise is picked up with a pyroelectric detector (PVDF
film of coated on both sides with a conducting film) attached on the back side
of the sample. The temperature variations sensed by the detector give rise to an
electrical current, which is proportional to the rate of change of the average heat

content, given by

i = PA[a Zf)j (2.22)

where P is the pyroelectric coefficient of the detector and 4 is its area.

0(t)1s the spatially averaged temperature variation over the thickness of the

detector L, , and is given by,

L
1 d
0(t) = [—j [ ocenas (2.23)
L, 0
Assuming that the sample and pyroelectric detector are thermally thick

thermal diffusion length ux= |2 less than the physical thickness of the
g Tf

sample; « being the thermal diffusivity and / the modulation frequency), one
can obtain the following expressions for the amplitude and phase of the PPE

signal at the output of the detector (Menon and Philip, 2000)
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#(f.T)= —tanfl(% )_[a”(f; )J L, (2.25)

Here 1 is the modulation frequency of light, 7" is the temperature, [, is

V(f,T)= (2.24)

intensity of radiation falling on the sample, 7, 1s a constant for a sample, R, is

the detector leakage resistance, f. is the critical frequency at which sample goes
from a thermally thin to a thermally thick regime. L, p and C, are the thickness,
density and specific heat capacity of the medium respectively, with subscripts d
and s standing for detector and sample respectively. The pyroelectric coefficient
of the detector film is P=30x10"°C. cm® K' at room temperature. The

P(T)

parameter
[ £y(T)C,py (T)

Jfor the detector has been determined by measuring

the PPE amplitude and phase at fixed modulation frequency as a function of
temperature from 25°C to 50°C in a calibration run. From the Equations (2.24)
and (2.25) it is clear that the thermal diffusivity o, of the sample can be
determined from the variation of phase with frequency of the PPE signal.
Fitting the experimental PPE phase curve with Equation (2.25) yields o.
Substitution of o, into the amplitude expression gives thermal effusivity e of
the sample. From these the thermal conductivity k,(7) and heat capacity C,(7)

can be obtained from the following relations
k(D) =e,(D]a, ()] (2.26)

c,ry=—2oD 2.27
M)AWMW” (227)
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A temperature calibration of the PPE detector with reference materials
such as Copper (a,=1.12x10"m’s™) and Polymer nylon (a=1.26x107 m’s™)
yield all necessary parameters in Equations (2.24) and (2.25).

The amplitude and phase of the pyroelectric signal are recorded as a
function of modulation frequency with a Lock-in-amplifier. From the amplitude
and phase values of the PPE signal, thermal properties like thermal
conductivity, specific heat capacity and thermal diffusivity can be evaluated.
All the experimental and technical details of this method are described in detail
elsewhere, (Preethy C. Menon, Ph.D. thesis, 2001, CUSAT; Menon and Philip,
2000).

2.6 Measurements in different systems

In this present work we have followed experimental techniques
described earlier to perform the thermal characterization of the different types
of polymeric nanofluids and solid nanosolids. Here the preparation of
nanofluids and nanosolids has been done by a two step method, in which a
uniform dispersion of the synthesized nanoparticle in a base fluid produced the

nanofluid and their solid counterpart provided the nanosolid.

The most essential part of these polymeric nanofluids and nanosolids are
the nanometer sized metallic and metallic oxide nanoparticles prepared
following chemical routes. As mentioned in chapter 1, the structure and size of
these nanoparticles strongly influence the thermal properties of nanofluids and
nanosolids. So before performing the thermal transport measurements we have
identified the structure, shape and size of the prepared nanoparticles such as
Ti0O,, copper etc. using the XRD and SEM analysis. These techniques identified
the structure, shape, size, morphology and composition of the nanoparticles

used for the preparation of the desired nanofluids and nanosolids.
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Using the thermal wave interference technique, thermal diffusivity of the
prepared nanofluids of different concentrations and particle sizes have been
measured. Experimental variations of thermal diffusivity as a function of the
concentration and size of the dispersed nanoparticles have been plotted, which
yield information about the thermal conduction properties of the nanofluids of

interest.

In the second part of the experimental work we have carried out the
thermal characterization of condensed nanofluids (nanosolids) by measuring
their thermal properties such as thermal conductivity, thermal diffusivity,
specific heat capacity etc. For this we have employed the photothermal
techniques such as photo acoustic and photopyro electric techniques. The photo
acoustic technique has been used for measuring the thermal diffusivity of
condensed polymeric nanofluids (nanosolids) first. Then a more complete
thermal characterization has been done by measuring of thermal conductivity,
thermal diffusivity and specific heat capacity following the photopyro electric
technique. This enabled us to compare the thermal diffusivity values of these
samples measured following these two techniques. We have also measured the
specific heat capacity of the nanosolid samples using differential scanning
calorimetry following the ratio method. This helped us to compare the specific
heat capacity values of nanosolids measured by two different techniques. More
detailed description of the experimental techniques and their descriptions are

given in the respective chapters.
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Theoretical Models for Thermal Conduction in
Polymeric nanofluids
and nanosolids

3. 1 Introduction

The theoretical models describing effective thermal conductivity of two
component mixtures have been derived based on the assumption that all
mixtures constitute a continuous base medium called the matrix with a
discontinuous solid component called particles embedded in it. As mentioned in
chapter 1, thermal properties of a two component mixture depend on the details
of their microstructures, such as component properties, component volume
concentrations, particle dimensions, particle geometry, particle distribution,
particle motion and matrix-particle interfacial effects. The transport properties
of heterogeneous mixtures have attracted the interest of researchers ever since
the time of Maxwell in the nineteenth century. The reason for this interest is, of
course, due to the enormous variety of physical systems in which
inhomogeneities occur and their practical applications. Among various
transport properties, the conductivity properties, comprising the dielectric
constant, magnetic permeability, electrical conductivity and thermal
conductivity, may be treated together in an analogous manner because of the
comparable form of conduction laws. Maxwell was one of the first to
investigate conduction properties analytically for a mixture consisting of

particles embedded in a base medium following the effective medium theory
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(Effective Medium Theory or Effective Medium Approximation denoted as
EMT or EMA). The effective medium theory describes the macroscopic
properties of a medium based on the properties of the components and their
relative volume fractions. Later, using a mean field approach, Maxwell and
Garnett modified the effective medium theory originally developed by Maxwell
(Maxwell, 1873) to derive the expressions for effective dielectric properties of a
two component mixture. Then, it has been extended to thermal conductivity so
as to express the effective thermal conductivity or simply thermal conductivity

of a binary mixture in terms of its corresponding component properties.

3.2 The Maxwell- Garnett model

The Maxwell - Garnett model or M-G model (Maxwell, 1873) is the first
theoretical model used to describe the effective thermal conductivity of two
component mixtures. Maxwell had followed an effective medium theory to
express effective properties of a binary mixture. The properties considered have
generally been the electrical conductivity ¢ as well as the dielectric constant €
of the medium. The conductivity ¢ and dielectric constant ¢ are interchangeable
due to the wide applicability of the Laplace transforms. An analogous approach
has been adopted to arrive at the effective thermal conductivity of a
homogeneous mixture in terms of the thermal conductivity of its constituent

phases.

3.21 M-G model for effective dielectric constant of a binary
mixture
Maxwell and Garnett followed a self consistent approximation or Mean
Field Theory (MFT) to derive effective properties of homogeneous mixtures.

The main idea of MFT has been to replace all multiple body interactions in a

system to any single body one with an average or effective interaction between
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them. This reduces any multi-body problem into an effective one-body
problem. A many-body system with interactions is generally very difficult to
solve exactly, except for extremely simple cases. In the effective medium
approach, an n-body system is replaced by a one-body system with a chosen
good external field. The external field replaces the interactions of all the other
particles to an arbitrary single particle. The ease of solving problems following
MFT provides some insight into the overall behavior of the system on an
average, which suffices for most applications. In order to derive the effective
dielectric properties of a medium, Maxwell- Garnett model considered systems

under the following conditions.

(i) a mixture which is electro dynamically isotropic, non parametric and
linear (none of its constitutive parameters depends on the intensity of

electromagnetic field).

(i) inclusions are separated by distances greater than their characteristic

sizes.

(i) the characteristic size of inclusions is small compared to the

wavelength of the electromagnetic field in the effective medium.
(iv) inclusions are arbitrary randomly distributed.
Consider an effective medium consisting of a matrix medium with
dielectric constant &, and inclusions of dielectric constant € having volume

fraction @, . Suppose the effective medium is subjected to an electric field E. In

order to derive the Maxwell-Garnett equation, let us start with an array of
polarizable particles. By using the Lorentz local field concept, it is rather

straightforward to get the Clausius Mosotti Equation (Griffith, 1999) as
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e-1_4r
== 2 Na, 3. 1)
J

where a; is the polarizability of the ;™ component and N; is the number of
components. By using elementary electrostatics, we get the following

expression for the polarizability for a spherical inclusion with radius » as

(- 3

e 12) (3.2)

If we combine this with the Clausius - Mosotti equation we get,

geﬁ'+2 Y gp+2 ( )

where €. is the effective dielectric constant of the mixture. As the model of

Maxwell and Garnett is a composition of a matrix medium with inclusions we

rewrite the above equation for such a system as

Eff —€m | Eeff —Em

Eoir +28, R Eoir +28, (3-4)

This is the Maxwell-Garnett equation. When & belongs to the real

number set, we can simplify the Maxwell-Garnett equation to obtain the

following expressions for .4

_ gp (1+2¢V)_‘9m (2¢v _2)
T )+ a, (-4 G-

This is the Maxwell- Garnett equation which expresses the effective
dielectric properties of a mixture in terms of its component values. Due to the

interchangeability of conduction laws, it is possible to convert the above
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expression into respective thermal conductivity terms by replacing the dielectric
constant of the effective medium, matrix and inclusion by the corresponding
thermal conductivities. Obviously, one has to rewrite the relevant steps of the
derivation of Maxwell —Garnett formula (Maxwell, 1873) for effective thermal
conductivity of mixtures following Laplace equation with the temperature 7 as

the forcing field instead of the electric field E.

3.2.2 M-G model for effective thermal conductivity of a binary

mixture

In order to derive an expression for the effective thermal conductivity of
a binary mixture following Maxwell’s idea, (Maxwell, 1873), M-G model
considers a very dilute suspension of spherical particles by ignoring interactions
between particles. For a mixture containing identical spherical particles of
radius 7, in a field of temperature 7" and temperature gradient G, the steady

state-condition can be defined by the Laplace equation,
2
VT(r)=0 (3.6)

By introducing a large sphere of radius 7y containing all the spherical
particles dispersed in the matrix and being surrounded by the matrix, one can
calculate the temperature 7 outside the sphere ry at a distance » > ry in the

following two ways (Stratton, 1941; Van Beek, 1967).

First, the sphere 7y is considered to consist of a heterogeneous system
with an effective thermal conductivity k. embedded in a matrix with a thermal
conductivity k,. The temperature 7 outside the sphere 7y can therefore be

expressed as,
ke =k 1’

T(r)y=|-1+

G.r 3.7)
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This is obtained by solving Laplace Equation together with the following

boundary conditions:

T(r),,, =-Gr T, =T, (338
r, 2L _, 9T (3. 8b)
8r r—>ry 8r rﬁrg

Second, the temperature 7 is considered to be produced by all the
spherical particles with thermal conductivity k,, embedded in a matrix with a
thermal conductivity k,, and by following a similar procedure it can be

calculated from the superposition principle as

k -k ¢ r3
T = | -1+ L - r 0| G .
(r) L F T & 3 ] r (3.9)

m p

From the above equations, the effective thermal conductivity k. of a two
component medium can be readily obtained after simple algebraic

manipulations as

k ko + 3¢ Kp = K
= +
eff m v2km+kp_¢v(kp_km) (310)
Rearranging terms in the above equation, we can write
keﬁ' _ (1_¢v)(kp +2km)+3¢vkp
(3.11)

ky (1= )(k, +2k,)+3¢,k,

This is the conventional Maxwell —Garnett effective medium self
consistent approximation that has been used to describe the effective thermal
conductivity of two component mixtures. The Maxwell equation takes into

account only the particle volume concentration and the thermal conductivities
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of the particle and base medium. Later researchers introduced other classical
models which include the effects of particle shape (Hamilton and Crosser,
1962), particle distribution (Cheng and Vachon, 1969), and particle-particle
interactions (Jeffrey, 1973). However, all of these models predict more or less
identical enhancements in thermal conductivity at low particle concentrations
(<1 vol. %) for nanofluids under investigation. Therefore, the Maxwell model
is used in this study as representative of all classical models. In this thesis we
have used the Maxwell-Garnett model (Maxwell, 1873) and some of its
extended forms (Yu and Choi, 2004; Liang and Tsai, 2011; Nan et al., 1997,
Cheng and Vachon, 1969) to establish the mechanisms responsible for the
observed enhancements in thermal conductivity and thermal diffusivity of
Polymeric nanofluids and their solid counterparts, known as Polymeric
nanosolids. In the following sections we discuss the details of the theoretical
models that have been used for the theoretical calculations for comparison with

experimental results.
3.3 Thermal Conduction in Polymeric nanofluids

3.3.1 Effect of adsorption layer on thermal conductivity

Adsorption is the adhesion of atoms or molecules of a fluid on to a rigid
solid surface. This process creates a thin film of the adsorbate (the molecules or
atoms being accumulated) on the surface of the adsorbant. In 1919, Langmuir
introduced a model to quantify the amount of adsorbate adsorbed on an
adsorbant as a function of the partial pressure or concentration of absorbate
molecule at a given temperature. Langmuir’s model considers adsorption of

fluid molecules onto an idealized surface.
The main physical process that determine adsorption as per this model are
1) the adsorbed fluid transforms into an immobile state or phase.
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i1) all sites are equivalent.
iii) each site can hold at most one molecule (mono-layer coverage only).
iv) there are no interactions between adsorbate molecules on adjacent sites.

In a typical nanofluid system, it is assumed that the adsorption of liquid
molecules on a nanoparticle surface is thought to be monolayer one. The way
the molecules get organized on particle surface is generally considered to be
hexagonal in nature. From the Langmuir formula of monolayer adsorption of
molecules, the thickness of adsorption layer can be expressed as ( Hua et al.,

2008; Wang et al., 2009),

YA
1 AM
- 3. 12
t \/g{prAj ( :

where M is molecular weight of the base fluid, p; is the density of the liquid,

and N4 is Avogadro’s constant (6.023 x 102/ mol).

For a typical water based nanofluid system, the thickness of adsorption
layer calculated using Langmuir formula, is 1. 8- 2.3 nm. The involved for the
derivation of Equation (3.12) is well documented in literature and available
elsewhere (Yan, 1986). Researchers have tried to establish the anomalous
enhancement observed in effective thermal conductivity of low molecular
weight based nanofluids (Yu and Choi, 2003; Yu and Choi, 2004; Xie et al.,
2005; Wang et al., 2003) in terms of the phenomenon of adsorption of base
fluid molecules around nanoparticle surfaces. But experimental studies
(Buongiorno et al., 2009) have shown that this adsorption layers have no
significant influence on the effective thermal conductivity of nanofluids made

from low molecular weight base nanofluids like water, Ethylene Glycol etc.
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However, for a polymer based nanofluid consisting of solid particle
suspensions embedded in a polymer fluid, the adsorption of liquid molecules on
the surface of solid material is a well defined phenomenon (Becker et al., 1989;
Klein and Luckham, 1986). There are a number of studies reported in literature
(Klein and Luckham , 1986; Glass, 1968; Witt and Ven, 1992; Nash et al.,
1996) on the adsorption characteristics of a polymer liquid like PVA. Schematic
illustration of the formation of a polymer layer around solid nanoparticle is

shown in Figure 3. 1.

- T -—b Nanoparticle

IR SR R ) -—> Adsorption
-~y O o d layer

it ] Base
- - 1y medium

Figure 3.1 Schematic illustration of the formation Polymeric nanolayer

around a spherical nanoparticle.

For a polymeric fluid, the apparent thickness (#,;) of the adsorption layer
formed around the nanoparticle is obtained by subtracting the radius of the bare
nanoparticle » from the hydrodynamic radius (R;) of the layered nanoparticle.
The hydrodynamic radius of the layered nanoparticle can be estimated from the

Stokes- Einstein equation as,

kT
671D

0 3. 13)
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where x the viscosity of the base fluid and D is the diffusion coefficient of the
layered nanoparticle. Studies on the adsorption of PVA like liquid polymers
around solid particles (Becker er al., 1989) have shown that the effective

adsorption layer thickness #, varies with nanoparticle radius r as

[(r + tM,)3 — r3J
r = 3,2 (3.14)

Upon performing this calculation we obtain an apparent adsorption layer

thickness in the range 1-5 nm for a typical polymeric nanofluid.

We try to explain the observed effective thermal conduction in a
polymeric nanofluid in terms of the formation of adsorption layer and the
associated nanoparticle clustering. Though different authors have modified the
effective medium theory including the formation of liquid adsorption layer
around particles, most of these modifications have been done for nanofluids
made of low molecular weight base fluids. We adopt similar formalism to the
two systems studied in this work. For polymeric nanofluids, we have tried to
establish the thermal conduction properties analytically following the
theoretical models given by Yu and Choi (2003), and Liang and Tsai (2011)
which consider the particle clustering in the nanofluid. Detailed descriptions of
the theoretical models that we have adopted in our theoretical analysis and their

comparison are given in the following sections.
3.3.2 Renovated Maxwell-Garnett model including adsorption
layers

Yu and Choi (2003) modified the Maxwell —Garnett model to derive the
effective thermal conductivity of nanofluids composing of nanoparticles with

adsorption layer as follows.
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In order to include the effect of the liquid adsorption layer, Yu and Choi

(2003) considered that nanoparticles of radius » and volume fraction P, are

suspended in a base fluid. Assume that the solid-like adsorption layer of
thickness ¢ around the particles is more ordered than the bulk liquid and that the
thermal conductivity k.- of the ordered liquid layer is higher than the base
liquid. In high molecular weight based fluid, ¢ is estimated as a difference
between the hydrodynamic radius and the radius of the suspended nanoparticles
in the medium (Becker et al., 1989). One can find theoretical as well as
experimental findings on this subject in literature (Becker ef al., 1989, Schwartz

et al., 1995).

In order to simplify the analysis, assume that the nanolayer around each
particle could be combined with the particle to form an equivalent particle and
that the particle volume fraction is so low that there is no overlap of these

equivalent particles. The above assumptions result in an equivalent particle

radius 7+¢ and an increased volume fraction @, , which can be expressed as

§= S a0 n="wrn Y = 4,04 ) G.15)

where 7 is the particle number per unit volume and f = ¢/ is the ratio of

the nanolayer thickness to the original particle radius.

Based on the effective medium theory, Schwartz et al. (1995)
investigated the electrical conductivity of mortars including the enhanced
electrical conduction in the matrix-sand grain inter-facial region. They
evaluated the electrical conductivity by a combination of finite element, finite
difference, and random walk methods for periodic and disordered models for
the mortar. Since the effective conductivity within the inter-facial zone is often

much higher than the bulk matrix conductivity, the qualitative features of
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transport in these systems is often controlled by the connectivity of the
interfacial zone. A family of effective medium approximations has given a good
qualitative description of the effective electrical properties of this physical
system in terms of the properties of its components, interfacial layer and that of
the base matrix. The detailed mathematical steps followed by Schwartz et al.
are available in literature (Schwartz et al., 1995). Adapting an analogous
mathematical formalism to the case of nanofluids having layered nanoparticles,
Yu and Choi (2003) have expressed the effective thermal conductivity of
layered nanoparticle in terms of the nanoparticle thermal conductivity (k,),

thickness of the adsorption layer and thermal conductivity of the base medium
(km).

Following the above approach, equivalent thermal conductivity k. of the

equivalent particles can be obtained as (Schwartz et al., 1995)

2(1- 1+ ) (1+2
km=([( P++B) (1 wv}h 616

~1=-)+ 1+ B’ 1+2y)

where 7 = kiayer/kp 15 the ratio of nanolayer thermal conductivity to particle
thermal conductivity. For the extreme case of kiayer =k, (1. €. y = 1), Equation
(3. 16) reduces to kye = kp. This model assumes that the value of kjuy.- lies in

between &, and k.

Replacing k, by k,cand @, by @, , the Equation (3. 11) can be modified into ,

3,
kpe+2km+2(kpe_km)(l+/8) ¢v k

ke == 1 m
T e+ 2k, —(ky, —k, )1+ BV, (.17)

This Equation (3. 17) represents the effective thermal conductivity of a

nanofluid having nanoparticles with adsorption layers around them.
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In addition to the formation of adsorption layer around the nanoparticle,
another mechanism simultaneously at work in a nanofluid system is the
formation of nanoparticle clusters in the liquid medium at comparatively high
particle concentrations (Liang and Tsai, 2011). In order to include the effect of
clustering along with interfacial layering we have followed the modified form

of effective medium theory introduced by Liang and Tsai (2011).

3.3.3 Effective medium theory including clustering of nanoparticles

with interfacial adsorption layers

Liang and Tsai (2011) developed a modified form of a three-level
particle clustering model originally developed by Prasher (Prasher et al., 2006)
assuming the formation of nanoparticle clusters along with formation of
interfacial layers. They have used the nonequilibrium Molecular Dynamics
(MD) simulation for a nanofluid assuming it as an inhomogeneous system in
which the solid-liquid interactions are assumed to be much stronger than liquid-
liquid interactions. They have incorporated the simulation results in to a three-
level clustering model to evaluate the effective thermal conductivity of
nanofluids. They have assumed that the nanoparticle clusters are embedded in a
sphere of radius R, and the cluster spheres are uniformly distributed in the
liquid medium. Each cluster consists of linear chains of nanoparticles, termed
back-bone of the cluster, and side chains called dead-end particles. These
clustered nanoparticles are assumed to have a significant influence on the
thermal conductivity of the interfacial layers. By combining the idea of
nanoparticle clustering with liquid layering, Liang and Tsai have introduced a
new model to evaluate the thermal conductivity of nanofluids. As mentioned
above, Liang and Tsai (2011) assumed that particle clusters are embedded

within a sphere of radius R, and these cluster spheres are uniformly distributed
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in the liquid. Clustering of nanoparticles including the back-bone of the cluster

and dead-end particles are pictorially demonstrated in Figure 3. 2.

x

Sa
<
- 7

@
2

Figure 3. 2 Schematic of a single nanoparticle cluster consisting of the
backbone (black circles) and dead ends (gray circles). The
nanoparticle cluster is decomposed into dead ends with the
fluid and the backbone. Thermal conductivity of the
aggregate only with particles belonging to the dead ends k.
Linear chains are embedded inside a medium with effective
conductivity of k,. Here £k, is the overall thermal
conductivity of a single cluster consisting of back-bone
particles and dead end particles.

The volume fractions of the nanoparticles (4, ), the backbone particles
(¢.), and the dead-end particles (¢, ) in the cluster spheres are, obtained from
fractal theory (Hui and Stroud, 1990; Hui and Stroud, 1994) as

Bt = (R% jdf ) 3. 18)
A jdﬂ

¢nc = ¢int - ¢c
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where dy and d; are, respectively, the fractal dimensions and chemical

dimensions of clustered spheres. In this calculation, we assume R, = 5a and set

dr=1 8 and d; = 1. 4, following Prasher et al. (2006). Due to number

conservation of the particles, we can write

¢, = $uiPs (3. 19)

where @, and ¢, are the volume fractions of nanoparticles and cluster spheres

in the liquid respectively. After defining the above parameters, Prasher’s model
(Prasher et al., 2006) starts with the first level of homogenization, which is
performed with only particles belonging to the dead ends. The effective thermal
conductivity of the cluster sphere in the presence of the dead-end particles only,
kne, can be determined based on the Bruggeman model, which has adopted a
mean field approach (Bruggeman, 1935). The Bruggeman equation to
determine k,. can be easily derived from the Maxwell-Garnett equation, given
by Equation (3. 11), by applying an integration scheme to take into account of
the concentration of dispersed particles in the immediate neighborhood of a
certain particle. For this, assume that the large sphere of radius R, is embedded
in the matrix of thermal conductivity k. rather than k,; then rearrange and

differentiate equation (3. 11) to obtain

doy 1 gy (b, —kyy) N
dg, 1—¢, 2k, +k, (3. 20)

which upon integration from @, =0 (kef=km) to B, = P (kef= knc) leads to

1 ¢ kp —knc km 1/3
v kp _km knc (3.21)
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Rearrangement of terms in equation (3. 21) leads to a model which is
particularly suitable for composites with high-concentration of additives and is

given by,

e [M] +(1- %J[M} =0 (3.22)
k, +2k,, kp+ 2k, :
Solution of this equation yields the value of k. as,
kue = (34, Dk, +[3(1—4,)— 11k, +~/A (3. 23)
where
A=QGg, -0k, +[30-4,) -1 ky, +2[2+94,(1-8,)]k, k,, (3.24)

where £, is the thermal conductivity of the nanoparticle. Equation (3. 22) does
not consider the effect of interfacial layers. In order to include the influence of
the interfacial layers, consider each nanoparticle with radius of  to be covered
with an interfacial layer of thickness 7. The volume fraction of a nanoparticle in

this structure, therefore, is
b =1/ (r+1) (3. 25)

The effective thermal conductivity of the particle-interfacial layer
structure for dead-end particles, k.5 can be obtained by solving Equation. (3.

22) after necessary substitutions.

Then we get

ked _ kp + 2klaye‘r + 2¢e (kp - klayer)
klayer kp +2 klayer - ¢e (kp - klayer)

(3. 26)
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The numerical steps for solving this equation are available in literature
(Xue and Xu 2005). The results of the MD simulation performed by Liang and
Tsai (2011) have shown that ke =2k, and k,=200k,. While incorporating the
effect of interfacial layers we have to replace &, and ¢nc in equation (3. 22) by

keqand @,. / @, , respectively.

In the second level of homogenization in Prasher’s model %, the
effective thermal conductivity of the cluster sphere, including the particles
belonging to the back-bone, is calculated assuming that the backbone is
embedded in a medium with an effective thermal conductivity k,. obtained from
Equation (3. 21). A methodology to predict the effective thermal conductivity
of particulate composites with interfacial thermal resistance following the
effective medium approach, combined with interfacial thermal resistance, or
Kapitza resistance, was developed by Nan et al. (1997). The details of Nan et
al. ’s model for effective thermal conductivity of nanosolids will be discussed
in the next section. This approach has been able to predict the thermal
conductivity of a composite medium with particle inclusions. When this model
is adapted to a nanofluid system, the value of %, the effective thermal
conductivity of the cluster sphere, can be obtained as

kg _3+4.[208,(1- L)+ fy3(1-Ls3)
Kpe B 3-0.Qp1 L + Pi3Lss)

(3.27)

where, L] = 0.5p% /(p> =1)=0.5p/(p* =1 .cosh™ p
P = Ra /r > L33:1_2L11

ﬂ — (ke - kdc)
H (kdc +Lll(ke _kdc))

ﬂ = (ke - kdc)
33 (kdc +L33 (ke _kdc))
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However in back-bone structure of clustered sphere, the nanoparticles
belonging to the backbone are so close to each other that the interfacial layers
are connected to one another and they form a percolating network. Thus by
assuming the nanoparticles in the backbone are embedded in the interfacial
layer medium, we can also calculate the effective thermal conductivity of the
backbone-interfacial layer structure k. using the Bruggeman model (1935) as
has been performed above. So we have

¢ kp _ke (1 ¢ ) klayer _ke 0
- + J— _— =
“\ &, +2k, ¢ +2k, (3.28)

klayer

While incorporating the effect of interfacial layers, the k, and ¢.in

Equation (3. 27) have to be replaced by k. and #. / #, . By including the effects

of particle clustering and interfacial adsorption layering, the expression for

effective thermal conductivity based on EMT can be obtained as

ke _ k, +2k,, +24,(k, —k,)
k,  k,+2k, —¢, (k, —k,) (3.29)

m

This expression gives the effective thermal conductivity of nanofluids
consisting of clustered nanoparticles with interfacial layers. Equations (3. 11),
(3. 17) and (3. 29) have been used to evaluate the effective thermal conductivity

of polymeric nanofluids in this work.

In this work we have presented the thermal conduction mechanisms in
nanofluids by measuring the variations of effective thermal diffusivity with
particle volume fraction using a thermal wave interference technique. Since the
parameter measured is thermal diffusivity (a.p), it is required to express thermal
conductivity in terms of thermal diffusivity. These two are related through the

following expression (Zhang et al., 2006b),
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k
_eff
Aoy = 3.30
7 Aﬁ’%ﬁ‘ ( )

where por and c.r defines the effective mass density and effective specific
heat capacity of nanofluids. In an effective medium approach, these are given

by

where Py = 4,0y +(1-8,)p,, (3.31)

Cor = Bu,p +(1-0y ) (3. 32)

Here p,, p. are the densities of the nanoparticle and base fluid
respectively, and ¢, and ¢; are the specific heat capacities of the nanoparticle
and the base fluid respectively. These expressions also follow from the

respective effective medium approximations.

By analyzing the experimental results obtained with polymeric
nanofluids, we have tried to describe the effective thermal conductivity of a
polymeric nanofluid by comparing the experimental results with the
corresponding ones calculated using the above mentioned theoretical models
(Equations (3. 11), (3. 17) (3. 29) and (3. 30)). Our experimental results agree
best with the conventional mean field theory with an essential concept of
interfacial layering. The detailed descriptions of the experimental results on
thermal conduction properties of polymeric nanofluids obtained as a function of
nanoparticle volume fraction and nanoparticle sizes are presented in the

following chapters.
3.4 Thermal conduction in polymeric nanosolids

While comparing thermal conduction properties of polymeric nanofluids

with values derived from the above described theoretical models, it can be
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clearly seen that the mechanisms which mainly control the effective thermal
properties of liquid composites is the diffusion of thermal waves through the
solid inclusions. But in the case of a solid composite mixture the situation is
rather different especially in the case of a polymeric nanosolid material
obtained by condensing the respective polymeric nanofluid. In a nanosolid
material another mechanism which works dominantly in transporting thermal
energy is the scattering of thermal waves at matrix-particle interfaces. This is
due to the smaller dimensions of the solid particle inclusions compared to the
mean free path of phonons in the solid matrix. The interfacial thermal wave
scattering, demonstrated pictorially in Figure 3.3, causes an interfacial thermal
resistance, known as Kapitza resistance Rj, which constitutes a barrier to heat
flow at the nanoparticle-matrix boundaries. The magnitude of the Kapitza
resistance at an interface can be estimated following an acoustic mismatch
model (AMM) or a diffusion mismatch model (DMM). Even while phonons are
backscattered from the interfaces, normal thermal diffusions through the
nanoparticles do occur as demonstrated in Figure 3. 3. This can be accounted
for in terms of the transmission probability of the propagating thermal waves
through the dispersed nanoparticles in the host matrix. The strength of diffusion
would be greater at an interface of a nanoparticle with higher mass density and
thermal conductivity (higher transmission probability), compared to the host
matrix, while back scattering would be predominant when the nanoparticles
have a lower mass density and thermal conductivity (lower transmission
probability). While dealing with a nanosolid consisting of nanoparticles
embedded in a base material like a polymer, a combination of above two
mechanisms (diffusion and scattering) will control the overall thermal

conduction in the material.

m Department of Instrumentation, CUSAT



Theoretical Models for Thermal Conduction in Polymeric nanofluids and nanosolids

In the present work on thermal conductivity of nanosolid materials
obtained by condensing nanofluids we have tried to establish the validity of our
experimental results by combining relevant theoretical models which include
the modified form of the Maxwell-Garnett effective medium model for this

special material. We have employed a modified EMT which takes into account

(1) Thermal diffusion through the constituent phases of the composite

medium, and

(11) Interfacial scattering of thermal waves at matrix-particle interfaces.

incident wave =~ 7( ) _____ o .
O ( )_; nanoparticle

scattered wave 4 —

£ ->\+ transmitted wave

 —

Figure 3.3: Demonstration of heat flow in a nanosolid, controlled by
interfacial scattering at matrix-particle interfaces and
diffusion through particles

We have followed the modified model based on EMT, including the
above two mechanisms. These mechanisms have been considered earlier for
other systems by previous workers; interfacial scattering by Nan et al. (1997)
for composites in which the phonon mean free path are greater than the size of
constituent phases and diffusion by Cheng and Vachon (Cheng and Vachon,
1969) for general solid composite mixtures. We have employed Nan’s model
(Nan et al.,1997) for describing the scattering part of thermal conduction
mechanisms through polymeric nanosolids. The role of thermal diffusion
mechanisms has been included in the Cheng-Vachon model (Cheng and

Vachon, 1969; Shabde et al., 2006). An expression for the overall thermal
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conductivity of polymeric nanosolids has been derived combining these two

mechanisms and adopting these to polymeric nanosolids.
3. 4.1 EMT in the limit of diffusion

As mentioned earlier, thermal diffusion through the particles play a
significant role in determining the thermal conduction in a nanosolid sample.
Conventionally, for a two component mixture, earlier researchers have
generally tried models such as the series and parallel resistance models to
describe effective thermal conductivity of composites. Cheng and Vachon
(1969) proposed a modified form of effective medium theory following an
analogy between heat flow and electric current flow to express the effective
thermal conductivity of a composite as determined by thermal diffusion. Cheng
and Vachon started their theoretical formalism by modifying Tsao’s model
(Tsao, 1961) for predicting the thermal conductivity of a two phase material.
This model assumes a discontinuous material phase (one component) dispersed
in a continuous material phase. They have assumed a parabolic distribution of
the discontinuous phase in the background matrix. The constants of the
parabolic distribution are determined by a numerical analysis and are presented
as a function of the volume fraction of the discontinuous phase. The equivalent
thermal conductivity of a unit cube of the mixture is derived in terms of a
distribution function, and the thermal conductivity of the constituents. In order
to derive the expression for effective thermal conductivity of a two component
heterogeneous mixture, Cheng and Vachon model makes the following

assumptions.
For a unit cube of the mixture in an x-y-z co-ordinate system
(1) the heat flux is unidirectional in the x-direction,

(1)) thermal convection and radiation are negligible,
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(111) contact resistance between the continuous and discontinuous phases is

negligible,
(1v) no porosity exists in the mixture,

(v) the discontinuous phase is uniformly dispersed in the continuous

phase,
(vi) thermally, the mixture is isotropic,
(vil) in a mechanical mixing process, no chemical reaction occurs.

Assume that the unit cube cell of the nanosolid is sliced into differential
elements of width dx which are perpendicular to the direction of the heat flow.
Here it is assumed that dx is parallel to the y-z plane. A two dimensional picture
of this assumption is shown in Figure 3. 4.

A

v

«— | —» X
Figure 3.4 Model used for the study of the thermal conductivity of a two-
phase mixture.
Here the thermal conductivity of the composite medium is evaluated in
terms of y(x) in the configuration given in Figure 3.4. It can be shown the
equivalent resistance of the solid composite as per the configuration given in

Figure 3.4 is;
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R — ji dx N 1-2x
*Jk +k,~k )y k (3.33)
0 m p m m
and thermal conductivity k.4 1s given by,
1

€

Here y(x) represents the volume fraction of dispersed discontinuous
phase. It is a normal distribution curve due to the assumed randomness of the

discontinuous phase embedded in the continuous phase. Thus,

y= Cexp(—szz) (3. 35)
2.4

yzCl[l—C2x2+C22)'C N J for “Vy<x<tl) (3. 36)

ory=B+Cx? (3.37)

Thus the normal distribution can be reduced into a parabolic distribution.

So it is possible to express the constants B and C as a function of the given

volume fraction of @, of the discontinuous phase. Since the discontinuous

volume fraction would be a known volume for a given two phase mixture, we

can write

1/2
é, =2f y.dx (3. 38)
0

In order to evaluate B and C one can apply the following boundary

conditions,
y=1 at x=0

and y=0 at x=1/2
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This represents the maximum volume fraction for the discontinuous phase.
Equation (3. 37) is an even function of x, hence only the positive value
of x need to be considered. 1. € 0 <x < % . Applying this boundary conditions,

one obtain B=1 and C=-4.

Now, the maximum volume fraction ¢v of the discontinuous phase is

calculated to be 0. 669 which is the maximum volume fraction for

discontinuous phase which equation (3. 37) can accommodate. The boundary

conditions will change as @, deviates from the maximum value.

When @, <0.669 | the general conditions are,
y=B+Cx* at|x|<a<l) |
y:()atas|x|s% , and
y<latx=0

It is easy to show that, B = _%'

Thus it is possible to calculate B and C in terms of @, as follows;

B/2

¢, =2 I y.dx
0

B/2
=2 I (B+Cx2)dx
0
_ 2B?
3

+C'
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Or B= (3¢%) and C= —4\/%%

This is the situation when a two-phase mixture is reduced to the limiting
case of single phase when y = 0 at x = 0 and ¢, = 0 . Substituting Equation (3.
37) in (3. 33) and letting C=C since C<0 yield

B2 dx 1-B

Re=2j —+
0 [km+B(kp_km)]_c(kp_km)]_c(kp_km)x km

(3.39)

Rearranging the first term in the denominator of Equation (3. 39), one

gets
ky, +B(k, -k, )= Bk, +k,(1-B)

which is always greater than zero since B varies from 0 to 1. Integration of

Equation (3. 39) resulting in the effective thermal conductivity (kes) due to

diffusion of thermal waves through nanoparticles having volume fraction¢

Consider the following two cases.
(i) kn> ky

In this case Equation (3. 39) reduces to

-1 2 B C(k, 1- B
key = R, = C(k xarctan( \/k +B(k )+ p (3. 40)

(ii) k< ky

In this case Equation (3. 39) reduces to
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1 1 ko +Blky —k,) +0.5B,/(C(k,, —k;)) 1-B

N 1
ket JCUey k) + B, —F )l + Bk, —k) ~0.5B.[Chy K, ke (3-41)

Equations (3. 40) and (3. 41) express the effective thermal conductivities
of medium embedded with particles. This model describes the effective thermal
conductivity of composites as an overall effect of thermal diffusion among

spherical nanoparticles distributed parabolically in a continuous base matrix.
3. 4. 2 EMT in the limit of interfacial scattering

As has been outlined earlier, while dealing with nanoparticle inclusions
in a continuous base matrix, thermal wave scattering plays a significant role in
determining the effective thermal conductivity of nanosolids. So we have
employed a modified effective medium theory (EMT) including the
contributions from interfacial thermal wave scattering, proposed earlier by Nan
et al. (1997), to describe the role of thermal wave scattering at matrix-particle
interfaces on the effective thermal conductivity of these nanosolids. Nan et al.
modified Maxwell’s model including the concept of interfacial thermal
resistance to describe the thermal conductivity of a two-component composite

(Nan et al., 1997), under the following basic assumptions.

(i) A composite material consists of different constituent phases; the
different mechanical or chemical adherences at the interfaces, as well
as thermal expansion mismatch result in the scattering of thermal

waves at the interfaces.

(i) Scattering rates at the interfaces vary with the aspect ratio (ratio of the

longitudinal to transverse dimensions) of the dispersed particles.

(i) The interfacial thermal resistance influences the total thermal

conductivity of the composite significantly.
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In order to obtain an expression for thermal conductivity, this model
considers a composite medium with multiple scatterers in the medium. In such
a situation the thermal conductivity inside the composite varies from point to

point. The variations in thermal conductivity can be written as,
k (r)=k"+ k (r) (3.42)

where k’is the constant part of the thermal conductivity for the homogeneous

medium and & (r)is the arbitrary fluctuating part. Using Green’s function G for

a homogeneous medium defined by k° and the transition matrix 7 for the entire
composite medium, a rigorous solution for the distribution of the temperature
gradient can be obtained. The resulting effective thermal conductivity & is

given by

k =k +(TYI+(GT))" (3. 43)
where / is the unit tensor and, symbol ( ) denotes spatial averaging. The matrix
Tis

T=>T,+Y T,GT,+.., (3. 44)

n,m#n

Here the first term is the sum of the 7 matrices of n particles and the
succeeding term represents the interaction between particles. An accurate
calculation of 7 is a formidable problem. For simplicity of calculation we

approximate 7' as,

T=YT =YK (U-GK,)" (3. 45)

there by neglecting inter-particle multiple scattering.  Obviously, this
approximation is valid only when the inclusion particles are dispersed

uniformly in the base matrix.
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Now, let us consider an ellipsoidal particle in the matrix, which is
surrounded by a semisolid interface layer of thickness ¢ and thermal
conductivity k,, as a composite unit cell. Substituting £’ =k, we directly obtain

the equivalent thermal conductivities ki€ (i=1, 2, 3) along the X, symmetric

1

axis of this ellipsoidal composite unit cell as

ks +Lii(kp _k.v)(l_u)+u(kp _ks)

k" =k
T ke Lytk, —k)(-) G40

with
u=a’a; [(a, +06) (ay +5)

Here k, is the thermal conductivity of the ellipsoidal particle; a; and a3
are respectively, the radii of the ellipsoid along the X, and X, axes; and L;; are
the well known geometrical factors dependent on the particle shape, and are

given by (Nan et al. 1997)

2 2

Lij=Ly,-_P _ p -1, forp >1, 3.47
11=L22 27D 2(p2—1)3/2COSh P p ( )

and

S + L____cosh ! p forp <1 (3. 48)
2(p7 -1 2(p" -1

AISO, L33: 1- 2L11,

In the above expressions, p=a&/q is the aspect ratio of the ellipsoid,
and p >1 and p <[/ are for a prolate (a;=a,<a3) and an oblate (a;=a>>a3)

ellipsoidal inclusion, respectively.
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By ultimately passing to the limit that 5§ — 0 atx — o, the interfacial

thermal resistance is thought of as the limiting case of heat transport across bulk

phase by a thin, poorly conducting interface region, we rewrite Equation. (3. 46) as
ki =k, |Q+yL;k, k,) (3. 49)
with
y=Q2+1/p)a , for p>1 (3.50)
and, y=(1+2p)a , for p<1

Here a dimensionless parameter, a, is introduced, which is defined by
a=a,/a for p>1 (3.51)
a=a,/a;forp<i

where a; is the Kapitza radius defined by a; = Ry;k,, , where Ry, is the

interfacial Kapitza resistance, and £k, is the thermal conductivity of the host

matrix phase.

When the inclusions become spheres, p=1, so that
Li=Lss=1/3, and {08’ O)=1/3
then Equation (3. 49) reduces to
K\“ =K' =Ky =k, [(+ak, /k,)

and thermal conductivity limited by interfacial scattering is then given by,

k,(1+2a)+2k, +2¢,[k,(1-a)-k,]
k,(1+2a)+2k, —¢,k,(1-a)-k,]

ko =k, (3. 52)
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This expression represents the thermal conductivity under the effective
medium approximation including interfacial thermal resistance. It is evident
that a large enough value for a can give rise to a de-enhancement in the
effective thermal conductivity for a nanosolid of this type. Here also assuming
an analogy between thermal conductivity and electrical conductivity we can
also express ke in terms of corresponding resistance value as expressed in the

diffusion limited case.
3. 4. 3 Overall effective thermal conductivity of a nanosolid

From the foregoing discussions we can see that it is possible to combine
the resistance due to diffusion and scattering of thermal waves at the interfaces.
We define the overall conductivity of a polymeric nanosolid as a combined
effect of the mechanisms described by Equations (3. 41) and (3. 52). Assuming
that the two mechanisms work in parallel we can write the effective thermal

conductivity of a nanosolid as

k . keffl*keffZ

ns
Kepri + kepra 3.53)

In this work we have employed Equation (3. 53) to compute and discuss
the variations in effective thermal properties of polymeric nanosolids.
Experimental and theoretical variations of the thermal conduction properties of

polymeric nanosolids are presented and discussed in chapter 6.
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Chapter 4

Thermal conduction in Polymeric and
water based nanofluids

4.1 Introduction

As discussed in previous chapters, great deal of studies has been carried
out by earlier researchers to determine the thermal conductivity of nanofluids
for the past two decades. Most of the experimental studies and theoretical
analysis in this field have been focused to determine the thermal conductivity of
nanofluids consisting of metallic or metallic oxide nanoparticle suspensions in
low molecular weight base fluids such as water, Ethylene Glycol etc. In order to
measure thermal conductivity of nanofluids, previous workers have used
different experimental techniques such as transient hot wire technique, steady
state technique, optical beam deflection technique etc. Researchers have
prepared nanoparticles of different materials like metals, metallic oxides, alloys
etc. which are the prime components that determine the effective thermal
conductivity of nanofluids. As mentioned in chapter 1, the preparation of
nanofluids for experimental analysis has been done either by single step or two
step method. Most of the metallic nano suspensions such as Cu/water,
Cu/Ethylene Glycol etc. have been prepared following the single step method
(Zhu et al., 2004). The metallic oxides suspensions like TiO,/water,
ALOs/water and CuO/water etc. have been prepared following the two step

method (Kwak and Kim, 2005).
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In this chapter we present and discuss the variations of thermal
conductivity of polymeric nanofluids with particle loading that have been
measured by a Thermal Wave Interferometer. Experimentally our approach is
different from that of previous authors (Murshed et al., 2005; Wang et al.,
1999; Xie et al., 2002a). Here we determine the thermal diffusivity rather than
thermal conductivity to define the thermal conduction properties of nanofluid
samples. This is because of the fact that thermal diffusivity measures the speed
with which thermal waves propagate through a sample. Thermal diffusivity
measurements are more accurate than thermal conductivity measurements as the
former one is independent of the heat losses from the sample. In the present
work we have investigated thermal conduction properties of polymer based
nanofluids as well as water based nanofluids. The details of the thermal wave
interference method to measure thermal diffusivity of nanofluids have already

been described in chapter 2.

In a polymeric nanofluid, the base fluid is a polymer liquid with very
high molecular weight (> 100,000 g/mol) so that the interaction between
nanoparticles and the base fluid molecules are entirely different from their low
molecular weight counterparts. The adsorption of base fluid molecules around
nanoparticles is a strong function of the molecular weight of the base fluid. In
this chapter we present the results of the investigation on the effect adsorption
of polymer molecules around nanoparticles on the thermal conductivity of these
nanofluids. The details of preparation of nanofluid systems that we have

selected for experimental studies are described in the following sections.
4.2 Systems selected and preparation of nanofluids

Two sets of polymer based nanofluid samples, each with different

nanoparticle concentrations, were prepared for the measurements reported in this
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chapter. These were, TiO/PVA nanofluids prepared by uniformly dispersing
TiO, nanoparticles in Poly vinyl alcohol (PVA) acting as base fluid and Cu/PVA
nanofluids with copper nanoparticles dispersed uniformly in Poly vinyl alcohol.
TiO, and copper nanoparticles were selected because they have wide difference
in thermal conductivity in their respective bulk forms, and we wanted to bring out
the effect of particle thermal conductivity on the interfacial thermal resistance
and its effect on overall thermal conductivity. The preparation of these nanofluids
has been done following a two step method. In a two step method, the first step
involves the preparation of nanoparticles and the second step is the dispersion of

desired concentration of nanoparticles in the base fluid.
4.2.1 Preparation of TiO, nanoparticles

Various synthesis methods such as hydrolysis (Chhabra et al., 1995),
sol-gel (Lal et al., 1988; Campbell et al., 1992; Selvaraj et al., 1992), micro
emulsion or reverse micelles (Sugimoto et al., 1997; Kumazava et al., 1993;
Basca and Gratzel, 1996), and hydrothermal synthesis (Kutty e al., 1988; Qian
et al, 1993) have been used to prepare nanoparticles of titanium dioxide.
Compared to other methods, hydrolysis could be carried out at conditions close
to ambient to produce nanoparticles of TiO,. The nanocrystalline anatase
titanium dioxide powder reported in this study was prepared by the hydrolysis
of TiCly at room temperature (Reddy ef al., 2001). Titanium tetrachloride (98%
Sigma Aldrich) was used as the starting material without any further
purification. When TiCly was dissolved in water, the heat of exothermic
reaction effects the formation of orthotitanic acid [Ti (OH) 4]. Since the
formation of the species disturbed homogeneous precipitation, appreciable
amount of TiCly was initially digested in hydrochloric acid and then diluted in

distilled water; all these while keeping the reaction vessel in ice-water bath. The
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concentration of titanium tetrachloride was adjusted to 3M in water. The initial
p" was found to be about 1.8. A solution of hydrazine hydrate HsN,O in water
(5M) was added drop wise to the solution until the final p" was about 8.0. The
hydrolysis and condensation reaction started immediately upon mixing, as
indicated by the rapid increase in turbidity and the formation of large flocs,
which precipitated to the bottom of the reaction vessel. The mixture was kept
under high-speed constant stirring on a magnetic stirrer for 1 hour at room
temperature. Subsequently, the precipitated titanium dioxide (TiO,.nH,O) was
filtered and repeatedly washed with hot distilled water to make TiO,.nH,O free
of chloride ions. The hydrous oxide was dried at 90-100°C over night and then
grounded to a fine powder. Then polycrystalline titanium dioxide powders were
then calcined at 100, 200, 300, 400, 500, or 600°C for 2 hours to observe the
phase changes accompanying heat treatments. Here we preferred nanofluids
with different concentrations of nanoparticles having same particle size. To
fulfill our requirement we have calcined the titanium dioxide powders at 200°C
to get the crystalline size as minimum as possible. After calcination, X-ray
Powder diffraction (XRD) technique was used for crystal phase identification
and estimation of particle size. The X-ray diffraction measurements were
performed with a Bruker Model AXS D8 Advance X-ray Powder
diffractometer. The X-ray diffraction pattern obtained for TiO, nanopowders
calcined at 200°C is shown in Figure 4.1. The structural analysis performed
using this XRD pattern helped the phase identification of nanocrystals of this
anatase TiO,. From the line broadening of corresponding X-ray diffraction
peaks and using Scherrer formula (Equation 2.3), nanoparticle size d has been

estimated (Cullity, 1978)

092

~ Bcos Oy (2:3)
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where A=0.154 nm is the wavelength of the X-ray radiation, B is the line width

at half maximum height and ¢, is the diffracting angle. The estimated average

size of the titanium dioxide powders calcined at 200°C is ~ 15 nm.
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Figure 4.1 XRD pattern of TiO; calcined at 200°C
4.2.2 Preparation of copper nanoparticles

We have prepared copper nanoparticles following a chemical reduction
method. The main steps in the synthesis of copper nanoparticles following the
chemical reduction method are described below. Considerable attention has
been paid to metallic copper nanoparticles in the past two decades due to their
unusual properties and potential applications in many fields (Lu et al., 2000;
Tatasov et al., 2002). A number of methods such as micro emulsion (Qi et al.,
1997), reverse micelles (Lisiecki et al., 1995), reduction of aqueous copper salts
(Zheng et al., 1998), UV light irradiation (Kapoor et al., 2002), y- irradiation
(Joshi et al., 1998) etc. have been developed for the preparation of metallic
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copper nanoparticles. Among the various methods, chemical reduction of
copper salts with hydrazine or hydrogen in aqueous systems has been known
for nearly a hundred years. In the present work, we have prepared copper
nanoparticles by a chemical reduction of Ethylene glycol in the presence of
hydrazine (Zhu et al., 2005). In a typical procedure, 20 ml Ethylene glycol (EG)
solution (0.1M) of CuSO4.5H,0 was mixed with 20 ml Ethylene Glycol mixed
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Figure 4.2 XRD pattern of copper nanoparticles obtained by the chemical

reduction method

solution of NaOH and N,H4.H,O under magnetic stirring. The molar ratio of
N:;H4.H,O/ CuSO4 was 1.5 and molar ratio of NaOH/CuSO, was 0.05. The
solution mixture was placed in a microwave oven (2.45GHz, Galanz WP750)
and reacted under a medium power of 750W. After cooling to room temperature
the mixture was filtered, washed in ethanol and dried to obtain copper
nanopowders. The structure analysis performed using X-ray Powder
diffractometer helped phase identification and particle size determination of

these metallic nanoparticles. The XRD pattern obtained for copper
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nanoparticles is shown in Figure 4.2. The line broadenings in the XRD pattern
give the average nanoparticle size as ~ 16 nm. The phase analysis by XRD
revealed that FCC metal Copper was the only phase in the prepared

nanopowder. No oxides or hydroxides were found.

The second step in the two step method included the dispersion of TiO,
or copper nanoparticles in Poly Vinyl alcohol. The details of the dispersing

nanoparticles in Poly Vinyl alcohol can be found in the following sections.
4.2.3 Dispersion of nanoparticles in Poly Vinyl Alcohol

In order to obtain the TiO»/PVA and copper/PVA (or Cu/PVA) nanofluids
for experimentation, we dispersed desired mass fractions of TiO, and copper
nanoparticles in PVA. Here the base fluid selected is Poly Vinyl alcohol (PVA)
having high molecular weight of the order of 1, 25,000 g/mol. The PV A base fluid
was prepared by mixing PVA granules in water under constant stirring for several
hours. The degree of hydrolysis of PVA used was about 90%. Nanoparticles of
desired mass fraction were added to the base fluid, thoroughly mixed and sonicated
for several hours to obtain highly uniform nanofluid samples for experimentation.
The thermal conduction properties such as thermal conductivity and thermal
diffusivity of these nanofluids samples were measured using the thermal wave
interferometer described in chapter 2. In the following sections we discuss the
details of the experimental methods and the results obtained in these polymeric

nanofluids prepared by two step method.
4.3 Experimental details

A thermal wave resonant cavity (TWRC) cell has been set up to measure
the thermal diffusivity of the prepared nanofluids by forming thermal wave
interference peaks in the cavity (Shen et al., 1996; Shen and Mandelis, 1995).

Detailed descriptions of the Thermal Wave Interferometer and the experimental
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procedure to measure the thermal diffusivity of nanofluids are given in chapter
2. The determination of thermal diffusivity of nanofluids has been done by
performing the cavity length scan experiment. To determine the thermal
diffusivity of a nanofluid, a desired volume (< Iml) of the nanofluid was filled
inside the Thermal Wave Resonant Cavity. Cavity length scan was performed
with the help of a stepper motor controller and a computer, and the thermal
wave interference peaks were detected. The cavity lengths corresponding to
successive thermal wave interference maxima or minima have been used to

determine the thermal diffusivity of nanofluid samples (Equation (2.15)).

The thermal wave interference patterns that have been used to determine
the thermal diffusivity of two typical concentrations of TiO,/PVA and Cu/PVA
nanofluids are shown in Figures 4.3(a) and 4.3(b) respectively. Positions of
thermal wave interference peaks are different for metallic and nonmetallic
nanofluids as these are determined by the magnitude of the thermal diffusivity
of the fluid. This also varies with volume fraction of dispersed nanoparticles.
The detection of thermal wave interference peaks for thermal diffusivity
measurements have carried out in a vibration free environment because an
external vibration can change the positions of consecutive maxima and minima
in a thermal wave interference pattern. So we have taken all precautions to
obtain a well sustained thermal wave interference pattern. For this we have
designed our whole experimental set up (as shown in Figure 2.6) in a vibration
free table for thermal diffusivity measurement of nanofluids. The vibration free
table protects the resonant cavity from the disturbances produced due to
external physical movements, vibration produced due to the working of any
other equipment such as air conditioner, exhaust fan, ceiling fan etc. In order to
nullify the effect of other external noises we switched off all noisy devices to

produce a vibration free environment for the measurement.
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Figure 4.3 (a) A typical thermal wave interference pattern obtained for
volume concentration 0.1% of TiO, nanoparticles
dispersed in PVA (TiO,/PV A nanofluid).
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Figure 4.3 (b) A typical thermal wave interference pattern obtained for
volume concentration 0.1% of Cu nanoparticles dispersed
in PVA (Cu/PV A nanofluid).

Department of Instrumentation, CUSAT 107



Chapter-4

From the experimental values of thermal diffusivity, the thermal
conductivity of these nanofluids have also been determined by multiplying the
diffusivity values with the effective mass density and specific heat capacity of

the respective nanofluids.

If o, represents the experimental value of effective thermal diffusivity,

then the value of effective thermal conductivity k. is given by Equation (3.30),

keﬁ‘ = aeﬁ’ peﬁ’ ceﬁ’

Here p.r and c.y respectively represent the values of effective mass
density and specific heat capacity of nanofluids. p.s and c.r can be evaluated
from the density and specific heat values of the nanoparticles and base fluid

using the following relations.

Per =P, +(1=0,)p,, (3.31)
Cop =0, +(1=9,)c,, (3.32)

Parameter ¢ stands for the particle volume fraction and ¢, for the

particle mass fraction, and the subscripts p and m stand for the particle and the
base fluid (or the base matrix) respectively. Then the normalized values of
thermal diffusivity/conductivity have been determined as the ratio of the
effective thermal diffusivity of nanofluid to the corresponding base fluid

thermal diffusivity/conductivity.

The uncertainty in the measurement of thermal diffusivity (or thermal
conductivity) of a particular concentration of nanofluid has been obtained by
performing the repeat measurements. Here the uncertainty of the measurement
is obtained as the standard deviation of set of thermal diffusivity values

obtained as a result of repetition of the cavity length scan experiment for a
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particular concentration of nanofluid. Then we have assumed a rectangular
distribution to estimate the mean value of the thermal diffusivity/thermal
conductivity of the nanofluid measured following thermal wave interference
technique. Rectangular distribution indicates the possibility for the diffusivity
value to occur between an upper and lower value which is decided by the
measurement uncertainty. For example, in the case of TiO,/PVA nanofluid

system the estimated uncertainty in thermal diffusivity value is +£0.9%.

4.4 Results

The results of measurement of thermal diffusivity/conductivity of
TiO,/PVA and Cu/PVA nanofluids are presented in the following sections.
While discussing the results on the thermal conduction properties of polymeric
nanofluids, we have compared the experimental values of thermal diffusivity
and thermal conductivity with theoretical values obtained from various
theoretical models published earlier, which consider the effects of interfacial
layers and nanoparticle clustering (Maxwell, 1873; Yu and Choi, 2004; Liang
and Tsai, 2011).

4.4.1 Thermal conduction in TiO»/PVA nanofluid

TiO,/PVA nanofluids are obtained by dispersing a desired concentration
of TiO, nanoparticles of average size ~ 15 nm in Poly Vinyl alcohol (PVA). We
have prepared TiO,/PVA nanofluids having different concentrations of TiO,
nanoparticles to study the variations of their effective thermal conductivity and
thermal diffusivity with particle volume fraction. The experimental and
theoretical variations of effective thermal conductivity and effective thermal
diffusivity as a function of nanoparticle volume fraction are as shown in Figure
4.4(a) and 4.4(b). The theoretical variations of thermal properties shown in

Figures 4.4(a) and 4.4(b) have been plotted following three models described in
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chapter 3, viz. modified form of Maxwell model (1873), model proposed by Yu
and Choi (2003) and the model proposed by Liang and Tsai (2011).

While Maxwell’s model assumes effective thermal transport in mixtures
as essentially diffusive, modifications to this model considers effects like
formation of adsorption layer around the nanoparticles, and the consequent
interfacial effects at fluid-particle boundaries, and nanoparticle clustering in the
fluid medium to describe the effective thermal conductivity of these nanofluids.
The model developed by Yu and Choi (2003) considers the effect of adsorption
layer around the nanoparticles in modifying the effective thermal conductivity
of nanofluids, while the model based on molecular dynamics, recently
developed by Liang and Tsai (2011) considers the formation of adsorption
layers around particles and the particles forming clusters embedded in
interfacial fluid shells. In a two component mixture consisting of particles
dispersed in a high molecular weight polymeric fluid such as PVA the
adsorption of liquid molecules around solid medium is a pre-defined
phenomenon (Becker et al., 1989), which cannot be neglected. So we have
compared our experimental results with these models to arrive at conclusions
on the effective thermal conductivity of polymeric nanofluids. The theoretical
values of thermal diffusivities have been determined from the corresponding
thermal conductivities calculated following these models. Evaluations of
thermal conductivity/diffusivity based on the above three models, described by
Equations. (3.11), (3.17) and (3.29), have been carried out for three values of
adsorption layer thickness, viz. 1, 3 and 5 nm. This limit of layer thicknesses
has been set based on the hydrodynamic model described in chapter 3. It is
found that the best agreement with experimental values are obtained with ¢ = 3

nm for TiO,/PVA nanofluid system.
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Figure 4.4(a): The variations of normalized thermal diffusivity of
TiO,/PVA nanofluids with volume fraction of
nanoparticle. Experimental points as well as comparison
with different theoretical models are shown.
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Figure 4.4(b) The variations of normalized thermal conductivity of
TiO,/PVA nanofluids with the volume fraction of
nanoparticle. Experimental points as well as comparison
with different theoretical models are shown.
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For TiO,/PVA nanofluids the experimental points agree best with the modified
model based on the Maxwell’s theory, which considers the nanofluid system as
a uniform mixture of the base fluid, solid nanoparticles and interfacial
adsorption layers formed at the boundary between the nanoparticles and base
fluid. The interfacial adsorption layer around the particles acts as a thermal
bridge between the nanoparticle and base fluid. The percolation network created
by these interfacial thermal layers enhances the overall thermal conductivity of
the nanofluid. The enhancement in effective thermal diffusivity obtained in this
case is about 5 % at a particle volume fraction of 2.4%, while the corresponding
enhancement in thermal conductivity is about 7%. This enhancement in thermal
conductivity, as per the original Maxwell’s theory (without considering
adsorption layers), is only about 2%. This extra enhancement can be considered

as due to enhanced thermal conduction through the interfacial adsorption layers.
4.4.2 Thermal conduction in Cu/PVA nanofluid

We have also prepared Cu/PVA nanofluids by dispersing desired
volume fractions of copper nanoparticles of average size ~ 16 nm in PVA. We
have varied the concentration of copper nanoparticles in PVA to get the
respective variations of normalized thermal diffusivity and thermal conductivity
of these nanofluids with particle volume fraction. The variations of normalized
thermal diffusivity and thermal conductivity of these nanofluids are shown in
Figure 4.5(a) and 4.5(b) along with the corresponding theoretical variations

obtained using the theoretical models discussed earlier.

In the case of Cu/PVA nanofluid system, the maximum enhancement in

effective thermal diffusivity obtained is about 30% at a particle volume fraction of
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1.3%, while the corresponding enhancement in thermal conductivity is about 33%.

These enhancements as per the original Maxwell’s model are only about 4% and

5% respectively. The experimental variations of thermal diffusivity and

conductivity agree best with the theoretical values obtained based on the model of

Liang and Tsai (2011). According to this model also the main cause of thermal
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Figure 4.5(a): The variations of normalized thermal diffusivity of

Cu/PVA nanofluids with volume fraction of
nanoparticles. Experimental and theoretical values
based on different models are also shown.
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Figure 4.5(b): The variations of normalized thermal conductivity of
Cu/PVA  nanofluids with volume fraction of
nanoparticles. Experimental and theoretical values based
on different models are also shown.

conductivity enhancement beyond the predictions of Maxwell’s model is the
formation of adsorption layers around nanoparticles. What makes this model
different from the modified Maxwell model or the Yu and Choi model is the
inclusion of particle clustering. Here the formation of adsorption layers together
with particle clustering is responsible for the effective thermal conduction in
these nanofluids. The chances for particle clustering are greater in metallic
nanofluids than in nanofluids dispersed with nonmetallic nanoparticles. The
physical phenomenon behind the thermal diffusivity/conductivity enhancement
is the diffusion of thermal waves through clustered nanoparticles embedded in

adsorption layers.

In order to distinguish between the effect of interfacial layer in high as
well as low molecular weight based nanofluids, we have measured thermal

diffusivity and thermal conductivity of a water based nanofluid system
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consisting of different concentrations of TiO, nanoparticles dispersed in
deionised water. We prepared different concentrations of water based
nanofluids and their thermal diffusivity has been measured by the Thermal
Wave Resonant Cavity technique as described earlier. The results for

TiO,/water nanofluids are shown in figures 4.6(a) and 4.6(b).
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Figure 4.6(a): The experimental as well as theoretical (Maxwell-Garnett
model without considering adsorption layer) variation of
normalized thermal diffusivity of TiO,/water nanofluid
system.

The estimation of experimental uncertainty has been carried out as
outlined earlier for PVA based nanofluids. We have then compared the
theoretical values of thermal conductivity computed using Maxwell- Garnett
model with and without considering the effect of adsorption layer. It can be
seen that our experimental results on water based system agrees better with the
effective medium theory without considering the effect of adsorption layer.
Thus we see that the adsorption layers do not have much influence on the

effective thermal conductivity of a low molecular weight based nanofluid.
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The experimental results of the INPBE studies performed by
Buongiorno et al. (2009) also support the above argument. The theoretical
variations of the normalized thermal diffusivity and thermal conductivity of
TiO,/water nanofluids are also shown in Figures 4.6(a) and 4.6(b) respectively

for comparison.
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Figure 4.6(b): The experimental as well as theoretical (Maxwell-Garnett
model without considering adsorption layer) variation of
normalized thermal conductivity of TiO./water nanofluid
system.

We could not perform measurements on Cu/water nanofluid system as it
was found difficult to form stable nanofluids without sedimentation even after

sonication for long periods of time.

4.5 Conclusions

We have measured the thermal diffusivity of high molecular weight as
well as low molecular weight based nanofluid systems following the thermal
wave interference technique. We have plotted the experimental variations of

thermal conductivity from the measured thermal diffusivities of nanofluids.
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From the observed variations it can be seen that in high molecular weight
nanofluid systems such as TiO,/PVA and Cu/PVA effective thermal
diffusivity/conductivity increases with concentration of nanoparticles. The
percentage of enhancements of the effective values of thermal diffusivity and
thermal conductivity are higher than the values predicted by the effective
medium theory. This has been explained in terms of the formation interfacial
nanolayers around the nanoparticles and nanoparticle clustering. The interfacial
layer formed around the nanoparticle act as a thermal bridge between the
nanoparticle and the base fluid. The percolating network created by this
nanolayer enhances the effective thermal conduction in nanofluids. At the high
particle concentration regime, the percentage of enhancement is decided by
clustering of nanoparticles. While the mechanism which controls the thermal
conduction in a normal low molecular weight nanofluid is the diffusion of
thermal waves through a nanoparticle-fluid mixture, the same is not true for a

high molecular weight nanofluid.

From the analyses presented in this chapter, we can conclude that
formation of interfacial adsorption layers around nanoparticles and nanoparticle
clustering play significant roles in determining the effective thermal conduction
in a polymeric nanofluid. A comparison of the results for metallic and
nonmetallic nanoparticles indicate that metallic nanofluids show much higher
effective thermal conductivity than the corresponding nonmetallic ones, and
this is due to the higher thermal conductivity of the metallic nanoparticles and
greater clustering of particles in the fluid. Measurements on the variation in
thermal conduction properties with particle sizes will throw more light on the
mechanisms involved. The detailed description on this aspect is discussed in

chapter 5.
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Influence of particle size on the effective thermal
conductivity of nanofluids

5.1 Introduction

Chapter 4 essentially describes the variation in effective thermal
conductivity and thermal diffusivity of polymeric as well as water based
nanofluids recorded as a function of the volume fraction of nanoparticles. It
could be found that the mechanisms which control the thermal conduction in a
high molecular weight nanofluid are the formation of adsorption layers around
nanoparticles and nanoparticle clusters in the base medium. But in a low
molecular weight nanofluid like a water based nanofluid system, the
mechanism of thermal conduction is the enhanced diffusion of thermal waves
through nanoparticles in a nanofluid. For a strong confirmation on this aspect
we extended the thermal conduction studies in these two types of nanofluids by
varying the size of the dispersed nanoparticles, keeping the volume fraction a
constant. As mentioned in chapter 4 here also we measured the thermal
diffusivity and thermal conductivity following thermal wave interference
technique using a Thermal wave resonant cavity described earlier. The
theoretical predications of our experimental findings have been done following
the Maxwell-Garnett effective medium model (1873) and its modified forms
which considers the effects like the adsorption of liquid molecules around the
surface of nanoparticles (Yu and Choi, 2003) and the clustering of nanoparticles
(Liang and Tsai, 2011). This chapter describes the experimental as well as
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theoretical findings on the influence of nano particle size on the effective
thermal conductivity of nanofluids formed by dispersing nanoparticles in high
as well as low molecular weight base fluids. The following section briefly
describes the materials and methods used in our experimental analysis.

5.2 Sample preparation and characterization

Two sets of nanofluids, each with different nanoparticle sizes and
concentrations, were prepared for the measurements reported in this work.
These were nanofluids prepared by dispersing TiO, nanoparticles in PVA as
well as in water. The preparation involves synthesis of the nanoparticles,
preparation of PVA and dispersing nanoparticles uniformly in PVA or water.

TiO, nanoparticles of average sizes approximately 5nm, 20nm, 50nm
and 100nm were prepared following a chemical route (Reddy et al., 2006). The
technique basically involved hydrolysis of Titanium tetrachloride (TiCls) to
form TiO,. The titanium dioxide powder so obtained as a product of the
hydrolysis of TiCl,; was then calcined at 100, 200, 400, or 600° C for 2 hours
each to obtain nanoparticles with different average sizes. The particle sizes
were estimated following powder XRD technique. Powder XRD spectra were
recorded with a Bruker D8 Advanced X-ray diffractometer. The estimated
particle size is ~5 nm, ~20 nm, ~50 nm and ~100 nm etc. The XRD pattern
obtained for the phase identification and particle size determination are shown
in figures 5.1(a), 5.1(b), 5.1(c) and 5.1(d). In order to prepare a set of TiO2/PVA
nanofluids with different nanoparticle size, fixed mass fractions of the
nanoparticles with different average sizes were uniformly dispersed in PVA.
The mixture was sonicated for several hours to ensure uniformity of the
nanofluid. By changing the base fluid to water, the same procedure was

followed to prepare TiO,/water nanofluid samples.
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Figure 5.1(b). The XRD pattern TiO2 nanopowder calcined at 200°C.
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Figure 5.1(c). The XRD pattern TiO, nanopowder calcined at 400°C.
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Figure 5.1(d). The XRD pattern TiO2 nanopowder calcined at 600°C.

Department of Instrumentation, CUSAT



Influence of particle size on effective thermal conductivity of nanofluids

In order to measure the thermal diffusivity of nanofluids accurately, the
thermal wave resonant cavity (TWRC) cell was used (Shen and Mandelis,
1996) which works based on thermal wave interference occurring in a resonant
cavity. The principle and method of the measurement of thermal diffusivity and
thermal conductivity of nanofluids following thermal wave intereference in a
TWRC cell described in detail in chapter 2.

5.3 Experimental methods

We have prepared TiO2/PVA and TiO/water nanofluids by varying the
dispersed nanoparticle size and kept the volume fraction of nanoparticle a
constant for each sample. Then a desired volume of the prepared nanofluid is
filled in the resonant cavity of the TWRC cell. By performing a cavity length
scan experiment, thermal diffusivity of this nanofluid has been determined from
thermal wave interference maxima and minima. The same procedure has been
adopted for the prepared PVA as well as water based nanofluids. Thus we
evaluated the experimental variations of the normalized thermal diffusivity and

thermal conductivity for polymeric as well as water based nanofluids.

If L' and L,"™ are the cavity lengths corresponding to consecutive
interference maxima and minima, then the thermal diffusivity of the medium in

the cavity is given by the expression (Shen et al., 1996)

f
a = ;(Lz(”’) L™ F (2.15)

The technique provides accuracy better than £1% in the measurement of

thermal diffusivity.
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5.4 Results and Discussion

In order to bring to light the dependence of nanoparticle size on the
effective thermal diffusivity/conductivity of polymeric as well as water based
nanofluids, we have compared the obtained experimental variation of effective
thermal diffusivity and thermal conductivity of PVA and water based systems with
selected theoretical models which consider the effect of interfacial layering and
clustering of nanoparticles (Maxwell, 1873; Yu and Choi, 2004; Liang and Tsal,
2011). The detailed descriptions of these theoretical models and comparison
procedure have already been described in chapter 3 and chapter 4. In chapter 4 we
discussed the experimental variations of thermal diffusivity/conductivity of these
nanofluids as a function of volume concentration. For polymeric nanofluids, we
have obtained an experimental variation in thermal properties which agrees best
with Maxwell model, which considers a change only in the volume concentration
of nanoparticles due to the adsorption of liquid molecules around nanoparticles.
However, in the renovated Maxwell model proposed by Yu and Choi (2003), both
the volume fraction modifies the thermal conductivity of nanoparticles. But in
water based systems, thickness and stability of the adsorption layer around the
nanoparticle is much less due to the low viscosity and low molecular weight of the
base fluid. Moreover, results from previous experimental findings (Buongiorno et
al., 2009) and simple calculation of adsorption layer thickness using Langmuir
formula (less than 1 nm) support the idea to neglect the effect of adsorption layer
on effective thermal conductivity or thermal diffusivity for water based nanofluids.
In such systems, the dominant mechanism which causes enhancement in thermal
conductivity is the clustering of nanoparticles in the fluid medium. So a
comparison of the theoretical results obtained for these systems has been done

following the nanoparticle clustering models based on effective medium theory
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proposed by previous workers (Maxwell, 1873; Prasher et al., 2006, Wang et al.,
2003).

5.4.1 Thermal conduction in TiO,/PVA nanofluid

Figures 5.2(a) and 5.2(b) respectively depict the measured variations of
effective thermal diffusivity and thermal conductivity of TiO,/PVA nanofluid

with particle size, along with the corresponding theoretical variations.
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Figure 5.2(a) Variations of the effective thermal diffusivity of TiO,/PVA
nanofluids recorded as a function of particles size.
Corresponding theoretical curves following modified
Maxwell-Garnett model are also shown. Curves drawn are
for two different particle volume fractions.
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Figure 5.2(b) Variations of the effective thermal conductivity of
Ti0,/PVA nanofluids recorded as a function of particles
size. Corresponding theoretical curves following
modified Maxwell-Garnett model are also shown.
Curves drawn are for two different particle volume
fractions.

It may be noted that there is good agreement between experimental and
theoretical variations. The variation of effective thermal diffusivity with
average particle size for TiO,/PVA nanofluids is such that it tends to decrease
with increase in nanoparticle size. We have obtained maximum enhancement in
the thermal diffusivity/conductivity for the nanofluid with low average particle
size such as ~5 nm. The maximum enhancements in thermal diffusivity
obtained are 6% and 10% respectively for 1% and 5% volume fractions of the
dispersed nanoparticles and the corresponding enhancements in thermal
conductivity are about 9% and 23 % respectively. But for the nanofluid
dispersed with particles of average size ~100 nm, the corresponding variations

in thermal diffusivity are about 1% and 2%, while those for thermal
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conductivity are about 2% and 13 % respectively. These variations in thermal
diffusivity or thermal conductivity can be explained by considering the effect of
liquid adsorption layers formed around nanoparticles. For low size of the
nanoparticles, say ~ 5 nm, due to the high surface area to volume ratio of
nanoparticles and high viscosity of the base fluid, the percolating network
formed by the adsorbed nanolayer enhances the overall thermal conductivity of
TiO,/PVA nanofluid system. These adsorption layers act as continuous
percolation paths for easy transport of thermal energy through the medium. As
the nanoparticle size increases the effect of adsorption layer becomes less due
to its smaller thickness (following Equation (3.14)). In addition to this, the
scattering of thermal waves at fluid-particle boundaries causes a decrease in
thermal conductivity at higher particle sizes as well as particle concentrations

(Kapitza resistance).

As is evident from Equation (3.14), the theoretical formalism based on
adsorption does not work for particle sizes less than the apparent adsorption
layer thickness. Such a situation is not physically realistic and the minimum
particle size for which a realistic adsorption layer formation is possible is ~ 3
nm for a nanofluid made from a polymeric base fluid such as PVA.

5.4.2 Thermal conduction in TiO,/water nanofluid

In the case of TiO,/water nanofluid, the effective thermal diffusivity and
thermal conductivity of nanofluids increase as the particle concentration increases.
The experimental as well as theoretical variations of effective thermal diffusivity
and thermal conductivity of these nanofluids with average particle size are shown
in Figures 5.3(a) and 5.3(b) respectively. Here the observed experimental variation
IS in such a way that as the average nanoparticle size increases the effective thermal

diffusivity as well as thermal conductivity increases.
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Figure 5.3(a) Variations of the effective thermal diffusivity of TiO,/water
nanofluids recorded as a function of particles size.
Corresponding theoretical curves (using Maxwell model
and clustering model) are also shown. Curves drawn are
for two different particle volume fractions (1% and 5 %).
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Figure 5.3(b) Variations of the effective thermal conductivity of
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Maxwell model and clustering model) are also shown.
Curves drawn are for two different particle volume
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The maximum enhancement in thermal diffusivity for 100 nm sized
particles is about 17% and 25% for particle volume fractions 1% and 5%
respectively, while the corresponding enhancements in thermal conductivity are
about 19% and 37% respectively. The nature of variations of thermal diffusivity
and thermal conductivity with particle size is in tune with the effective medium
theory, but the experimental values of the thermal conductivity and thermal
diffusivity at high particle concentrations for these fluids are beyond the values
predicted by this theory. So we tried to interpret the experimental findings
including the clustering of nanoparticles, which increases as particle
concentration increases, in the nanofluid. Equation (1.19), which includes the
effect of particle clustering, has been used to compute the thermal conductivity
and diffusivity values. These results, along with the corresponding values
computed following the Maxwell model (given by Equation (3.11)) are plotted
in Figures 5.3(a) and 5.3(b) for comparison. It can be noted that experimental
and theoretical plots agree very well when the effect of clustering is included in
the theory. We think that particle clustering results in the formation of
interconnecting channels between nanoparticle clusters, which grow as fractal
structure as particle concentration increases (Wang et al., 2003). Such
interconnected particle clusters form easy channels for thermal energy to
propagate resulting in an overall enhancement in thermal conductivity and
thermal diffusivity beyond values predicted by effective medium theory.
Figures 5.3(a) and 5.3(b) shows the variations in effective thermal conduction
properties of nanofluids. The first one is that as the particle concentration
increases, thermal diffusivity/conductivity increases. This can be accounted for
in terms of particle clustering at higher concentrations. The second result is that
thermal diffusivity/conductivity increases exponentially as the particle size
increases and saturates at high particle sizes. These results indicate that particle
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clustering and increase in particle size have comparable roles in determining the
thermal diffusivity/conductivity of nanofluids. The INPBE results published do
not favor particle clustering and are silent about the role of particle size on
thermal conductivity, but those results pertain mostly to nanofluids at low
concentrations (volume fractions less than 1 %) of nanoparticles and low
particle sizes (~ 10 nm). At such low particle concentrations and sizes our
experimental results are more or less in agreement with the effective medium

theory.
5.5 Conclusions

From the experimental and theoretical analysis presented for the
variations of effective thermal conductivity and thermal diffusivity with
nanoparticle size for PVA as well as water based nanofluids reveal the role of
adsorption layers in enhancing the effective thermal conductivity of nanofluids.
The results based on effective medium theory, including the role of adsorption
layers has been developed and compared with available experimental results. In
a water based nanofluid system, it is shown that the effective thermal
conductivity or thermal diffusivity at high particle concentrations are controlled
by the formation of nanoparticle clusters.

It is evident from the presented results that for a nanofluid made from a
high molecular weight base fluid, such as a polymeric nanofluid, the effective
thermal diffusivity/conductivity decreases exponentially with increase in
particle size whereas for a nanofluid made from a low molecular weight base
fluid, such as TiOy/water, the effective thermal diffusivity/conductivity
increases exponentially with increase in particle size. This difference is
accounted for in terms of the formation of adsorption layers in polymeric
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nanofluids, and in terms of nanoparticle clustering at high particle

concentrations in water based nanofluids.

For a high molecular weight nanofluid system, for larger particle sizes at
higher concentrations (> 10%), one cannot neglect chances for condensation of
the nanofluids, in which case the variation of effective thermal conductivity
could not possibly be predicted by the present effective medium model.
Through latest experiments, inter-laboratory comparisons and theoretical
models, scientists working on nanofluids have arrived at the conclusion that
semi-solid layer formation and particle clustering do not possibly have any
significant influence in taking the thermal conductivity of nanofluids beyond
the values predicted by effective medium theories. The results presented in this
chapter show that this conclusion is applicable only to nanofluids made from
low molecular weight base fluids and at low particle concentrations and particle
sizes. For high molecular weight nanofluids, like polymeric nanofluids,
formation of adsorption layer, controlled by hydrodynamic radius of the particle
and viscosity of the fluid, does occur, which influences the values of thermal
conductivity at low particle sizes and concentrations. The adsorption layer
thickness varies with particle size, which influences the thermal conductivity of
nanofluids as described earlier. We show that the adsorption layer largely
influences the thermal conductivity at low particle concentrations and sizes.
Moreover, the results in this chapter bring out the role of base fluid molecular

weight on the nature of thermal conductivity enhancements in nanofluids.
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Thermal conduction in
Polymeric nanosolids

6.1 Introduction

The previous chapters describe the effective thermal conduction in
polymeric nanofluids in the light of effective medium theories which consider
effect of adsorption layer, effect of nanoparticle clustering etc. After having
evaluated the thermal conduction properties of polymeric nanofluids, we
thought it would be interesting to extend these investigations to their solid
counterparts. So as an extension of our experimental analysis, we have carried
out an investigation of the effective thermal conduction in the condensed form
of polymeric nanofluids termed as polymeric nanosolids. For this we have
prepared uniform suspensions of single phase nanomaterials dispersed
uniformly in a liquid and condensed them to form solid counterparts of the
corresponding polymeric nanofluids. A polymeric nanofluid is obtained by
uniformly dispersing a known concentration (or volume fraction) of
nanoparticles (typically < 1% volume fraction) in a polymeric fluid and directly
condensing it at room temperature, which results in the formation of the
respective solid nanosolid. The volume fraction of nanoparticles in such a
nanosolid is higher compared to the corresponding nanofluid due to the net
decrease in the volume of the base fluid upon condensation. Moreover, such
solid nanosolids, whose thermal properties could possibly be tuned, may lead to
the design of special heat transfer systems and accessories. As has been
demonstrated by earlier workers, composites have the distinct advantage of
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possessing tunability of their properties, which is of great advantage in the
design of heat transfer systems. Thermal properties of heat transfer materials
are relevant to applications in fields such as thermoelectric and thermal
management systems (Prasher, 2006a; Prasher, 2006b).

In the work presented in this thesis we have tried to extend
investigations on thermal properties of Polymeric nanosolids, the condensed
form of polymeric nanofluids, composing of metallic or nonmetallic
nanoparticles embedded in a polymer matrix. In our studies the preparation of
uniform nanosolids have been done by the direct condensation of the
corresponding nanofluids which are easier than the preparation of the same by
mixing the components uniformly in the solid state under controlled
temperatures. Two sets of polymer based nanosolids consisting of TiO, or
copper nanoparticles dispersed uniformly in PVA have been prepared and their
thermal conductivities measured as a function of particle volume fraction
following the Photopyroelectric (PPE) technique. Their thermal diffusivities
have also been measured separately employing the Photoacoustic (PA)
technique for confirmation. We have then described the effective thermal
conductivity of this two phase solid composite under the combined effects of
thermal boundary resistance arising due to the scattering of thermal waves at
the interfaces of the two phases, and thermal diffusion across the interfaces of
this two phase material (Chen and Vachon, 1969). For this we have employed
two forms of modified effective medium approximation (EMA) which
describes the mechanism of thermal conduction in Polymeric nanosolids in
terms of increased interfacial scattering (Nan er al., 1997) and thermal wave
diffusion through a two phase composite (Cheng and Vachon, 1969). Detailed
descriptions of sample preparation methods and experimental methods
employed for measurements on these materials are given in the following
sections.

134 Department of Instrumentation, CUSAT



Thermal conduction in condensed Polymeric nanosolids

6.2 Sample Preparation

We prepared the Polymeric nanosolid samples by the direct
condensation of PVA based nanofluids, dispersed uniformly with copper (or
Cu) or TiO; nanoparticles at room temperature. Two sets of nanofluid samples,
each with different nanoparticle concentrations have been prepared following
the two step method (Kwak er al., 2005). These were TiO2/PVA nanofluids
prepared by uniformly dispersing TiO, nanoparticles in PVA and Cu/PVA
nanofluids with copper nanoparticles dispersed in PVA. TiO, and copper
nanoparticles were selected because we wanted to bring out the effect of
particle thermal conductivity on the interfacial thermal resistance and the
consequent thermal conductivity.

In order to prepare TiO2/PVA nanofluids, first TiO, nanoparticles of
average size ~15 nm were prepared by the hydrolysis of TiCl, (Reddy et al.
2001). For this 99% TiCl, was initially digested in concentrated hydrochloric
acid and then mixed with water. The p™ of the solution was about 1.8. In order
to precipitate TiO,, 5 M Hydrazine hydrate was added drop by drop so as to
raise the p™to ~ 8. The precipitate was then stirred, filtered, washed and dried.
The powder was calcined at 200°C for a few hours to obtain TiO, nano powder.
The average particle size was estimated using powder XRD technique. Copper
nanoparticles of average size ~ 16 nm were prepared by chemical reduction of
CuSO,4 with hydrazine in ethylene glycol under microwave irradiation in a
medium power of 750 W for a few minutes (Zhu er al., 2005). After cooling to
room temperature the mixture was filtered, washed in ethanol and dried to
obtain the Cu nano powder. More detailed descriptions of the synthesis of TiO,
and copper nanoparticles have already been discussed in chapter 4.

In order to get uniform dispersions of nanoparticles in PVA initially we
have prepared PVA base fluid by mixing PVA granules in water under constant
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stirring for several hours. The degree of hydrolysis of PVA used was about
90%. Nanoparticles of desired mass fractions were added to the base fluid,
thoroughly mixed and sonicated for several hours to obtain highly uniform
nanofluid samples. In order to condense the nanofluid, we kept 5ml of
nanofluid in a petridish and allowed it to condense slowly at room temperature.
After 2 - 3 days, condensed forms of nanofluids, or polymeric nanosolids, were
formed. The volume of the fluid was so chosen that the thickness of the sample
after solidification was about 0.5 mm, which was suitable for direct
measurements following any of the two photo thermal methods mentioned
above. The change in mass fraction as the fluid that got condensed to solid was
determined by measuring the loss of weight of pure PVA after it got condensed.
The nanosolids prepared by this method were found to be highly uniform. We
have tried to investigate the thermal properties of these polymeric nanosolids by
following the well established Photoacoustic (PA) and Photopyroelectric (PPE)
techniques. A brief description of the experimental procedures that we have
followed is given in the following sections.

6.3 Measurement of Thermal Properties

6.3.1 Measurement of thermal diffusivity by Photoacoustic (PA)

technique

Photoacoustic (PA) measurement of the thermal diffusivity of a solid is
based on the sensitive detection of acoustic waves generated by the absorption
of modulated electromagnetic radiation, the most popular radiation source
nowadays being lasers. It is now well established that the PA effect
(Rosenswaig, 1980) involves the production of acoustic waves as a
consequence of the generation of thermal waves in the medium due to non-
radiative de-excitation processes in the sample as a result of periodic heating by
the absorption of modulated light. The PA technique constitutes a
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comparatively simple and reliable experimental tool (Adams and Kirkbright,
1977), which has been extensively used for the measurement of thermal
properties such as thermal diffusivity and conductivity of solid samples
(Charpentier et al., 1982; Madhusoodanan et al., 1987). The method is based on
the analysis of the variations in the amplitude and phase of the PA signal with
light modulation frequency, which is also the frequency of the generated
acoustic waves. The sample is kept in an enclosed volume provided with a
window to irradiate the sample and a sensitive microphone (electrets
microphone in our measurements) to pick up the PA signals, which are
amplified and processed with a Lock-in amplifier. The experiment needs to be
carried out in a vibration free environment so that a sufficiently high signal to
noise ratio can be achieved. In the present work we have measured the
variations of the PA amplitude with modulation frequency to arrive at the
thermal diffusivity values of the samples. More details of experimental
techniques are described in chapter 2 of the thesis.

The sample thicknesses chosen are such that at low modulation
frequencies (say < 50 Hz) the thermal diffusion length of the sample is more than
the physical thickness of the sample, in which case the sample is said to be
thermally thin. By increasing the modulation frequency to higher values (say >
100 Hz) the thermal diffusion length decreases, and at a high enough modulation
frequency, it becomes less than the physical thickness of the sample, which takes
the sample to a thermally thick regime. The modulation frequency at which the
sample changes over from thermally thin to thermally thick regime is called the
critical frequency. Critical frequency can be determined by measuring the
variation of PA amplitude or phase with modulation frequency, which appears as
a distinct slope change in the PA amplitude plot or as a maximum in the phase
plot. The amplitude plots that have been used to determine the thermal diffusivity
for a typical concentration 0.1 % of TiO,/PVA nanosolid and the copper/PVA
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nanosolid are shown in Figures 6.1 (a) and 6.1(b) respectively. In each case
change of slope in amplitude versus frequency plot gives the critical frequency f..
Once the critical frequency f. is determined, thermal diffusivity « can be
determined from the relation

_ 2

where [, is the sample thickness. Here the thickness of the condensed nanofluid
samples were measured at a large number of points with an accurate
micrometer of least count 0.01mm, and the mean values of thickness / were
recorded. Similar plots have been obtained for other samples with different
concentrations of nanoparticles in the PVA polymer matrix.

6.3.2 Measurement of thermal properties by Photopyroelectric
(PPE) technique

The thermal properties of the nanosolid samples were also measured by
the photo pyroelectric (PPE) technique (Mandelis and Zver, 1985; Menon and
Philip, 2000). In this technique, an intensity modulated beam of light (from a
laser) incident on the sample generated a thermal wave, which propagated
through the sample generating a corresponding temperature rise on the opposite
side of the sample. This temperature rise was picked up with a pyroelectric
detector (metal coated PVDF film) thermally attached to the sample. The
sample thicknesses used in the present measurements were of the order of 0.5
mm. The amplitude and phase of the pyroelectric signal were recorded as a
function of modulation frequency with a dual phase Lock-in amplifier. From
the frequency dependence of the amplitude and phase of the thermal wave,
thermal properties such as thermal conductivity, thermal diffusivity and specific
heat capacity of the samples could be evaluated. The amplitude and phase plots
that have been used to determine thermal properties of the two sets of polymeric
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nanosolids, TiO,/PVA and copper/ PVA, are shown in Figures 6.2(a), 6.2(b),
6.2(c) and 6.2(d).
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Figure 6.1(a) The variation of the amplitude as a function of the
modulation frequency of the photoacoustic signal
obtained to measure the thermal diffusivity of 0.1%
TiO,/PVA polymeric nanosolid.
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Figure 6.1(b) The variation of the amplitude as a function of the
modulation frequency of the photoacoustic signal
obtained to measure the thermal diffusivity of 0.1%
copper/PVA polymeric nanosolid.
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Figure 6.2(a) The variation of the amplitude of the photopyroelectric
signal recorded as a function of modulation frequency for
TiO,/PVA nanosolid having a volume fraction 0.1%.
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Figure 6.2(b) The variation of the phase of the photopyroelectric signal
recorded as a function of modulation frequency for
TiO,/PVA nanosolid having a volume fraction 0.1%.
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Figure 6.2(c) The variation of the amplitude of the photopyroelectric
signal recorded as a function of modulation frequency for
copper/PVA nanosolid having a volume fraction 0.1%.
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Figure 6.2(d) The variation of the phase of the photopyroelectric signal
recorded as a function of modulation frequency for
copper/PVA nanosolid having a volume fraction 0.1%.

More details of the experimental techniques adopted in these

measurements can be found in chapter 2. The PA as well as PPE measurements
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were carried out on samples prepared with different volume fractions of
nanoparticles. The thermal properties of pure PVA, condensed following the
same procedure, were also measured for comparison. From these the thermal
properties of each sample, normalized by the corresponding properties for pure
condensed PVA, have been plotted against the volume fractions of the

nanoparticles.
6.4 Results and Discussion

The experimental and theoretical variations of the normalized thermal
conductivity and normalized thermal diffusivity of TiO/PVA and Cu/PVA
nanosolids with volume fractions of nanoparticles are shown in Figures 6.3(a),
6.3(b), 6.4(a) and 6.4(b) respectively. The experimental plots of thermal
conductivity shown in these figures are from PPE measurements. Thermal
diffusivity values of the two sets of polymeric nanosolids have been obtained
from the PA measurements. It can be seen that the variations of normalized
thermal conductivity as a function of particle volume fraction are different for
the two sets of samples. Since in this case the properties of materials at particle-
matrix interfaces are nearly the same, effects like thermal wave scattering at the
particle-matrix boundaries cannot be accounted for within the framework of
these conventional models, which are essentially diffusion based. These models
consider only the mechanism of diffusion as responsible for the effective
thermal conduction in a solid composite. However, while dealing with
nanoparticle inclusions in a host matrix one has to consider effects like
interfacial scattering that arises due to thermal impedance mismatch at particle-

matrix boundaries.
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Figure 6.3 (a) Theoretical and experimental variations of effective
thermal conductivity of TiO./PVA nanosolids as a function
of volume fraction of TiO, nanoparticles. Experimental
values are from PPE measurements.
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Figure 6.3 (b) Theoretical and experimental variations of effective thermal
conductivity of Cu/PVA nanosolids as function of volume
fraction of copper nanoparticles. Experimental values are
from PPE measurements
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Figure 6.4(a) Experimental variation of effective thermal diffusivity of
TiO, /PVA nanosolids with nanoparticle volume fraction.
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Department of Instrumentation, CUSAT



Thermal conduction in condensed Polymeric nanosolids

The uncertainties in the measured values of thermal diffusivity or
thermal conductivity have been estimated as standard deviations of set of
experimental values of thermal diffusivity or thermal conductivity obtained by

repeating the measurements a fixed number of times.

The essential mechanisms that mainly work out in polymeric
nanocompistes are (i) diffusion through the constituents of the medium, which
forms the basis of effective medium approximation, and (ii) interfacial
scattering of thermal waves at matrix-particle interfaces. In the present work we
have tried to explain the observed variations in effective thermal conductivity of
the polymeric nanosolids under investigation as a combined effect of relevant
mechanisms proposed by previous authors (Nan et al., 1997; Cheng and
Vachon, 1969). We have employed the effective medium model proposed by
Nan et al. (1997), which describes the effective thermal conductivity of a two
phase composite, which includes thermal boundary resistance arising due to the
scattering of thermal waves at the interfaces of two phases and the effective
medium model proposed by Cheng and Vachon (1969), which describes an
effective thermal diffusion in composite solids. Cheng and Vachon model
(1969) considered an analogy between heat flow and electric current flow to
derive the effective thermal conductivity of composite materials. This model
assumes a parabolic distribution for the discontinuous phase (nanoparticle
inclusions) with the constants of the distribution determined by the analysis and
presented as a function of the volume fraction of the discontinuous phase. The
equivalent thermal conductivity of a unit cube of the mixture is derived in terms
of the distribution function, and the thermal conductivity of the constituents.
Detailed theoretical descriptions of these models have already been outlined in

chapter 3.
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In order to explain our experimental results on the thermal properties of
polymeric nanosolids we assumed that the effective thermal conductivity of
nanosolid, including diffusion and scattering effects, can be obtained by
adopting a series resistance model for conduction at the nanoparticle - matrix
interface. The model proposed by Nan er al. (1997) describes the effective
thermal conductivity of a nanosolid as controlled by interfacial effects (k..),
while the Cheng -Vachon model (1969) discusses the heat transport mechanism
in a solid composite in terms of diffusion of thermal waves (k). In our
theoretical formalism we have described the overall conductivity of the
nanosolid under consideration as a combination of these two mechanisms,
defined by Equations (3.41) and (3.52), so that we can write the effective
thermal conductivity of a nanosolid ;. as

ko x ky
e = - - (3.53)
+ dif

sct

This expression has been used to calculate the thermal conductivity of

nanosolids presented in this work and compare with experimental results.
6.4.1 Variations of thermal conductivity

The experimental and theoretical variations of the normalized thermal
conductivity of TiO/PVA and Cu/PVA nanosolids with volume fractions of
nanoparticles are shown in Figures 6.3(a) and 6.3(b) respectively. The
experimental plots shown in these Figures are from PPE measurements. It can
be seen that the variations of normalized thermal conductivity as a function of
particle volume fraction are different for the two sets of samples. From these
curves it is clear that the interfacial thermal resistance and thermal conductivity
of nanoparticles have strong influence on the effective thermal conductivity of
nanosolids. For TiO,/PVA nanosolid, the calculated effective thermal resistance
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is of the order of 107, and the low thermal conductivity of bare TiO,
nanoparticles results in a decrease in effective thermal conductivity with the
increase in nanoparticle volume fraction. Thus, we see that the scattering
mechanism is dominant over thermal wave diffusion for TiO,/PVA samples
because of the low transmission probability for thermal waves through TiO,
nanoparticles. From the theoretical and experimental variations it can be seen
that a decrease of about 40% in effective thermal conductivity occurs as the
particle volume fraction increases to about 45%. This decrease in thermal
conductivity can be interpreted as due to Kapitza scattering of short wavelength
phonons from the polymer matrix-nanoparticle interfaces, with the
nanoparticles acting as impurities. The limited diffusion due to low
transmission probability as a consequence of low thermal conductivity of bare
Ti0, nanoparticles cannot compensate for the strong decrease due to scattering
in the system.

In the case of Cu/PVA samples the normalized value of effective thermal
conductivity increases as the nanoparticle volume fraction increases. The reason
for this is the higher thermal conductivity of the included copper nanoparticles.
It is found that for about 5% copper nanoparticle concentration, the effective
thermal conductivity increases by about 7%. Though phonon scattering from
the particles acting as impurities is present in this regime also, strong diffusion
of thermal waves takes place in to the particles, resulting in an effective
enhancement. At higher volume fractions the competing effects of scattering
and diffusion tend to make the thermal conductivity saturate.

6.4.2 Variations of thermal diffusivity

Normalized thermal diffusivity of the Polymeric nanosolids TiO2/PVA
and copper/PVA are shown in Figures 6.4(a) and 6.4(b) respectively. The
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thermal diffusivity values obtained from PA measurements agree well with the
corresponding values obtained and calculated from PPE measurements, using

the relation between thermal conductivity and thermal diffusivity.

From these figures it is clear that the effective thermal diffusion in these
nanosolids is also determined by scattering as well as diffusion mechanisms. As
expected, variations of thermal diffusivity follow the corresponding variations

of thermal conductivity.

Using the PPE technique, we have also measured the variation in the
specific heat capacity of the TiO,/PVA nanosolids with the concentration of

TiO, nanoparticles. The variation is as shown in Figure 6.5

2800

2600

T
—

—&— TiO,/PVA

2400 | / J

2200

Cp (J/KgK)
T
[ |

2000

1800

1600 1 L 1 L 1 L 1 L 1 L 1 L 1

Figure 6.5 The variation in the specific heat capacity of TiO./PVA

nanosolids with concentration of TiO, nanoparticles.
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6.5 Conclusions

From the thermal conductivity analysis presented in this work, it is clear
that polymeric nanosolids with metallic inclusions exhibit a total reversal in
thermal conduction compared to the corresponding materials with nonmetallic
inclusions. We see that the effective thermal conductivity of these polymeric
nanosolids is essentially determined by particle volume fraction and particle
thermal conductivity, and are controlled by the competing mechanisms of
scattering and diffusion. Our experimental results as well as theoretical
predictions for polymeric nanosolids open up the possibility to tune the
normalized thermal conductivity of nanosolids from a low negative to high
positive values compared to the thermal conductivity of the base solid.
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Summary and Conclusions

For the past two decades, nanofluids prepared by uniformly dispersing
nanoparticles in a conventional fluid have attracted the attention of the scientific
community due to their enhanced thermal conduction properties and their
possible use as efficient heat transfer fluids. Nanoparticle-fluid suspensions
(nanofluids) have been reported to possess enhanced thermal conductivity and
convective heat transfer performance due to the higher thermal conductivity of
dispersed nanoparticles compared to the base fluid. A great deal of theoretical
modeling has also appeared in literature on this subject to account for the
observed experimental findings. Most of the successful theoretical models
published in literature on this subject have their base in the effective medium
theory put forward by Maxwell in the nineteenth century to evaluate the
effective properties of mixtures. According to the effective medium theory, the
addition of solid particles in to a liquid matrix improves its thermal conductivity
by convective heat transfer across the matrix-particle interfaces. As a matter of
fact many authors reported enhancements in thermal conductivity far more than
those predicted by the well established effective medium theories. This fact and
the inconsistencies in the values of thermal conductivity of nanofluids reported
by different researchers forced scientists to develop theoretical models
including various other mechanisms such as the formation of a semisolid layer
around nanoparticle surface, formation of fractal like nanoparticle clusters,

Brownian motion of nanoparticles at finite temperatures and interfacial
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scattering of thermal waves at fluid-particle boundaries. Experimentalists have
not been able to confirm the above mechanisms unambiguously, perhaps due to
the differences in the experimental techniques and conditions, differences in
sample preparation methods, differences in particle sizes etc. The elaborate
inter-laboratory comparison initiated by International Nanofluids Property
Benchmark Exercise (INPBE) involving over 30 laboratories across the world,
arrived at a general consensus that effects such as liquid layering around
nanoparticles and formation of fractal like nanoparticle clusters do not lead to
anomalous enhancements in thermal conductivity of nanofluids and that the
observed enhancements are well within the framework of effective medium
theories. However, this comparison work has been limited to nanofluids
prepared by dispersing nanoparticles in low molecular weight base fluids, such
as water, ethylene glycol, oil etc. An important issue that still remains
unresolved is the influence of particle sizes on the enhancement in thermal
conductivity of nanofluids. Conflicting experimental reports have appeared in
literature on this subject matter, while theoretical models based on effective
medium approach and results published based on the INPBE experiments are

silent about this and many other issues.

In this thesis we have reported the thermal conduction in nanofluids
prepared by dispersing nanoparticles in a high molecular weight base fluid such
as a polymeric fluid. We have then tried to investigate the effect of mechanisms
like adsorption of liquid molecules around nanoparticles and clustering of
nanoparticles on the effective thermal conductivity of nanofluids. For this we
have studied the wvariation in effective thermal diffusivity and thermal
conductivity with volume fraction of nanoparticles as well as size of the

dispersed nanoparticles. In polymer based nanofluids the adsorption layer
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formed around the nanoparticle are stable due to the high viscosity of the
polymeric base fluid compared to that in a low molecular weight base fluid
such as water. We have presented a theoretical model specific to a polymeric
nanofluid which has its roots in the basic Maxwell-Garnett effective medium
theory, but including the effect of adsorption layer around the nanoparticles.
Then we have tried to describe the effective thermal conductivity of the
polymeric nanofluid by comparing the experimental data with conventional
effective medium theory, originally proposed by Maxwell to predict the
effective thermal conductivity of homogeneous solid mixtures. Maxwell’s
model assumes that the effective thermal transports in mixtures are essentially
diffusive. While dealing with polymeric nanofluids we consider one additional
modification to this model including the effect of formation of adsorption layer
around nanoparticles and the consequent interfacial effects at fluid-particle
boundaries. In a two component mixture consisting of particles dispersed in a
high molecular weight polymeric fluid, viz. Poly Vinyl alcohol (PVA), the
adsorption of liquid molecules around a solid medium is a pre-defined
phenomenon, which cannot be neglected. So we have tried to determine the
variations of the effective thermal diffusivity and thermal conductivity of
nanofluids with the volume fraction of nanoparticles. The theoretical
predictions have been verified experimentally by performing accurate
measurement of thermal diffusivity of two representative polymeric nanofluids;
TiO,/PVA nanofluid, prepared by dispersing TiO, nanoparticles in polyvinyl
alcohol (PVA), and Cu/PVA nanofluid obtained by dispersing Copper

nanoparticles in PVA and estimating thermal conductivity from it.

In order to measure the thermal diffusivity of nanofluids accurately, a

thermal wave resonant cavity (TWRC) cell has been designed and fabricated,
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which works on the principle of thermal wave interference in a defined volume
of the fluid. Measurement uncertainties have been estimated following standard
techniques, and it is found that the uncertainty of measurement is within + 1%.
We think that this technique is more convenient and accurate than other
techniques such as transient hot wire or parallel hot plate methods generally
used to measure thermal conductivity of nanofluids. The measurements have
been extended to the corresponding nanofluids with water as the base fluid for

comparison and verification with reported results.

For the confirmation of the validity of the mechanisms proposed for
describing the effective thermal conductivity of polymeric nanofluids we have
performed measurements of effective thermal diffusivity and thermal
conductivity in a low molecular weight based nanofluid system such as
TiO,/water nanofluid. In this case the experimental variations obtained are well
in tune with well established Maxwell-Garnett model, and are in agreement
with the INPBE results.

The experimental variations of the effective thermal conductivity and
diffusivity obtained as a function of volume fraction of nanoparticles reveal that
the adsorption layer formed around nanoparticles and nanoparticle clustering
play decisive roles in deciding the effective thermal conductivity of polymeric
nanofluids. The experimental results obtained are in good agreement with the
Maxwell-Garnett model including the effect of adsorption layer around
nanoparticles. These adsorption layers act as continuous percolation paths for
easy transport of thermal energy through the medium. The experimental studies
on the dependence of particle size on effective thermal conductivity of the
polymeric as well as water based nanofluid systems strongly reveal the validity

of these mechanisms in high molecular weight nanofluid systems. The
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difference in experimental results observed with polymeric nanofluids having
metallic and nonmetallic suspensions of nanoparticles opens up the possibility
for the design of high efficiency heat transfer systems for heat conduction

application.

As the second part of the research work we have extended the study of
thermal conduction properties of the condensed PVA based nanofluids with the
concentration nanoparticles. For this, first we prepared two sets of PVA based
nanofluids with different concentrations of TiO, and copper nanoparticles and
dried them at room temperature to obtain nanosolids. The thermal
characterization of the nanosolid samples is done by the photopyroelectric
(PPE) and photoacoustic (PA) techniques. In the PPE technique, an intensity
modulated beam of light (from a laser) incident on the sample generates a
thermal wave, which propagates through the sample generating a corresponding
temperature rise on the opposite side of the sample. This temperature rise is
picked up with a pyroelectric detector (such as metal coated PVDF film)
thermally attached to the sample. From the frequency dependence of the
amplitude and phase of the PPE signal, thermal properties such as thermal
conductivity and thermal diffusivity could be evaluated. The photoacoustic
technique is based on the PA effect which involves the production of acoustic
waves as a consequence of the generation of thermal waves in the medium due
to non-radiative de-excitation processes in the sample as a result of periodic
heating by the absorption of modulated light. The PA technique constitutes a
comparatively simple and reliable experimental tool, which has been
extensively used for the measurement of thermal properties such as thermal
diffusivity and conductivity of solid samples. The method is based on the

analysis of the variations in the amplitude and phase of the PA signal with the
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light modulation frequency, which is also the frequency of the generated
acoustic waves. Here we have evaluated the variation in thermal diffusivity of
the nanosolids by performing a frequency scan experiment in a photoacoustic

cell.

We have tried to explain the observed variations in effective thermal
conductivity of the nanosolids under investigation as a combined effect of
relevant mechanisms proposed by previous authors; such as diffusion through
the constituents of the medium, which forms the basis of effective medium
approximation, and interfacial scattering of thermal waves at matrix-particle
interfaces. In order to interpret the experimental results we have employed
modified forms of theoretical models such as Nan et al.’s model and Cheng-
Vachon model. Nan et al.’s model is a modified form of Maxwell’s model
including the concept of interfacial thermal resistance in the composite and
describes the role of thermal wave scattering at matrix-particle interfaces on the
effective thermal conductivity of these nanosolids . The Cheng—\Vachon model
essentially describes and discusses the mechanism of heat transport in a solid
composite in terms of diffusion of thermal waves. Cheng and VVachon proposed
this model for effective thermal conductivity following the analogy between
heat flow and electric current flow and considered a parabolic distribution for
the discontinuous phase (nanoparticle inclusions) with the constants of the
distribution determined by the analysis and presented as a function of the
volume fraction of the discontinuous phase. We have combined these two
mechanisms to obtain an expression for the overall thermal conductivity for
polymeric nanosolids. Based on our theoretical analysis we have concluded that
nanosolids with metallic inclusions exhibit a total reversal in thermal

conduction compared to the corresponding materials with nonmetallic
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inclusions. We see that the effective thermal conductivity of these polymeric
nanosolids is essentially determined by particle volume fraction and particle
thermal conductivity, and are controlled by the competing mechanisms of

scattering and diffusion.

Most work reported on nanofluids is on nanofluids made from low
molecular weight nanofluids. Perhaps ours is the first systematic measurement
of the thermal diffusivity and associated properties of nanofluids made from
high molecular weight base fluid such as polymeric nanofluids. We have
invoked several mechanisms to explain our experimental findings. We do not
claim that we have been able to identify and solve all the issues related to
thermal properties of polymeric nanofluids. More work is required to be done
on other polymeric nanofluids with different types of nanoparticles dispersed in
the base fluid. It would also be interesting to disperse highly anisotropic
nanoparticles such as carbon nanotubes in polymeric fluids and measure their
thermal properties. More experimentation and results may lead to further
modeling and better understanding of their properties, and hence may lead to

new applications.

In the case of condensed form of polymeric nanofluids known as
polymeric nanosolids it can be seen that nanosolids with metallic inclusions
exhibit a total reversal in thermal conduction compared to the corresponding
materials with nonmetallic inclusions. In the case of experimental results as
well as theoretical predictions done with polymeric nanosolids open up a
possibility to tune the normalized thermal conductivity of nanosolids from a
low negative to high positive values compared to the thermal conductivity of
the base solid. Thermal conductivity of the polymeric nanofluids generally

depends on the values of constituent particle thermal conductivity, volume
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fraction, size and shape of the constituent phases. Future research on this
subject is based on the possibility for designing polymeric nanosolids with
positive or negative thermal conductivity which can be achieved by trying
polymeric nanosolids with variable nanoparticle size and shape. This may lead
to the fabrication of advanced cooling and heat transfer systems. More
systematic measurements and analysis of the thermo-physical properties are

needed for testing and establishing the applications of these materials.
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