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ABSTRACT

Nanofluid or nanoparticle-fluid is a fluid containing particles that are small enough to remain
in suspension over time that sometimes exhibit exceptional properties. While considerable
work has been reported on the thermal conductivity of such mixtures based on oxides, inert
powders and non-corrosive fluids, there are only few studies on metallic-nanofluids. In
addition, there is a need to produce metallic-nanofluids with excellent thermal conductivity
with good long term stability, and understand the heat transfer mechanism of these fluids.
Therefore, the present work explores both the stability and thermal conductivity of metallic-
nanofluids. Fine particles of stainless steel were selected and were dispersed into pure water
or ethylene glycol.

As some previous studies have shown the strong relationship between the particle
dispersion stability and fluid thermal conductivity, the first step was producing stable
nanofluids. Amongst the parameters that are known to influence the dispersion of particles
in fluid, it was found that controlling the fluid pH helps to stabilise the mixtures more than
the addition of surfactants which is important in obtaining {-potentials that are large enough
to sustain a significant repulsion between like particles in the fluid. For 0.017 wt% stainless
steel-water fluids, pH 11 was the optimal stability condition and the thermal conductivity



ii

enhancement was also highest. This work forms the foundation of future studies on
the properties of such mixtures, especially for heavy metallic particles.

The second step was to reveal the relationship between the stability and thermal
conductivity at various particle concentrations. Previous studies have shown that the
thermal conductivity of fluids containing nanoparticles increased with the particle vol-
ume fraction. However, the rate of enhancement and the linearity have been hard to
predict. To determine the complete particle dispersion at various concentrations that
has not been deeply discussed before, the particle molar absorptivity was used. Under
the complete particle dispersion, the thermal conductivity enhancement showed linear
relationship with particle volume fraction when stainless steel particles were dispersed
into both water and ethylene glycol.

Thermal conductivity enhancement with stainless steel particles in water was 20%
and 15% with 0.003 vol.% of particles in water and ethylene glycol, respectively.
This is comparable with other metallic-nanofluids which were previously reported,
and show that obtaining good particle dispersion is necessary to benefit the particle

with high thermal conductivity addition to fluids.
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Chapter 1

Introduction

1.1 Basic Background

Suspending solid particles is known to increase the heat conduction of the liquid in
which they are dispersed (Maxwell, 1873), because of the greater thermal conduc-
tivity of solids than that of liquids (Lide, 2004). Following Maxwell’s prediction on
the thermal conductivity of heterogeneous mixtures with very dilute suspensions of
spherical particles, the interactions among particles can be ignored due to low particle

volume fraction, ¢, as (Maxwell, 1873):

k
keff_l+ 39(2-1)

— = (1.1)
k k
ke 29 - D)

where keff, k¢ and k,, are the thermal conductivities of the mixture, base fluid and par-
ticle, respectively, and kegr/k¢ is called the thermal conductivity enhancement of the
mixture.

Demands for fluids with better heat transfer properties have been growing consis-

tently in the electronics and automotive industries due to miniaturization of devices or
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improved energy efficiency. Therefore, many trials had been done to add micrometer
or millimeter sized particles into conventional cooling fluids such as water, ethylene
glycol and oil. However, because of clogging, erosion and sedimentation of particles
in fluid channels, it has been impossible to use these in heat transfer applications (Chi-
tra and Sendhilnathan, 2014; Saidur et al., 2011; Wen et al., 2009; Wong and De Leon,
2010; Yu and Xie, 2012).

A nanofluid (or nanoparticle fluid suspension), is one with uniformly dispersed
and stably suspended nano-sized particles smaller than 100 nm which emerged with the
development of modern nanotechnology (Das et al., 2007). After Choi and Eastman
(1995) reported the concept of nanofluids that can have significant effective thermal
conductivity and Eastman et al. showed experimentally that thermal conductivity can
be improved almost 60 % when 5 vol.% of CuO is dispersed in distilled water (Eastman
et al., 1996), the nanofluid idea has been considered as the future heat-transfer fluids.
There has been considerable modern work on nanofluids and the reported properties
were promising; enhanced heat transfer properties with only a small addition of parti-
cles, even less than 1 vol.%, and benefits of not having the aforementioned problems
that fluids with micrometer sized particles had (Chandrasekar and Suresh, 2009; Das
et al., 2007; Fan and Wang, 2011; Kleinstreuer and Feng, 2011; Ozering et al., 2010;
Saidur et al., 2011; Saleh et al., 2014; Sundar et al., 2013; Wen et al., 2009; Wong and
De Leon, 2010).

However, although considerable theoretical and experimental work has been done
since 1995, it seems that the applications of nanofluids are not as widespread as ex-
pected (Liu and Li, 2012; Michaelides, 2014). Experimental studies have shown that
the effective thermal conductivity of nanofluids is influenced by the volume fraction,
size and shape of particles, material properties of the particles and base fluid, acid-

ity and temperature of base fluid, dispersion method and additives such as surfactants
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(Das et al., 2007). To explain the underlying basis of enhanced heat conduction in
nanofluids, propositions such as liquid-layering, particle aggregation, Brownian mo-
tion of particles, efc. have been tested and discussed (Keblinski et al., 2002; Pang
et al., 2014; Yu and Choi, 2003). But, none of the constructed models including effect
parameters or propositions could reproduce the reported experimental data, and failed
to explain the principles. Thus, there is a need of further studies on the heat conduction
of nanofluids.

Difficulties of describing the heat transfer mechanism of nanofluids come from
the discrepancies in properties between different groups and the thermal conductivity
degradation over time. The discrepancies in data is because of different measurement
method which is not yet standardised and different stability or dispersion status.

For example, the transient hot-wire method has been used most frequently to mea-
sure the thermal conductivity of nanofluids (Paul et al., 2010), but this method was
originally constructed for homogeneous gases and liquids, not solid-liquid mixtures.
Nanofluids should be categorized as heterogeneous fluids, due to aggregation and sed-
imentation of particles. Particles are uniformly dispersed in fluids at the initial stage
after production, but gradually form flocs or aggregates, become heavier and larger,
and finally settle down. With the same combination of nanoparticles and fluids, the
measured thermal conductivity can diverge depending on the inhomogeneous distribu-
tion of particles which was also pointed out recently by Michaelides (2014). In addi-
tion, the time of measurement is also critical in the case of fluids with lower stability;
thermal conductivity measured within the short time after production will be higher
than that measured after a few days if sedimentation occurs, because the amount of
particles that can bring additional heat transfer decreases.

The particles studied range from oxides to intermetallic compounds, metals and

carbon nanotubes (Chen et al., 2009; Hwang et al., 2008; Jiang et al., 2003; Li et al.,
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Fig. 1.1 Thermal conductivity enhancement of nanofluids kg /k¢ with respect to parti-
cle volume fraction ¢. Black, red and blue symbols indicate oxides, metals and carbon
nanotube particles, respectively. Legend indicates each set of data in nanoparticle(size
of particle in nanometre)-base fluid, and EG is ethylene glycol. Original figure from
(Fan and Wang, 2011) is reproduced.

[1] Lee et al., 1999; [2] Das et al., 2003; [3] Murshed et al., 2005; [4] Duangthongsuk
and Wongwises, 2009; [5] Eastman et al., 2001; [6] Assael et al., 2006; [7] Chopkar
et al., 2008; [8] Hong et al., 2005; [9] Murshed et al., 2008a; [10] Choi et al., 2001;
[11] Xie et al., 2003; [12] Liu et al., 2005.

2007; Timofeeva et al., 2011; Yang et al., 2012; Yuetal., 2010). Asin Fig. 1.1, the ther-
mal conductivity enhancement has been reported to be higher when metallic nanopar-
ticles are dispersed in the fluid than in the case for oxide nanoparticles (Fan and Wang,

2011; Saterlie et al., 2011; Timofeeva et al., 2011), which is explained by the orders of
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magnitude greater thermal conductivity of metals than oxides (Lide, 2004). Nonethe-
less, due to the oxidation, storage and safety problems related to metallic powders
(Wiesner et al., 2006) and difficulties in production because of larger particle density or
gross chemical reactions between the metallic-particles and fluid, e.g. rusting in water,
metallic-nanofluids have been studied much less than oxide or nanotube dispersions.
Shown in Fig. 1.2, the thermal conductivity degradation of copper-water nanofluids
is much faster than oxides, which is slowed down when dispersed into ethylene gly-
col. This can be explained by the sedimentation rate following Stoke’s law (Cosgrove,
2010); viscosity of ethylene glycol is about 100 times than that of water. In addition,
the thermal conductivity enhancement of nanofluids has been reported to be higher
when the nanofluids were more stable (slower sedimentation) (Li et al., 2008; Wang
et al., 2009). Therefore to investigate the heat conduction mechanism of nanofluids
and produce nanofluids with good heat transfer properties, stability of nanofluids must
be studied and understood first. However, studies on the stability of nanofluids and the
relationship with heat transfer properties have not been pursued vigorously.

In conclusion, from thorough reviews of the subject, it can be summarised as:
 aneed for study on stability of nanofluids,

* a standard measurement technique applicable to nanofluids,

* thermal conductivity data with consistent parameter control,

* modified or new models to describe/predict the effective thermal conductivity of

nanofluids, and

* a study on the mechanism behind the heat transfer in nanofluids.
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Fig. 1.2 Degradation of thermal conductivity enhancement over time of (a) water based
and (b) ethylene glycol (EG) based nanofluids after their production. Particle concen-
trations and sizes in nanometre are indicated in legends as: volume fraction nanoparti-
cle(size).

[1] Liu et al., 2006; [2] Karthikeyan et al., 2008; [3] Philip and Shima, 2012; [4] Yu
et al., 2010; [5] Hong et al., 2006.
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1.2 Aim of the Study

Research on nanofluids includes a wide range of knowledge on science and engineer-
ing fields. It includes chemistry for best dispersing particles in fluids which includes
colloidal dispersion theories, and mechanical engineering for understanding heat trans-
fer theories. It is necessary also to set up apparatus for measuring the properties of
nanofluids that definitely needs more discussion and study to find out whether tech-
niques that were used previously to measure fluid properties will all work well in
nanofluids. Understanding both stability and heat transfer is important as discussed in
previous section. However, it seems that mechanical engineers put responsibility on
chemists to solve the stability problem while chemists do not have deep interest in heat
transfer applications.

To produce a nanofluid with good thermal conductivity and understand the heat
transfer mechanism of it, both the stability and the thermal conductivity were consid-
ered in this study. The interest was focused especially on metallic-nanofluids.

First, stable nanofluids are produced at certain concentration on the basis of the
colloidal dispersion theories, tested at various concentrations and then a method to de-
termine the sufficient stability of nanofluids are suggested which has not been properly
discussed elsewhere. Previous studies found the optimal stability condition for some
nanofluids, but were limited to specific concentrations (Fedele et al., 2011; Hwang
et al., 2008; Li et al., 2007; Ojha et al., 2010; Wang et al., 2011).

Second, the thermal conductivity of stable nanofluids produced at various concen-
trations are measured and the relationship with particle concentration and other param-
eters are studied experimentally. Transient hot-wire apparatus was constructed, and in
addition, the possibility of the overestimate caused by the pulse-like heat transfer re-
ported by Ghosh (Ghosh, 2010; Ghosh et al., 2013), for example, has been verified.

Last, to understand the mechanism behind the thermal conductivity enhancement
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and the additional heat transfer coming from collision of metallic-particles, reported

new or modified models and theories were considered and discussed.



Chapter 2

Literature Review

This chapter is the literature review on dispersion stability and thermal conductivity
of solid-liquid mixtures. The first section defines what nanofluid is, and the following
two sections are about dispersion stability; the latter can be investigated theoretically
and experimentally based on colloidal dispersion theories, and both approaches are
discussed in detail along with previous studies on each approach. The forth section
begins with the definition of thermal conductivity as the material property of solids
and liquids, and then the characteristic of thermal conductivity of heterogeneous solid-
liquid mixtures are described. Finally, previous studies on the thermal conductivity of

nanofluids are summarised.
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2.1 Nanofluids

Before moving on to further discussion, it will be better to define what is a hetero-
geneous mixture, colloid and nanofluid. When two or more different substances are
mixed and not combined chemically, it is a mixture. A mixture is heterogeneous if
components within the mixture can be distinguished and separated easily, and homo-
geneous if substances are in a single phase (Michaelides, 2014, p. 4). A colloid or
colloidal suspension is a mixture of insoluble particles smaller than 100 um, (arbi-
trary) dispersed in another substance which is medium (Israelachvili, 2011, p. xxix).

A nanofluid is when the size of the particles, d}, (diameter for spherical or equiva-
lent diameter for non-spherical shaped particles), is smaller than 100 nm. A colloid or
nanofluid are sometimes classified to homogeneous suspensions when the solid par-
ticles are distributed uniformly and sedimentation is not observed, showing homoge-
neous properties behaving as one phase. But generally, nanofluids have heterogeneous
characteristics.

The nanoparticles themselves can be ceramics, metals, carbon nanotubes, com-
posites, or alloyed particles as in Fig. 2.1. Oxides such as Al;O3 and CuO (Choi and
Eastman, 1995; Eastman et al., 2001; Lee et al., 1999) were first and the most used in
studies of nanofluids, because they are easy to manufacture and chemically stable in
solutions.

Nanoparticles can be produced by physical processes (inert-gas condensation, me-
chanical milling) or chemical processes (chemical vapor deposition, chemical precip-
itation, thermal spraying) (Das et al., 2007). Nanofluids can be produced using two
methods; particles are simultaneously synthesized and dispersed directly into a base
fluid in the one-step method, or particles are first produced and then dispersed into base
fluids by mixing or ultrasound agitation in two-step method. The former method is

preferable when dealing with metallic particles and can prevent agglomeration which
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] X

Fig. 2.1 TEM images of dried nanofluids with Cu, CuS, Cu,0, Carbon nanotubes (Fan
and Wang, 2011), Al,O3, CuO (Gowda et al., 2010), Fe (Hong et al., 2005) and Fe3O4
(Zhu et al., 2006) particles.

is the key issue in using two-step techniques. However, the two-step method is used

widely because of it is economical and more suitable for commercial production.
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2.2 Dispersion Stability — Theoretical Approach

The stability of a nanofluid follows colloid dispersion theories. Generally, a stable
colloidal system becomes unstable by a process of either sedimentation, flocculation
and then coagulation, or flocculation, coagulation and then sedimentation (Fig. 2.2). If
the particles or the medium with smaller fraction maintains the dispersed initial state
from the production for a long time (throughout the time of its usage), then the colloid
is called ““stable”. Also, if the particles flocculate but do not sediment for a sufficient
time, that is also regarded as a stable colloid. Therefore, nanoparticles in the nanofluid
should not settle for some time, and the properties should be maintained for that period
to be applied in the future.

Fig. 2.3 shows the kinetic behavior and force balance of particles in fluid (Pugh
and Bergstrom, 1994). Nanoparticles in fluid are under these forces and the dispersion
state depends on their balance. The balance of gravity, drag and buoyancy can be ex-
plained by Stoke’s law and interparticle forces, attraction and repulsion, are explained
by Derjaguin, Landau, Verwey and Overbeek (DLVO) theory. Separating shear is the

force that particles undergo in mixing processes. Brownian motion and fluid flow will

w 'J’Y. g v ﬂSedimentation

o,0"° o° Flocculation Coagulation
.5 .o . .o
*e®e* o. [)

Stable I
%ot 000, - o JCoagulation
CLX T LIN] _$6%0330 odebe

Sedimentation Flocculation

Fig. 2.2 Sedimentation process of a colloidal system. Original figure from Malvern
(2011) is reproduced.
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Fig. 2.3 Kinetic behavior and force balance of particles in fluid. Original figure from
(Pugh and Bergstrom, 1994) is reproduced.

be ignored since they are not the main factors to be considered in the production pro-

cess. In the following subsections, these forces will be discussed in detail.

2.2.1 Electrostatic and steric stabilisation

Particles dispersed in a liquid can be in electrostatic or steric stabilisation state as
shown in Fig. 2.4. Steric stabilisation is obtained by modifying the particle surface
with surfactants or polymers. If surfactants or polymers are well adsorbed on the
particle surface, the formed adsorbed layer may prevent coated particles coming into
contact. This is an irreversible process, and efficient for non-polar particles that cannot
have electrostatic stabilisation.

Surfactants are classified into anionic, cationic, nonionic and amphoteric type. An-
ionic surfactants have anionic function groups at head, cationic surfactants are pos-

itively charged at pH < 10, nonionic surfactants have long chanied alcohols, and
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Negatively Particle
charged particle

Electrostatic stabilisation Steric stabilisation

Fig. 2.4 A simple schematic of electrostatic and steric stabilisation of a particle in
liquid.

amphoteric surfacants have both cationic and anionic structures (Cosgrove, 2010).
Sodium dodecyl surfate (SDS) and sodium dodecyl benzene sulfonate (SDBS) are an-
ionic, hexadecyltrimethyl-ammonium bromide (CTAB) is cationic and Triton X-100
is nonionic surfactants that were previously used to increase the nanofluid stability
(Hwang et al., 2008; Li et al., 2007, 2008; Wang et al., 2011).

Electrostatic stabilisation is obtained when the charged species, e.g. ions, are dis-
tributed around particles. Charged particles with identical sign will have repulsive
forces between themselves and will not adhere when the repulsion is larger than the
attractive force. By adding salts, acids or bases, the pH of fluids is controlled and
the counter ions or species will surround the charged particles, which will increase the
repulsion and stabilise the particles in the fluid.

As in Fig. 2.5, a charged particle in a fluid has a strong inner ion boundary, counter
ions distributed close to the surface which is a Stern layer and a diffuse outer layer
with less firmly attached ions. The Stern layer and diffuse layer together form the

electrical double layer. When the particle diffuses in the fluid, the Stern layer and
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Fig. 2.5 A simple schematic of electric double layer of negatively charged particle.

the inner diffuse layer moves with the particle and the outer diffuse layer moves with
the fluid — the plane between the particle movement is called the slipping plane. The

Debye length k!

is the distance from the Stern layer to the slipping plane and the zeta
potential { is the surface potential at the slipping plane. Electrostatic stabilisation is
a reversible process and the degree of this stabilisation can be measured by the zeta

potential (see section 2.3.4 for detail).

2.2.2 Sedimentation

From Stoke’s law, the sedimentation velocity vy of the particle is obtained from the
balance of the gravity, drag and buoyancy forces as:

Ve — %rp2g’Pp — pil

=% 0 2.1
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where r,, is the particle radius, g is standard acceleration of gravity 9.806 m s72, pp and
pr are the densities of the particle and fluid, respectively, and 1 is the fluid viscosity
(Cosgrove, 2010). The sedimentation in nanofluids can be prevented or slowed down
by reducing the particle size, increasing the fluid viscosity and decreasing the density
difference between the particle and the fluid.

For a given particle and fluid, using particles with smaller size will increase the
probability to get a stable nanofluid. However, when the particle size becomes smaller
its specific surface area increases and the surface energy increases, and because the
repulsive potential between particles is also linear to the particle size (Eq. 2.11), the
attraction between particles may be larger at a certain critical size. Therefore, only
reducing the size of the particles cannot be the solution, and it is important to stabilise
the particle surface either by increasing the repulsive forces between particles (elec-
trostatic stabilisation) or modifying the surface of particles using surfactants (steric
stabilisation).

Theretofore, because density and viscosity of a liquid are strongly dependent on
temperature, controlling the temperature during the production is more important.
Fig. 2.6 shows that viscosity of water and ethylene glycol decrease rapidly with in-
crease in temperature. As in Fig. 2.7, the sedimentation velocity of particles in the
fluid with respect to the temperature increases in order of magnitudes according to
Eq. 2.1.

While some studies on the temperature effect to heat transfer properties of nanoflu-
ids have been done (Chon et al., 2005; Das et al., 2003; Duangthongsuk and Wong-
wises, 2009; Mintsa et al., 2009; Murshed et al., 2008b), the temperature effect on
stability of nanofluids has not been considered: only a few authors have noted the dis-
persion temperature (Nasiri et al., 2011). If the sedimentation velocity can be slowed

down by controlling temperature, particles can be dispersed more uniformly during
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Fig. 2.6 Density and dynamic viscosity at specific temperatures under atmospheric
pressure (Bayazitoglu and Ozisik, 1988). Square, circle and triangle are water, ethy-
lene glycol (EG) and glycerin, respectively and black closed symbols with solid lines
and blue opened symbols with dot lines are density and dynamic viscosity, respec-

tively.

sonication. The result of the dispersion temperature control is shown in chapter 4.
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Fig. 2.7 Calculated sedimentation velocity of nanofluids with respect to temperature
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circle are when 13nm sized Al,O3, 45nm sized Al,O3 and 70 nm sized stainless steel
(STS) nanoparticles are in fluids. pa0, = 4000kgm73, Psts = 7900kgm*3, and
density and dynamic viscosity from Fig. 2.6 are used in the calculation.
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2.2.3 Derjaguin, Landau, Verwey and Overbeek theory

Surface chemistry becomes important for particles smaller than 100nm because the
effect of the van der Waals attraction increases relative to the kinetic energy of stirring,
so particles can aggregate easily (Pugh and Bergstrom, 1994). The dispersion of par-
ticles can be maintained by adding a surfactant to modify any hydrophobic surfaces
of particles, modifying surface charge by pH control, and applying powerful forces by
controlling ultrasonic vibration power and time.

The stability of a particle in solution can be calculated by the DLVO (Derjaguin,
Landau, Verwey and Overbeek) theory (Derjaguin and Landau, 1941; Verwey and
Overbeek, 1948). The total interparticle potential Vr is the summation of van der
Waals attraction V4 and electrostatic repulsion between particles Vg with respect to the

interparticle surface to surface distance H:

VT(H) :VA(H)+VR(H). (2.2)

van der Waals attraction

The attraction between particles or a particle and a surface is calculated by the van der
Waals attraction (Hamaker, 1937; Russel et al., 1992; Visser, 1972). Attraction force
between two particles with identical sphere of radius r;, is:

A131 21"p2 2rp2 H2+4I‘pH
Va(H) = — 1
AH) 6 |HEtar,H  HEtarH 14t  C\HEtanH4nt)]’
2.3)

where A3 is the interaction constant of particles (phase 1) in medium (phase 3). This
van der Waals attraction between particles of same material still remains even when the

particles are embedded in a fluid (Hamaker, 1937), and thus can be applied in colloidal
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Fig. 2.8 Calculated normalized van der Waals attractive potential using Eq. 2.3 with
Hamaker constants and particle sizes of different orders with respect to interparticle
surface to surface distance H at T = 300 K.

stability.

Fig. 2.8 shows this attraction force between two identical particles with respect
to the particle surface to surface distance H is strongly dependent on the particle size
for a given constant Aj3;. The attraction between particles will increase continuously
while a fluid is used or stored; since particles aggregate gradually, coarsen over time,
and then the attractive force may increase depending on the size of particles.

Aj3; is in the order of 10712 — 1072°J for most materials, in the range of 2 x
10719 =5 x 107197 for metals (Israelachvili, 2011; Visser, 1972), and considered as
very high at 3 x 107" J and abnormally low at 0.7 x 10~2! J (Hamaker, 1937). When
Ajs; is 10 times higher, the attractive force between particles increases accordingly, so
particles with lower A3; will have higher probability to be stable in a fluid. This gives

explanation of why metallic particles settle down rapidly and hard to be stable in fluid;
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metals have higher A;3; than oxides as listed in Table 2.2.

Hamaker constant The interaction constant A3 in Eq. 2.3 can be either the Hamaker
constant derived from molecular properties or the Lifshitz—van der Waals constant from
bulk material properties (Visser, 1972).

The Hamaker constant Ay, of two identical particles at short distance in vacuum is

A = T4, (2.4)

where g is the number of atoms per cm” and A is the London—van der Waals constant
(Hamaker, 1937; Visser, 1972) and there are several methods to calculate A (Visser,

1972). For the interaction between two particles of different materials,
A =T qqa M2, (2.5)

where Aj» = A11Ax2 (Hamaker, 1937; Visser, 1972). Then the interaction constant
between two particles 1 in medium 3, A;31, can be calculated by assuming the property

of Aq; to be additive:

2
A =VA1A», A3t =A1 +As3 — 2413 ~ (VAL —A33) . (2.6)

If the properties of materials are provided, the Hamaker constant can be calculated and

if not, Hamaker constant can be obtained from experiments (Visser, 1972).

Lifshitz—van der Waals constant The Lifshitz—van der Waals constant can be cal-

culated as:
3 [ (alE) e\
A1z _47rh0/(81(i§)+83(i§)> d(i&), 2.7)
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where &(i€) is the dielectric constant of material i along the imaginary frequency i&
(Bergstrom, 1997; Visser, 1972) and # is the Dirac’s constant 1.05 x 107347Js having
h= % relation with Planck constant 4 = 6.63 x 1073*Js. The dielectric constant is a

complex number at real frequency ®:
e(w)=¢(w)+ie"(w), (2.8)

where the imaginary part €”(®) is related to the absorption of material and the real
part €' () is related to the transmission. The dielectric constant has a relation with the

refractive index n in frequency regions as (Bergstrom, 1997):
g(w) =€ () =n’ (o), ife"(®) =0. (2.9)

When a static field with w = 0 is applied, non-conducting materials have the static
dielectric constant £(0) = €’(0), and Lifshitz—van der Waals constant of two identical
particles 1 and medium 3 can be calculated as (Israelachvili, 2011; Murshed et al.,

2009; Visser, 1972):

3 e —en\2  3hve (2 —nm2)’
Apz; = ~kgT (P“‘) +— 01 =1 1/2, (2.10)

where &, and &;, are the static dielectric constants of the particle and medium and n,
and ny, are the refractive indices of the particle and the medium. kg is the Boltzmann
constant 1.38 x 10723JK~!, T is the absolute temperature of the medium, and v, is
the frequency where the dielectric medium has the strongest absorption peak, 3.0 X
10 s~ for water (Israelachvili, 2011; Koo and Kleinstreuer, 2004). Dielectric data
can be obtained using various methods and when the static dielectric constant is not

given, Lifshitz—van der Waals constant can be calculated using Eq. 2.7.
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Table 2.1 The dielectric constants and refractive indices at room temperature of some
materials. The refractive indices are given with the corresponding wavelength which
was selected near 663 nm (zeta potential measurement wavelength).

[1] Haynes et al., 2012 [2] Hippel, 1954 [3] Weber, 2010 [4] TFCalc [5] Filmetrics [6]
El-Kashef, 2000 [7] Birkhoff et al., 1978

Material Dielectric constant  Refractive index (wavelength, nm)
Al O3 9.34 [1] 1.659 (625) [4]
TiO; (rutile) 86 [2] 2.875 (630) [4]
CuO 18.1[1] 2.694 (636) [4]
Cu 0.239 (632) [5]
Water 80.1 [3] 1.331 (636) [4]
Ethylene Glycol 41.4 [3] 1.428 (656) [6]
Glycerol 46.5 [3] 1.470 (620) [7]

The comparison of Hamaker and Lifshitz—van der Waals contants is discussed in
Visser (1972). It is concluded that these interaction constants are valid at short separa-
tions below 20nm, and if all of the optical data are available, Lifshitz—van der Waals
constant can be regarded as the correct one than Hamaker constant. However, optical
data are available for a only limited number of materials.

Static dielectric constants and refractive index values from the literature are listed
in Table 2.1 and calculated Lifshitz—van der Waals constants using Eq. 2.10 for some
materials are listed in Table 2.2 with values from the literature for comparison. Cal-
culated results are close to values from literature, and copper and iron have higher

interaction constant than alumina in water.
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Table 2.2 Calculated Lifshitz—van der Waals constant Aj3; of particles 1 in fluid 3
using Eq. 2.10 and values in Table 2.1. For values from literature, * and *x* indicate
Hamaker and Lifshitz—van der Waals constants, respectively. Here, TiO, is rutile.

[1] Visser, 1972 [2] Krupp et al., 1972

Particle-Fluid ~ Calculated A;3;, 10729T  Literature A;3;, 107207

Al,O3-Water 0.66 0.90%, 1.09** [1], 4.17 [2]
Al O3-EG 0.35
Al,O3-Glycerol 0.29
TiO,-Water 6.12 5.9,10[1]
TiO,-EG 5.45
TiO,-Glycerol 5.13
CuO-Water 5.24
CuO-EG 4.48
CuO-Glycerol 4.21
Cu-Water 2.73*,4.58* [1], 17.5 [2]

Fe-Water 29 [1]
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Fig. 2.9 Calculated normalized van der Waals attraction potential using Eq. 2.3
and Table 2.2 for water-based Al;O3, Cu and Fe nanofluids with particle
size of 20nm with respect to interparticle surface to surface distance H at

T =300K. Aj31(Al,03 — Water) = 6.6 x 10721 J, A131(Al,03 — EG) = 3.5 x 10721 ],
A131(Cu — Water) = 4.58 x 10720 and A3 (Fe — Water) = 29 x 1072°J were used in

the calculation.

Fig. 2.9 shows the calculated van der Waals attraction between some nanofluids;
copper-water and iron-water nanoparticle-fluids have stronger attractive potential than
aluminum oxide-fluids due to higher A;3;. Therefore, particle-base fluid combination
having lower Hamaker or Lifshitz—van der Waals contants are more likely to be stable

after the nanofluid production, since particle aggregation or flocculation will happen

less due to small attraction between particles.
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Repulsion

The repulsive potential between two identical particles is calculated as (Murshed et al.,

2009; Russel et al., 1992):
VR(H) = 2memeory &2 exp(—KkH), 2.11)

where { is the measured zeta potential (section 2.3.4) and & is the vacuum permittivity
8.85x 10712C2J ' m~!. The Debye length or electrical double layer (EDL) thickness

k! [nm] of a particle in medium can be calculated as (Li et al., 2007):

En€okpT &, T
e \/m_ 1.9878 x 1073/ 2= (2.12)
2Npe?l 1

where N, is the Avogadro constant 6.022 x 10*mol~!, e is the charge of a proton

1.602 x 10~!°C and I is the ionic strength of the fluid in the unit of [molL~'] or [M],

n

I=5) e (2.13)
i=1

where ¢; is the molar concentration of ion i [molL~!] and z; is the charge number of
ion i.

In 1:1 electrolyte water, the Debye length of a particle at 300K can be calculated
in a simple form of

k' =0.3083VI1, (2.14)

where the ionic strength in this case is the ionic concentration of H* or OH™ ions in

water-based nanofluids whose pH value is controlled with hydrochloric acid (HCI) or



2.2 Dispersion Stability — Theoretical Approach 27

Table 2.3 Calculated Debye length k¥~ ! of a particle in HCl- or NaOH- added aqueous
fluid at 7 = 300K. The ionic concentration and Debye length were calculated using
Eq. 2.14 and Eq. 2.15, respectively.

pH  Ionic concentration, M k!, nm

1,13 107! 0.96
2,12 1072 3.04
3,11 1073 9.62
4,10 1074 30.4
5,9 1073 96.2
6,8 10-6 304

7 1077 962

sodium hydroxide (NaOH) without any other salt:

1=10"P" if pH < 7; 1 =10""4"P" otherwise. (2.15)

Table 2.3 lists calculated Debye length with respect to pH of aqueous solutions.
When the fluid is a strong acid or base (pH close to 1 or 13), the Debye length is small
because layers formed by the ionic boundary are suppressed by high H" or OH™ ion
concentrations.

Repulsive forces between particles in medium are influenced by the Debye length,
zeta potential and particle size, and the effect of those are shown in Fig. 2.10, Fig. 2.11
and Fig. 2.12, respectively. The zeta potential and particle size determine the repulsive
potential at H = 0 (particles in contact), at where the repulsion is maximum. Two
particles can be in contact state only when they form floc (attached together but can
be separated under strong shear force), therefore the meaning of larger Vg (H — 0) is

the strong repulsion between particles when they are very close to each other. The
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H, nm

Fig. 2.10 Calculated normalized repulsive potential using Eq. 2.11 and Debye length
from Table 2.3 with respect to interparticle surface to surface distance H at T = 300K.
Zeta potential of 30mV and particle size of 20nm were assumed.

Debye length decides the degree of decline in repulsive potential according to surface
to surface distance. Larger Debye length, thicker ionic boundary around the particle,
shows slower decrease in repulsion.

When this repulsion force between two particles is large enough compared with the
attractive force for some range of particle surface-to-surface distance, particles floating

apart within this range of distance will not adhere together.

Total interparticle potential

Now, by adding the calculated van der Waals attractive potential and repulsive po-
tential using Eq. 2.2, the total interparticle potential can be obtained. Theoretically,
increasing the zeta potential, particle size and Debye length increase the repulsion be-
tween particles (Eq. 2.11). Since the zeta potential can be increased by controlling

fluid pH or by adding surfactants that can modify the surface charge, controlling pH
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Fig. 2.11 Calculated normalized repulsive potential using Eq. 2.11 with respect to
interparticle surface to surface distance H depending on zeta potentials at T = 300 K.
Debye length of 10 and 100nm and particle size of 20nm were assumed.
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Fig. 2.12 Calculated normalized repulsive potential using Eq. 2.11 with respect to
interparticle surface to surface distance H depending on particle size at T = 300K.
Zeta potential of 30mV and Debye length of 10nm were assumed.
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Fig. 2.13 Calculated normalized total interparticle potential of Al,Oz-water nanofluid
using Eq. 2.11 with respect to interparticle surface to surface distance H at 7 = 300K.
Aj31(Al,O3 — Water) = 6.6 x 102'J were used in the calculation. The effect of par-
ticle size d,(nm), zeta potential {(mV) and Debye length k~!(nm) on total potential
are verified.

and surfactants are the direct way to increase the repulsive force. However, when pH
is controlled to increase the zeta potential, the Debye length decreases (Table 2.3). In
addition, while Fig. 2.12 shows that larger particle has stronger repulsion, Fig. 2.8 also
shows that a larger particle has a stronger attraction. Therefore, decreasing attractive
force and increasing repulsive force for colloidal stability cannot be simply obtained.
Generally, a colloidal suspension is regarded to be stable when the energy barrier,
the primary maximum in Fig. 2.13, is over 25kgT (Schenkel and Kitchener, 1960).
Because the maximum energy of Brownian collision is 1.5kg7T (Cosgrove, 2010; Is-

raelachvili, 2011), the primary maximum should be at least 1.5kgT to avoid the ag-
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gregation caused by random movement of particles in fluid even when in stationary.
Fig. 2.13 shows the total interparticle potential of Al,Osz-water fluid with respect to
various zeta potentials, particle sizes and Debye lengths (pH). In the case of Al,O3-
nanofluids, the energy barrier of stability is quite high and this is the reason that most
of studies of the heat properties of Al,O3-nanofluids did not consider the stability of
nanofluids; the sedimentation will occur very slowly, making it impossible to observe
the process of instability visually. However, in case of metallic-nanofluids, particles
have higher Hamaker constants or larger particle size, and the energy barrier will not

reach over 25 kg T easily.
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2.3 Dispersion Stability — Experimental Approach

To compare the degree of stability and durability of nanoparticle-fluids, five different
methods can be used: sedimentation observation, transmission electron microscope
(TEM) observation, particle size distribution measurement, zeta potential measure-
ment and absorbance measurement. In this section, the method of each measurement
with brief underlying theory is introduced. The characteristics, how to interpret data

and limitations of each method are also discussed.

2.3.1 Sedimentation observation

The sedimentation of a nanofluid can be observed visually over time to examine the
durability or long-term stability. If the color of the upper part of the nanofluid in the
container becomes close to that of the base fluid and the lower part becomes close
to that of the particles, sedimentation is in process. The methods discussed above to
produce stable nanofluids, can be compared directly with minimal cost by using this
test.

Sedimentation of particles between samples can be compared easily by this test,
but by itself it is not sufficient for very dilute or stable samples which have durations
over several months that will show no apparent difference in a short time. Also, this
observation is more suitable for nanofluids with high particle concentration as this is
based on the comparison of the color change of the fluid; the darker, the better because
it means less sedimentation. For stable or dilute fluids, sedimentation of particles can
be compared by absorbance measurement which will be discussed in section 2.3.5.

For example, the sedimentation test of copper-water nanofluids a week after pro-
duction in Fig 2.14 shows that the stability of copper-nanofluids can be improved by

adding CTAB surfactant or adjusting the pH of water.
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Fig. 2.14 Sedimentation test after a week of its production of 0.1 wt% Cu(25 nm)-
water (a) without (left) and with 0.1 wt% CTAB addition (right), and (b) 0.1 wt%
CTAB addition and pH variation (Li et al., 2007).

2.3.2 Particle morphology

The particle crystalline phase, morphology and size distribution are observed by TEM.
When a chemical reduction method is used to produce nanofluid, it is important to
verify that the synthesised particles have the targeted composition and crystal structure,
and the structure can be analysed by TEM or X-ray diffraction (XRD). Fig. 2.1 shows
the particle morphology of various nanoparticles.

Nanofluid stability depends on the production method, and the most-used two-
step method requires sufficient and strong dispersion power to break down and dis-
perse particles in the base fluid that were aggregated in the dry powder condition. The
breakdown of aggregated nanoparticles over increasing dispersion time or power can
be observed by TEM. Hwang et al. (2008) produced carbon black—water nanofluids
using five different dispersion techniques and showed that the most stable one was
prepared by the high-pressure homogenizer. Fig. 2.15 shows the result observed by
TEM; particles are separated into smaller aggregates with using more powerful dis-
persion method, and the authors also verified the result by measuring the particle size
distribution of Fig. 2.16.

The TEM sample of nanofluid is made by dropping nanofluid onto a carbon-coated
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Fig. 2.15 TEM images of carbon black nanoparticles in water-based fluids prepared by
two-step methods using various dispersion methods (Hwang et al., 2008).

copper grid and then drying the grid for over 24 hours in an oven or desiccator. How-
ever, this method has a limitation since the charge of particle surface can be influenced
during the sample preparation process of using pipette, dropping and drying fluid,
which is important in dispersion stability. Moreover, particles can be dried in a more
aggregated form, overlapped or otherwise. Therefore, particle aggregation over time
should also be observed and compared using particle size distribution and absorbance

measurements.

2.3.3 Particle size distribution

The size distribution of particles suspended within a liquid can be measured using
dynamic light scattering (DLS) theory. According to the Stokes-Einstein equation, the
hydrodynamic diameter d(H) (Russel et al., 1992) has a relation with the diffusion

coefficient D which depends on the particle size:

kT

The measurement is based on the Brownian motion of particles in the fluid — larger
particles move slower in the medium, and movement is strongly dependent on the

temperature because of temperature and viscosity terms. The diffusion coefficient is
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measured by the equipment, and then the hydrodynamic diameter is calculated based
on the given information on the particle material and the dispersant.

The hydrodynamic diameter is not the size of the particle itself. As shown in
Fig. 2.5, hydrodynamic diameter is the sum of particle diameter and Debye length;
d(H) =d,+ k~!. Therefore, calculated particle size given after the measurement is
actually the hydrodynamic diameter of a particle using Eq. 2.16, and is always larger
than the real particle size. More detailed explanation on DLS can be found in Milling
(1999).

The most generally used base fluids in nanofluid production are water and ethylene
glycol, and the viscosity of both decreases rapidly as temperature increases (Fig. 2.6).
Thus, it is obvious when temperature increases, viscosity decreases, hydrodynamic
diameter increases and the EDL thickness or Debye length increases. This EDL thick-
ness is an important measure in calculating the interparticle potential that increases the
repulsion forces between particles (see section 2.2.3).

The measurement of particle size distribution based on DLS has two big limita-
tions: (1) since the diffusion coefficient has to be measured to calculate the particle
size, the sample should be dilute for light to be scattered and (2) when the particles
are aggregated, the given data from the equipment will be the averaged diameter that
is equivalent to one sphere which has the identical diffusion coefficient. Therefore,
when several small particles are aggregated stably or when the shape is not spheri-
cal, the measured particle size may be far from the real particle or particle aggregate
size. However, the aggregation state can be compared between samples or over time
because the given data is based on the Brownian motion movement of particles in the
fluid, which depends directly on the particle size.

This is supported by the comparison of Fig. 2.15 and Fig. 2.16. Fig. 2.16 shows

the average particle size is smallest when using high-pressure homogenizer, the peak
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Fig. 2.16 The particle size distribution of 0.5 wt% carbon black (40 nm)—deionized
water with 1.0 wt% SDS, produced using various dispersion methods (Hwang et al.,

2008).

at 45 nm, and Fig. 2.15 shows the corresponding result. However, particles are aggre-
gated in non-spherical shape, and the the peak at 45 nm is far from the real aggregated
particle size as the average particle size of carbon black was indicated to be 40 nm
(Hwang et al., 2008).

Hence, DLS can be used to compare the relative, not real, particle or particles size
between samples to observe the difference in dispersion or aggregated state right after

production or to observe the stability by tracking the increase in particle size over time.

2.3.4 Zeta potential

Previously defined in section 2.2.1, the zeta potential is the surface charge of the slip-
ping plane and can be measured based on the electrophoresis theory. The particle

movement in a capillary cell under a given voltage is measured: charged particles
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Fig. 2.17 A schematic of charged particles moving to opposite electrode.

move to the electrode with opposite charge and the mobility of the particles are mea-
sured as illustrated in Fig. 2.17. Refer to Milling (1999) for detailed explanation.
The electrophoretic mobility Ug, the mobility of the charged particle in the fluid,

is a function of zeta potential in Henry’s equation (Das et al., 2007):

_ 2&,C f(xrp)

U
E 31

, 2.17)

where f(krp) is the Henry’s function depending on the EDL thickness and the particle
radius. If the fluid is aqueous media with moderate electrolyte concentration and has a
dielectric constant larger than 20 (e.g., 80 for water), f(xr,) = 1.5 by Smoluchowski’s
approximation. Otherwise, f(kr,) = 1.0 by Hiikel approximation. Therefore, the
greater the mobility, the higher the zeta potential. The measured zeta potential can
be used to calculate the stability of a particle in solution by DLVO theory, which was
previously discussed in section 2.2.3.

One important thing to be considered when measuring the zeta potential and par-
ticle size distribution is that both measurements assume the colloidal suspension is

stable during measurement. Thus, if sedimentation occurs during the measurement,
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the data are not reliable; so for example, the quality report given by the equipment
should be checked carefully.

A colloidal suspension is considered to be stable when the absolute value of mea-
sured zeta potential is over 25 —30mV (Das et al., 2007; Schenkel and Kitchener,
1960). Zeta potential is strongly dependent on the pH value of the fluid; || is higher
when charged particles are surrounded by more counter ions, and a fluid at pH close to
1 or 13 has higher H" or OH™ ion concentration, so H* or OH™ ions can sufficiently
form stern and diffuse layers to the slipping plane.

The isoelectric point (IEP) is a pH when the electrophoretic mobility is zero and
the point of zero charge (PZC) is a pH when the net charge of the surface of the
particle is zero (Parks, 1965). Generally, IEP and PZC can be used interchangeably,
but IEP can be compensated by surroundings while PZC is the bulk phenomena; when
surfactant is used, IEP changes.

Fig. 2.18 shows the typical zeta potential in relation to pH of the fluid. The sign

of zeta potential of a colloidal system is decided as following:

{ >0 if pH <IEP
{=0 if pH=IEP (2.18)
§ <0 if pH > IEP.

In HCI or NaOH added aqueous fluid without salts, H ions prevail at pH < 7 and
OH™ ions prevail at pH > 7. When the net charge of the surface reaches zero, it means
the equilibrium of cations and anions; pH at PZC or IEP. Either the concentration of
cations or anions on the surface will be larger when pH # IEP.

The isoelectric points for some solids are listed in Table 2.4. Knowing the isoelec-
tric point helps finding optimal pH that increase the dispersion stability of nanofluids;

pH of fluid can be controlled to be far from IEP or surfactants can be used to stabilise
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Fig. 2.18 Typical example of change in zeta potential with respect to pH of the fluid.

Table 2.4 Isoelectric point (IEP) of some solids (Parks, 1965; Parks and Bruyn, 1962).

Material

Isoelectric points (pH)

Al O3
TiO; (rutile)
CuO
Cu
Fe
Cr
Ni

5,6.6,6.94,9.2
4.7,6.2,6.7
9.5+04
9.4-10.1
11.3—-124
82-93
7.9-10.3
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Fig. 2.19 The zeta potential change by SDS surfactant addition to carbon black (CB)-
water nanofluids with respect to pH (Hwang et al., 2008).

the particle surface at pH near IEP. In most cases, IEP of oxides are pH < 7 and metals
are pH > 7, so those oxide particles will be stabilised in acidic solution more easily.
Fig. 2.19 shows the effect of pH control and surfactant addition in carbon black-
water nanofluids (Hwang et al., 2008). The zeta potential is in the stable range when
the pH of fluid is controlled to below 4 or over 10 without surfactant addition. After
SDS addition, the absolute zeta potential increased in big degree at pH 6 — 8, at where
particles could not be stabilised electrostatically. When surfactants are added, they
will be adsorbed on the particle surface and influence the electrophoretic mobility.
However, it is difficult to measure the zeta potential of nanofluids at high parti-
cle concentrations, with dark particle color or non-aqueous base fluids. Although, the
particle size distribution or zeta potential can be measured by the equipment, the re-
liability of the data (e.g. correlation coefficient given by the equipment) can be low.

Therefore, the stability of nanofluids should be investigated by using various methods,



2.3 Dispersion Stability — Experimental Approach 41

not using one method solely.

2.3.5 Absorbance

The absorbance of a colloid is a measure of how much the particles in the fluid absorb
light. Absorption is a feature of colloids since the particles dispersed in the fluid will
absorb energy and light will scatter when exposed to a beam of light if they do not
dissolve and stay in well-dispersed state.

An instrument directs light of a specific wavelength upon the sample at a certain
position as in Fig. 2.20. By Beer-Lambert law, the absorbance A is a function of
the transmittance 7, the fraction of transmitted light through a given thickness of the
absorbing medium contained in a transparent cell (Swinehart, 1962; Tam and Zardecki,
1982).

T=—,
Lo

(2.19)
where I, and [ are the intensities of the incident light and transmitted light, respectively.
The percent transmittance %7 = 1007 is also frequently used. Then, absorbance is,

1 100
A=log— =log — =2 —log%T. 2.2
og =log o og % (2.20)

If all of the light passes through the medium (no absorption), %7 = 100 and A = 0.
If the absorbance is measured repeatedly over time under identical conditions and
without moving the sample, the measured absorbance will change. Particles in the
fluid will gradually settle down, and the fluid where the light passes will have a lower
concentration and be closer to water as in Fig. 2.21. The absorbance of a fluid and
its particle concentration has a linear relationship, which is also described by Beer-

Lambert law (Swinehart, 1962; Tam and Zardecki, 1982). The amount of absorbed
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Fig. 2.20 A schematic of absorbance measurement using a UV-vis-Spectrophotometer,
for example.

Stable Unstable

33

Time after production

Sedimentation
of particles

Fig. 2.21 A schematic of absorbance measurement over time. The intensity of ab-
sorbed light decreases and transmitted light increases.

light depends on the concentration of particles in the fluid c:

A = ebc 2.21)

where € is the molar absorptivity of the particle and b is the path length of the sample
in Fig. 2.20.

The molar absorptivity or molar extinction coefficient € is a measure of how
strongly a material absorbs light at a particular wavelength and the unit is [m?mol~!]

or [Lmol~!em™!]. This coefficient can be obtained experimentally by measuring the
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Fig. 2.22 Absorbance as a function of a colloid concentration (both in linear scale).

absorbance at several concentrations. Because the molar absorptivity is a material
property and the path length is fixed during measurements, the slope of absorbance
versus colloid concentration in Fig. 2.22 is the product of the molar absorptivity € and
the path length b. Thus, the concentration decrease over time due to sedimentation of
particles can be calculated by the measured absorbance over time.

Fig. 2.23 shows the absorbance and zeta potential change of 0.05 wt% Al;Os3-
water by pH variation and surfactant concentration studied by Wang et al. (2011).
After 24 hours of the production, at pH around 6, the absorbance is highest and the
magnitude of zeta potential is also largest. When SDS is added at the optimal pH 6
fluid, zeta potential did not changed much but the absorbance increased from 0.8 to 1.2
with 0.10 wt% SDS addition implying sedimentation of particles become quite slower.
This figure shows a close relationship between zeta potential and absorbance; when
sedimentation is slower (absorbance decrease is slower), I§| are higher in most cases.

This method does not have the limitations that previously mentioned measure-
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Fig. 2.23 Zeta potential and absorbance of 0.05 wt% Al,Osz-Water nanofluid after 24
hours. (a) With pH variation without any additives and (b) added SDS fraction effect
at optimal pH around 6. Original figure from (Wang et al., 2011) is reproduced.
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ments have: it is applicable for low to high concentration, measurement is available
during sedimentation, and it is possible to compare sedimentation rate. Although the
force balance of particles and fluid molecules cannot be explained in detail with ab-
sorbance measurements, it is the easiest method to observe the overall stability for
various nanofluids. If the absorbance of the nanofluid does not change for a certain

period, it can be considered as a “stable nanofluid."
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2.4 Thermal Conductivity

As shortly discussed in section 1.1, the significantly enhanced heat conduction prop-
erty of nanofluids cannot be explained up to date. To describe the mechanism, there
is a need to understand what is heat conduction and thermal conductivity and their
characteristics thoroughly. In this section, the fundamentals needed to understand the
heat conduction of nanofluids will be reviewed; from single phase liquids and solids
to their heterogenous mixtures. Since the base fluids studied are water and ethylene
glycol and particles are aluminum oxide and stainless steel in this work, the review

will be focused especially on those.

2.4.1 Thermal conductivity of materials

Heat transfer is defined as the thermal energy transfer due to a temperature difference
(Incropera, 2011). There are three modes of heat transfer as in Fig. 2.24; conduction,
convection and radiation. Conduction is heat transfer caused by molecular vibration,
so it happens at even in stationary medium which may be a solid or a fluid. Heat can
be transferred between a surface and a moving fluid which is convection. Radiation is
heat transfer between surfaces without intervening medium. Heat is not transferred by
a single mode in nature, but one mode may be dominant enough that the others can be
neglected.

Heat transfer processes can be quantified in terms of appropriate rate equations,
used to compute the amount of energy being transferred per unit time (Incropera,

2011). Fourier’s law is the rate equation for heat conduction (Fourier, 1822):
q' = —kVT, (2.22)

describing ¢” is heat flux [W m~2] in the direction of the heat flow which is propor-
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Fig. 2.24 Conduction, convection and radiation heat transfer modes from (Incropera,
2011).

tional to the temperature gradient VT in that direction with a constant k£ which is the
thermal conductivity.

Thermal conductivity k with the unit of [W m~'K~!], is a measure of the ca-
pability of a medium to conduct heat and a property depending on the material and
the temperature. Fig. 2.25 shows the thermal conductivity of various materials and
Fig. 2.26 shows the effect of temperature. Solids than liquids or gases, and metals than
others have higher thermal conductivity. Thermal conductivity of common base fluids
such as water is less dependent on temperature of 20 — 100 °C than copper, aluminum
oxide, efc (Das et al., 2007). This is due to their different atomic structures and heat
carriers. Carrier of heat depends on the media types; free electrons for metallic solids
and liquids, electrons and phonons for nonmetallic solids and liquids, and atoms and
molecules for gases. Dominant heat carrier is phonon in nonmetallic and free elec-
tron in metals. Detailed explanation on heat carriers with underlying theories are well

discussed in (Kaviany, 2008, p. 1-9).
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Liquids

Based on molecular properties, thermal conductivity of dense liquid k; can be calcu-

lated as (Michaelides, 2014; Powell et al., 1941):

1/2 2/3
ke = 2.793 (CV> ks <NA> u (2.23)

Cp Vi

where V,, is the molar volume with the unit of [m®>mol™'], ¢y and cp are specific
heat at constant volume and constant pressure [J g~ K~!], respectively, and u is the
velocity of sound in the liquid. It is shown in (Powell et al., 1941) that calculated
thermal conductivity using Eq. 2.23 agrees with experimentally observed data within
the deviation of +20%.

Horrocks and McLaughlin (1963) derived the temperature dependence of liquids

to thermal conductivity by the vibrational theory as:

L dk; 1 (v
th___a{3__<6hﬂ%>p} (2.24)

Slnv
8InVpy

where « is the thermal expansion coefficient and y = ( ) is the Griineisen con-
p
stant which is dimensionless.
Then, Viswanath and Rao (1970) used the equation of state for the liquid and

the assumption that satisfies for temperature in the range of 0 — 150 °C to derive the

(Zé%) B <7T‘o> R (2.25)

where k¢(T') is the thermal conductivity at temperature 7. They showed a good agree-

following relationship:

ment with the experimental results of paraffins and alcohols, and stated that finding

accurate k¢(7p) and n is desirable.
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Table 2.5 Molar mass M, specific heat capacity at constant pressure c,, density p,
speed of sound in given liquids u, isothermal compressibility k¥ and cubic thermal
expansion coefficient o of water and ethylene glycol (EG) at room temperature of
20 —25°C. All data are from (Lide, 2004).

M Cp P u o K
[gmol™'] [Jg 'K [gem™3] [ms~!] [107°K™'] [10710Pa!]

Water  18.015 4.18 0.99821 1497 206 4.591
EG 62.07 241 1.108 1658 626 3.64

To verify the applicability of Eq. 2.23, Eq. 2.24 and Eq. 2.25 to water and ethylene
glycol, calculated results are compared with experimental data from literature. Physi-
cal and thermal properties needed for calculations at room temperature except cy and
y are listed in Table 2.5. Specific heat at constant volume can be derived from the
specific heat at constant pressure as:

2
aT
Cp—Cv= oK (2.26)
and the molar volume is V;, = M/p. Then, the thermal conductivity at room tempera-
ture can be calculated using Eq. 2.23, and Table 2.6 shows the results are within £4 %
of experimental data from literature.

The Griineisen constant Y can be calculated either using ¢, or cy as:

Sdlnv wra

r= <6anm>p e (2.272)
olnv a

r= <61an>p - Keyp' (2:270)

Calculated Gruneisen constant of water using Eq. 2.27a and Eq. 2.27b are 0.110 and
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Table 2.6 Calculated specific heat at constant volume cy using Eq. 2.26 and the thermal
conductivity k using Eq. 2.23 of water and ethylene glycol (EG) at room temperature
of 20 — 25°C compared with data from literature, [*] Kuroki et al. (2001) and [**]
Lide (2004). Calc. and Ref. indicate calculated and literature values, respectively.

Material cy Mg 'K k[Wm~ K] % Error
Cale.  Ref. [*]  Cale. kele  Ref. ke [*#]  Batt—tetl 5100

Water  4.15 4.08 (43°C)  0.5961  0.5984 (20°C) 0.39 %
EG 2.12 0.2922 0.256 (25°C) 3.62%

Table 2.7 The Griineisen constant ¥ with constant specific volume of 1.00cm?g~!
(Knopoff and Shapiro, 1970) and thermal conductivity kK [W m~! K~!] (Lide, 2004) of
water at temperature range of 0 — 100°C.

T 0 10 20 30 40 50 60 70 80 90 100

Y 0.025 0.103 0.173 0.230 0.279 0.324 0.363 0.402
k 0.561 0.580 0.598 0.615 0.631 0.644 0.654 0.663 0.670 0.675 0.679

0.108, respectively, which is close to the calculated result from (Knopoff and Shapiro,
1970) listed in Table 2.7. Using Eq. 2.27 and integrating Eq. 2.24 with respect to T,
thermal conductivity of a liquid can be expressed as a function of temperature.
However, whilst ¥ is independent of temperature at most crystalline solids (Lide,
2004), it strongly depends on the temperature of liquid. For example as in Table 2.7,
vis 0.02 at 10 °C and increases up to 0.4 at 80 °C (Knopoff and Shapiro, 1970). Thus,

Eq. 2.24 cannot be integrated simply with respect to 7. There can be several ways

to express kif% of Eq. 2.24 as a function of temperature, but not explicit nor simple
general equation for liquids exist.
In addition, the value of n of Eq. 2.25 increases from —0.83 at 30°C to —0.52 at

100°C for Ty = 293.15 K, so both Eq. 2.24 and Eq. 2.25 cannot describe the tempera-
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ture dependent water thermal conductivity exactly. Therefore, it is better to use fitting
function instead for each base fluids, as the measured thermal conductivity of water

and ethylene glycol at 0 — 100 °C are easy to find in literature.

Solids

Thermal conductivity data of solids at various temperature can be found from literature
listed in Table 2.8. As shown in Fig. 2.27, metallic elements generally have higher
thermal conductivity than others.

Heat in solids exist and transport by vibrations and waves of phonons and trans-
lations of free electrons. Dominant heat carrier is phonons in dielectric materials and
free electrons in metals (Michaelides, 2014). The (total) thermal conductivity of met-

als kmeta1 1s (Ho et al., 1972; Kaviany, 2008; Michaelides, 2014):

kmetal = ke + kph ~ ke (2.28)

because the contribution by electron is orders of magnitude higher than phonons in
metals, where ke and kpy are thermal conductivities due to electrons and phonons,

respectively.

Table 2.8 Previous studies on thermal conductivity of various elements, metals, and
alloys at low to high temperatures.

Reference Studied solids Temperature range
Powell and Blanpied (1954) Metallic elements and alloys 0—-300K
Rosenberg (1955) High purity 32 metals 10—40K

Ho et al. (1972) Elements 1-10°K
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Fig. 2.27 Thermal conductivity of elements at 300 K from (Kaviany, 2008).

The electronic thermal conductivity of metals has a linear relationship with electri-

cal conductivity by the Wiedemann-Franz-Lorenz law (Kaviany, 2008; Kumar et al.,

1993; Tritt, 2004):

2
LT (]‘B (2.29)

2
— =244x10WQK 2 =Ny,
o.T 3 e

where 0O, is the electrical conductivity of metal [Q 'm~!] and N, is the Lorentz num-
ber. Table 2.9 shows experimentally observed Lorentz number depends on temperature
but all are very close to 2.44 x 108 W QK 2. At high temperatures, all metals gener-
ally follows this law, but not at low temperatures as shown in Fig. 2.28.

Fig. 2.29 shows the experimental total thermal conductivity of gold, copper and

iron in the temperature range of 1 — 1000 K is similar to the electrical thermal conduc-
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Table 2.9 Mean Debye temperature Tp [K] (Kaviany, 2008, p. 582-583) and Lorenz
number Nz [W QK 2] at specific temperature of gold, copper (Kaviany, 2008, p. 169)
and iron (Kumar et al., 1993).

Au Cu Fe

T 170 315 400
Ny at273K  2.35x107%  2.23x10°8
Ny at373K  2.40x107% 2.33x10°8

Ny at2—100K 2.5x10°8
A
. Metals
¢ i Transition to Electrical
i Superconductivity
~~~~~~ (Eicctrzcal Conductivity o,)
\
' 1
. 1
g : | Wiede F
i : 1 iedemann-Franz-
G E | > Lorenz Law
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Fig. 2.28 The electrical conductivity and electronic thermal conductivity of metals with
respect to temperature from (Kaviany, 2008).
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Fig. 2.29 Measured total thermal conductivity of gold, copper and iron with respect to
temperature and calculated electronic thermal conductivity of copper using Eq. 2.29
with electrical conductivity from experiment and Bloch model of Eq. 2.30. Ther-
mal conductivities at Debye temperature k(7p) are indicated with a triangular symbol.
Original figure from (Kaviany, 2008) is reproduced.

tivity graph in Fig. 2.28. The calculated electrical thermal conductivity of copper using
Eq. 2.29 well matches to experimental thermal conductivity at temperature above 0°C
when experimental electrical conductivity data at various temperatures exist.

When the electrical conductivity data of a metal at various temperature is not

known, it can be calculated approximately using Bloch model as (Kaviany, 2008):

(o) _ 4, <T>5

Ge(T) TD

Tp/T XSGx
— 2.
/0 e l)zdx (2.30)

when the electrical conductivity at Debye temperature 7p, is known; Tp of gold, copper
and iron is listed in Table 2.9. Fig. 2.29 shows that prediction of copper k. using cal-
culated o, from Eq. 2.30 is also quite close to the experimental values at temperature

above 100 K. Thus, at room temperature and above, it can be concluded that heat in
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copper is mostly carried by free electrons.

Because only the heat conduction at temperature between 0 to 100 °C will be con-
sidered in this work, the Wiedemann-Franz-Lorenz law with the Bloch model is appli-
cable to describe the thermal conductivity of metallic particles. The electrical resistiv-
ity and thermal conductivity for iron and some chromium and nickel added iron-based

alloys at 90 — 400 K can be found in (Williams et al., 1981).

2.4.2 Thermal Conductivity of Mixtures

Thermal conductivity of solid-liquid heterogeneous mixtures can be described by the
Maxwell’s model of Eq. 1.1 which consider the thermal conductivities of solid parti-
cle and base liquid and particle volume fraction with the assumption of particles are
spherical and mixture is very dilute (Maxwell, 1873).

After Maxwell, there were several attempts to extend the model considering other
effects such as the shape of non-spherical particles (Hamilton and Crosser, 1962), wide
ranges of particle volume fractions (Bruggeman, 1935), particle interactions (Cheng
and Vachon, 1969; Davis, 1986; Jeffrey, 1973; Lu and Lin, 1996), etc.

Hamilton and Crosser (1962) considered the shape of non-spherical particles adding

the particle shape factor n as:

ket o+ (n—1)—(n—-1)(1—a)¢
ki at+(n—-D+(1-a)p

2.31)

where o0 = % is thermal conductivity ratio of particle and fluid. n = 3 for spherical
particles and the model becomes identical to Maxwell’s, and n = 6 for cylindrical
particles. This model is valid when the particle volume fraction is very small, ¢ < 1,
like Maxwell’s model.

Particle interactions are considered by Jeffrey (1973) and Davis (1986). Jeffrey’s
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model is:
ket _ 1 3Bg+ (362 + ﬁs 9% a+2 3B g3
ke ¢ 42 2a+3 43 % ’
where f§ = ¢ +2, and Davis’ model is:
ket 3(a—1) 2 3

where f (o) = 2.5 for @ = 10, f(o) = 0.5 for a = co. In both models, high-order terms
represent considered the pair interactions of randomly dispersed spheres.
Lu and Lin (1996) considered near- and far-field pair interactions and also spheri-

cal and non-spherical particles:

ket

=14a¢ —I-b(P , (2.34)
ke

where a =2.25, b =2.27 for o = 10 and a = 3.00, b = 4.51 for ¢t = oo are for spherical
particles (Choi et al., 2001).

Theoretical models introduced in this section are called “conventional models”. It
will be shown in section 2.5.2 that the thermal conductivity enhancement of nanofluids

to the base fluids cannot be explained fully by conventional models.
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2.5 Previous Studies on Thermal Conductivity of Nanofluids

Increase in the effective thermal conductivity of fluids is important in improving the
heat transfer behavior of fluids and its value is also important in other heat transfer
modes such as convection. Therefore, being able to predict the effective thermal con-
ductivity of nanofluids and understanding the underlying mechanisms are important to

apply nanofluids in heat transfer applications.

2.5.1 Effect Parameters

At first, experiments have been focused on to the parameters that enhance the thermal
conductivity of nanofluids. The volume fraction, material, size and shape of nanopar-
ticles, the material and acidity of the base fluid, temperature of nanofluids, sonication
power and time, and additives are reported to influence the thermal conductivity of
nanofluids (Chandrasekar and Suresh, 2009; Das et al., 2007; Fan and Wang, 2011;
Kleinstreuer and Feng, 2011; Ozering et al., 2010).

Particle volume fraction and material

Particle volume fraction and type of the material effects are well shown in Fig. 1.1.
Thermal conductivity increases as more particles are added to the base fluid. Although
there needs more investigation to set a model to predict the thermal conductivity of
nanofluids including other effect parameters, both experimental results and theoreti-
cal models in section 2.4.2 and section 2.5.2 show near-linear relationship between
enhancement and particle fraction. The enhancement also varies in terms of the type
of nanoparticles; generally enhancement is larger in the order of nanotubes, metallic

particles, and ceramics as in Fig. 1.1.
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Particle size

It was thought that a decrease in the size of the dispersed particles results in an increase
in the thermal conductivity of nanofluids (Jang and Choi, 2007), but there are also
contrary experimental observations that Beck et al. (2009) reported. These contrary
size effects are compared in Fig. 2.30 with 3 vol.% Al,O3-water nanofluids. Jang and
Choi (2007) proposed the model considering the particle size and fluid temperature as
parameters (black dash) which well matched to the measured enhancement of Masuda
et al. (1993) and Lee et al. (1999) (black symbols).

Beck et al. (2009) used Al,O3 particles with various sizes and observed the en-
hancement decreasing when particles becoming smaller and explained this is because
of phonon scattering at the solid-liquid interface. The particle size effect was observed
at 2, 3 and 4 vol.%, and then the conductivity enhancement was fitted including par-
ticle volume fraction and size as parameters. The red dash line is the fitted model of

Kefr

= = L+ & (1 —exp 005%), (2.35)
f

at 3vol.% Al,O3-water; égm = 4.4134 for water, ¢ = 0.03 and d,, in nanometre unit.
The experimental results from (Das et al., 2003; Oh et al., 2008; Xie et al., 2002)
represented in blue symbols in Fig. 2.30 seems to be close to the fitted formula of
Eq. 2.35. However, this model is empirical using fitting constants, and describes only
some of the data available, not all, and has no physical meaning in using constants such
as 4.4134 and —0.025. Therefore the model may not properly predict the enhancement
when volume fraction or particle type is changed.

The effect of particle(s) size to thermal conductivity enhancement needs more
study to verify its role. While the initial particle size (size of a particle) effect was

discussed as aforementioned, some researchers focused on to the aggregate size. Par-
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Fig. 2.30 Effect of particle size to the thermal conductivity enhancement of 3 vol.%
Al,Os-water nanofluids. Experimental data from previous studies are collected. Pre-
diction using models from [1] and [4] are represented in red and black dash line, re-
spectively. Red and black symbols are data used in each [1] and [4] model prediction.
[1] Beck et al., 2009; [2] Masuda et al., 1993; [3] Lee et al., 1999; [4] Jang and Choi,
2007; [5] Das et al., 2003; [6] Oh et al., 2008; [7] Xie et al., 2002.

ticles in fluid can be attached and move together, and the heat transfer due to particles
will occur between aggregates not between single particles. This heat transfer mech-
anism is called clustering or particle aggregation, and is discussed in section 2.5.2.

There are conflicting opinions also on particle aggregation.

Fluid temperature and material

Thermal conductivity of liquids depend on temperature as discussed in section 2.4.1,
and therefore the thermal conductivity enhancement of nanofluids due to existence of

nanoparticles at specific temperature should be compared with the thermal conductiv-
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Fig. 2.31 Temperature effect on the thermal conductivity enhancement of 1, 2 and
3vol.% Fe;04-water nanofluids from Abareshi et al. (2010). Thermal conductivity
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ity of the base fluid at the temperature as:

Enhancement at temperature 7’ =

(2.36)

However, as in Fig. 2.31, some of previous studies used kf(zk(;%(gs)%) ratio to show
the fluid temperature effect (Abareshi et al., 2010; Das et al., 2003; Jang and Choi,
2004). Because the enhancement in these studies includes the enhancement coming
from the fluid itself, the enhancement should be re-evaluated using Eq. 2.36. For ex-
ample, thermal conductivity of water increases as temperature increases at 0 — 100 °C;
kwater (100°C) = 1.13 kyarer(20°C) as in table 2.7.

There are contrary results on the temperature effect to thermal conductivity en-

hancement of nanofluids. Beck et al. (2010); Singh et al. (2009); Timofeeva et al.
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(2007); Venerus et al. (2006) showed that the increase in thermal conductivity by in-
crease in temperature are mostly from base fluid. Especially, Beck et al. (2010) ob-
served this with 10 nm alumina particles dispersed into water, ethylene glycol and wa-
ter+ethylene glycol mixture. On the other hand, Chon et al. (2005); Patel et al. (2003)
showed the enhancement depending on the fluid temperature using Eq. 2.36. Chon
et al. (2005) discussed that the Brownian velocity is the key mechanism to describe

the temperature dependence.

pH of fluid, additives and sonication power and time

The effect of pH (Gowda et al., 2010), surfactants (Murshed et al., 2012), and soni-
cation power and time (Gowda et al., 2010; Hong et al., 2006, 2005) showed that the
thermal conductivity can be increased by controlling these parameters. As discussed
previously in sections 2.2 and 2.3, the acidity of the base fluid and additives such as
surfactants or dispersants, and sonication power and time all influence the stability of
nanofluids; particle dispersion in fluid and their agglomeration phenomena.

Only a few studies considered and observed the overall stability of nanofluids as
summarized in section 5.1; the thermal conductivity of nanofluids were higher with
better stability (Hwang et al., 2008; Lee et al., 2014; Li et al., 2007, 2008; Philip and
Shima, 2012; Wang et al., 2009; Witharana et al., 2013; Yu and Xie, 2012). Others
controlled one or two parameters to avoid rapid sedimentation that can be noticed
visually or to produce and achieve higher thermal conductivity enhancement without
considering its long term usage.

For example, Li et al. (2008) showed the relationship between stability and thermal
conductivity enhancement. The optimal fluid pH and SDBS fraction to add to obtain
sufficient stability were determined by particle size distribution and zeta potential mea-

surements, respectively. Then the measured thermal conductivity enhancement at the
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Fig. 2.32 Effect of (a) pH and (b) SDBS concentration on thermal conductivity en-
hancement of Cu-Water nanofluids from (Li et al., 2008). (a) Mass fraction of Cu is
varied from 0.02 wt% to 0.15 wt% and 0.05 wt% SDBS was added in water. (b) Effect
of SDBS fraction in water and 0.1 wt% Cu-water fluid is compared.
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optimal conditions were higher as in Fig. 2.32.

2.5.2 Mechanisms of Heat Conduction

The proposed heat transfer mechanisms for thermal conductivity enhancement of nanoflu-
ids exceeding conventional predictions can be classified into static and dynamic mech-
anisms. The effect of liquid-layering and particle aggregation are static mechanisms
whereas Brownian motion of particles and Brownian-motion-induced convection are
dynamic mechanisms (Chandrasekar and Suresh, 2009; Fan and Wang, 2011; Michaelides,
2014). Fig. 2.33 is the sketch of four mechanisms shown by Fan and Wang (2011).

Fig. 2.33 Four mechanisms, (a) liquid-layering, (b) particle aggregation, (c) particle
Brownian motion, and (d) Brownian-motion-induced convection to explain the thermal
conductivity enhancement of nanofluids from (Fan and Wang, 2011).
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Liquid-layering

The effect of liquid-layering was proposed to explain the anomalously increased ther-
mal conductivity of a nanofluid containing carbon nanotube suspensions (Choi et al.,
2001). Liquid-layering is the development of an ordered structure close to the solid/liquid
interface as in Fig. 2.33(a), and the layer with ordered structure between solid and lig-
uid is called nanolayer. The existence of this layer was thought to be possible after Yu
et al. (1999) observed ordered layer of 0.1nm thickness close to a smooth substrate
surface by using synchrotron x-ray reflectivity in thin liquid films of 4.5 —9nm.

Choi et al. (2001) claimed the resulting nanolayer is expected to have a higher
thermal conductivity than bulk liquid considering the order of magnitude higher ther-
mal conductivity of the solids which have ordered structure when compared with that
of liquid. Therefore, the ordered volume fraction with high thermal conductivity will
increase with the existence of nanolayer which can act as a thermal bridge across the
interface, and this may be the reason for discrepancies between the experimental and
theoretical values as shown in Fig. 2.34.

While Leong et al. (2006); Murshed et al. (2006); Xue and Xu (2005); Xue (2003)
developed new models to predict thermal conductivity enhancement considering liquid-
layering effect and showed their models describe experimental results quite well or bet-
ter than conventional models, the layer thickness had to be assumed by authors which
cannot be measured or predicted precisely. (Keblinski et al., 2002; Yu and Choi, 2003)
did supported the concept but discussed the liquid-layering is not solely responsible for
significant enhancement. Therefore, this mechanism is not sufficient to solely explain

the thermal conductivity enhancement of nanofluids.
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Fig. 2.34 Thermal conductivity enhancement as a function of carbon nanotube volume
fraction from (Choi et al., 2001). Solid circles are experimental results and lines are
predictions by Hamilton and Crosser (1962) for short dashed A, Bonnecaze and Brady
(1990, 1991) for short dotted B, and Maxwell (1873) for dash-dotted C.

Particle aggregation or Clustering

The aggregation of nanoparticles has been proposed as one of the factors of ther-
mal conductivity enhancement of nanofluids, with the suggestion that clusters like
in Fig. 2.33(b) can be a path for heat flow and lower the thermal resistance, thus in-
creasing the thermal conductivity (Keblinski et al., 2002). Nanofluid aggregation in
the form of chain structures has been observed as in Fig. 2.35, which is consistent with
greater heat transport along the direction of the heat flow. The number of clusters was
reported to increase with the volume fraction of nanoparticles (Keblinski et al., 2002).

However, for clusters to help the heat conduction in nanofluids they should be well

dispersed (Prasher et al., 2005) and have a small particle size (Feng et al., 2007), since
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Fig. 2.35 TEM images of (a) spherical 15nm and (b) cylindrical 10 nm-diameter and
40 nm-long TiO, particles in deionized water from (Murshed et al., 2005).

aggregations would make “particle free” liquid regions with reduced heat conduction
properties (Chandrasekar and Suresh, 2009; Keblinski et al., 2002). In addition, aggre-
gation of particles make particle to settle down more easily and deteriorate stability.
For example, Karthikeyan et al. (2008) showed decreasing thermal conductivity en-

hancement due to formation of mesh-like structures after 20, 60 and 70 min.

Brownian motion and Brownian-motion-induced convection

The Brownian motion of particles due to the collisions with surrounding liquid molecules
as shown in Fig. 2.33(c) has been suggested to increase heat transport among particles
and thus increase the fluid thermal conductivity. Using orders-of-magnitude analysis,
the contribution of the Brownian motion collisions between nanoparticles and base
fluid molecules has been found by simulation to be bigger than collisions between
nanoparticles or base fluid molecules (Jang and Choi, 2004, 2007), supporting the ef-
fect of Brownian motion (Jang and Choi, 2004; Koo and Kleinstreuer, 2004; Prasher

et al., 2005). Fig. 2.36 shows that the new model including this effect has better agree-
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Fig. 2.36 Thermal conductivity enhancement as a function of volume fraction of par-
ticles. Symbols are experimental observations and lines are predictions made by new
model in (Jang and Choi, 2004). Original figure is redrawn.

ment with experimental thermal conductivity enhancement results, but the model has
a critical drawback because it needs empirical assumption.

However, since the ratio of thermal diffusion of particles is orders of magnitude
smaller than that of fluid molecules, it has been proven analytically that the effect
of Brownian motion is negligible (Beck et al., 2007; Keblinski et al., 2002). The
arguments on the effect of Brownian motion are not concluded and theoretical models
require fitting parameters (Prasher et al., 2005) which do not help interpretation. Thus,
more investigations are needed.

Convection can occur by the random collision of particles and thus enhance the
thermal conductivity of nanofluids (Prasher et al., 2005). However, this mechanism

will not be considered in this study.



Chapter 3

Experimental

To understand the stability and thermal conductivity of metallic nanofluids, stainless
steel 316L nanoparticles (STS) were dispersed into water and ethylene glycol in this
study. In addition, aluminum oxide (Al,O3) containing nanofluids were also used for

comparison since they have been studied extensively in the past.
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3.1 Material

Information on particles, base fluids and surfactants that were used is summarized in
Table 3.1 and detailed properties are in Table 3.2. Aluminum oxide with two dif-
ferent mean particle sizes were used to observe the size effect. Sodium dodecyl sul-
phate (SDS), sodium dodecyl benzene sulphonate (SDBS), and hexadecyltrimethyl-
ammonium bromide (CTAB) were used to improve the dispersion stability.

Stainless steel 316L nanopowder was manufactured to purity or 99.9 % with 70 nm
mean diameter. Fig. 3.1 is a transmission electron microscope image of the particles;
spherical shaped and measured average particle size is 67 &=20nm. The chemical com-
position of STS particles analysed by using an inductively coupled plasma spectrom-
eter are listed in Table 3.3. Compared with the typical specification of 316L, analysed
carbon content was 0.057 wt% which exceeds the maximum specification of 316L

stainless steel.

100
ey el
Fig. 3.1 Bright field transmission electron microscope image of stainless steel
316L nanoparticles dispersed in distilled water. Measured average particle size is
67 £20nm.
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Table 3.1 Specification of particles, base fluids and surfactants given by manufacturer.

Type Material Abbreviation Specification Manufacturer
Powder Stainless steel 316L STS mean size 70 nm RND Korea
Aluminum Oxide Al,O3 mean size 13nm, 45nm  Sigma Aldrich
Fluid Distilled Water DW Water Purification System Human Corporation
Deionized Water DI Water Purification System Human Corporation
Ethylene Glycol EG 99.5 % Samchun Chemicals
Surfactant Sodium dodecyl sulfate SDS Anionic surfactant Samchun Chemicals
Sodium dodecyl benzene sulphonate SDBS Anionic surfactant Sigma Aldrich
Hexadecyltrimethyl-ammonium bromide CTAB Cationic surfactant Sigma Aldrich

Table 3.2 Properties of stainless steel, aluminum oxide, water and ethylene glycol at
20 °C. Density p [gecm ™3], thermal conductivity k [Wm™' K~'], dielectric constant &
and refractive index n at specific wavelength A [nm] in parentheses are from (Lide,
2004) if not noted. [*] Filmetrics [**] calculated using Eq. 2.9.

Material p k € n(A)
Stainless steel 7.90 15 27757 [*] 7.6 (633) [**]
Aluminum Oxide  3.97 35 9.0 1.768 (589.3)
Water 0.9970 0.5984 80.2 1.33211 (632.8)
Ethylene Glycol ~ 1.1135 0.256 41.4 1.4318 (589)

Table 3.3 Composition in wt% of analysed stainless steel 316L particles used in this
study compared with stainless steel 316L typical specification from (Bhadeshia and
Honeycombe, 2011).

Cr Ni Mo Mn Si C Fe

Analysed 17.1 11.0 2.0 098 0.49 0.057 bal.
Specification 16-18 10-14 24 1.5 1.00max 0.03 max bal.
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3.2 Stability Measurement

To compare the degree of stability and durability of nanoparticle-fluids, five different
methods discussed in section 2.3 were used. Sedimentation was observed to exam-
ine the durability by comparing the change of color thickness visually over time. A
small amount of sample, about 1 ml, was put in a transparent cell, and was stored
at rest without motion until sedimentation ended. For transmission electron micro-
scope (JEOL, JEM-2100 and JEM-2100F) observation, a drop of nanoparticle-fluid on
a carbon-coated copper grid (Ted Pella, CA) was dried for over 24 h and then the effect
of pH or surfactant on the particles was observed. The stability of particles suspended
in a fluid was studied by measuring the particle size distribution and zeta potential with
Zetasizer (Malvern Instruments, Nano-ZS) within an hour or over time. Absorbance
was measured with UV/Vis scanning spectrophotometer (Beckman Coulter, DU 730)

over time at rest.
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3.3 Nanoparticle-fluid Production

To produce a nanoparticle-fluid with a particular mass fraction, the exact amounts of
particles and fluid were placed in the solution-container. Then, agitation was induced
by using an ultrasonic bath or ultrasonic processor. For the work presented in chapter 4,
solution-containers were immersed in a ultrasonic bath subjected to ultrasonic pulses
of 500 W at 40kHz. Secondly, for the work presented in chapter 5, probe of ultra-
sonic processor with pulses of 750 W at 20 kHz was immersed in a solution-container
to improve the dispersion of particles. Both represent the two-step method, a standard
practice in the production of nanofluids (Yu and Xie, 2012). The sonication tempera-
ture and time, pH of fluid and surfactant type and concentration were varied in order
to characterise the optimum conditions.

NaOH was added to fresh distilled or deionized water to prepare fluids with pH of
8.0, 9.0, 10.0, 11.0 and 12.6 at 20 °C, and pH was measured with a precise pH meter
of 0.01 resolution (HANNA Instruments, HI 8424). Since HCI dissolves stainless
steel, base fluid with pH < 7.0 was abandoned. After sonication, the {-potential and
absorbance over time were measured. At pH values where stable {-potentials and
higher absorbance could be recorded, SDS, SDBS and CTAB surfactants were added

to enhance the dispersion stability.
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3.4 Transient Hot-wire Method

The thermal conductivity of fluids was measured using transient hot-wire method to
study the relationship with stability. Principles, apparatus design and corrections on
transient hot-wire method are well documented in (Bleazard and Teja, 1995; Carslaw
and Jaeger, 1959; Groot et al., 1974; Healy et al., 1976; Kawaguchi et al., 1985; Na-
gasaka and Nagashima, 1981a,b; Paul et al., 2010). The apparatus used in this study
followed the general setup described in literature. Fig. 3.2 shows the transient hot-
wire circuit of this study with two fixed resistors R; and R;, an adjustable resistor R3,
input voltage V;, thermal conductivity cell to contain nanofluid with wire having resis-
tance of Ry, connected vertically, and a data acquisition system (DAQ). The underlying

theories, setup and calibration are introduced in this section.

DAQ

Conductivity Cell Computer

Fig. 3.2 Schematic of experimental setup of transient hot-wire circuit with thermal
conductivity cell. V; and R; stands for voltages and resistance.
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3.4.1 Principle of Measurement

In the transient hot-wire method, the voltage difference AV = V| —V, of a Wheatstone
bridge by time is obtained using data logger. This voltage difference is generated
by increasing the resistance of a thin metallic wire R,, which is used as both a line
heat-source and a temperature sensor, due to increased temperature of the liquid sur-
rounding the wire in the thermal conductivity cell.

The theoretical basis of the method is Fourier’s law. The heat diffusion equation in
cartesian coordinate with constant thermal conductivity k and without heat generation

is:
9°T 9*T 9°T 10T k
= —— wh = — 1
dx? * dy? + 02 o or e “ pcp G-

where T is the temperature gradient, « is the thermal diffusivity, and pc, is the volu-
metric heat capacity. The solution of Eq. 3.1 is as follows from (Carslaw and Jaeger,

1959):

2
__ 9 p(_
T(nt)= 47‘1:kEl< 4at> (3.2)

where r is the distance from the wire, ¢ is time, ¢ is the heat flux per unit length and E;

is defined as:

Ei(x) = —/x ;exp(—u)du =7Y+Inx+ xz +-- (3.3)

where ¥ = 0.5772 is Euler’s constant. Substituting Eq. 3.3 to Eq. 3.2, the temperature
distribution T for a line heat source is expressed as below by integrating 7 over the

entire length of the line (from —oo to +o< in cylindrical coordinates).

4 2 1 2 2
T(rt) = T0+fm€{—y+1n<g’) + [(4;) —22<4;t> +} } (3.4)

where Ty is the initial fluid temperature at ¢ = 0.
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Assuming that the distance from the wire r is small enough, Eq. 3.4 is simplified

into:

4k
T(t)= ﬂﬁﬁ [—Y—Hn(t) Hn(ﬂpcp)] (3.5)

which is used for approximating the thermal conductivity measured by the transient
hot-wire method.

After some delay of measurement time, AT versus Ins becomes a straight line
with slope 44;,( for a short time before natural convection starts as in Fig. 3.3. With
the knowledge of the temperature of the wire 77 and 75 at time #; and #,, the thermal

conductivity at temperature 7, can be determined by Eq. 3.5 as:

K(T;)

= | o) - Am]))} 1@ 30

where AT (t;) = T(t;) — Tp and T, is the reference temperature of k defined as T, =
To+ 5(AT (1)) + AT (t,)). Therefore, to calculate the thermal conductivity of a fluid
using the above relationship, we need to measure ¢, t, and T'(¢) accurately through the
apparatus in Fig. 3.2.

The heat flux g, the heat generated by the wire can be calculated using Joule’s first

law:
2
R
q=-"—, (3.7
Ly
where [, = Rw‘jf 75 is the electric current through the wire, V; is the stable voltage

provided by DC power supply, and /, is the effective length of the wire in the thermal
conductivity cell.
Using the Ohm’s law, the resistance of the wire Ry, can be calculated from the

estimated voltage difference AV at time ¢ since other resistances Ry, R, and Rz are
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Fig. 3.3 Typical linear part data after some delay from (Michaelides, 2014).

fixed and only Ry, increases as the temperature increases as time flows.

ViR ViRy (¢
AV =V —Vp= L 5 wlt) , (3.8)
Ri+R; Ry(t)+Rs

and so the resistance of the wire can be calculated as:

B R, AV !
RW_R3{<1—R1+R2+ 7 ) _1}. (3.9)

Then the temperature change of the wire and surrounding fluid during measurement

AT (t) is calculated from the known linear relationship between resistance and temper-

ature of the wire:

Ry = Rpy[14 B (T (1) — Ty)] = Ry, [1 + BIAT ()], (3.10)

where i is the temperature coefficient of resistance, 3.90 x 1073 K~ for the platinum

wire. Ry, is the resistance of the wire at Tp which is determined by the relationship
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between the resistance, diameter and length:

l
Rey = P12 3.11)
w

where py; is the electrical resistivity of the material at 7, and A,, is the surface area of
the wire. For platinum, pypoc = 105 x 10~° Qm (Lide, 2004).

With the chosen platinum wire, R(20°C) can be calculated by Eq. 3.11, and substi-
tution into Eq. 3.10 makes Ry, as a function of 7'(¢). Then using Eq. 3.9 and Eq. 3.10,

T (t) becomes a function of V;(¢) as:

1 |Rs R, AV()\ !
AT(z)_Bl!&){<1—R1+R2+ 7 > —1}—1], (3.12)

and can be calculated with collected data of Vi(¢). Finally, the thermal conductivity of

a fluid can be calculated by substituting Eq. 3.12 into Eq. 3.6.

3.4.2 Setup

The setup of the transient hot-wire method depends on research groups. In this study,
R, and R, were fixed to 10Q, and V was set to 0.55V to have g of 0.3 — 0.4Wm™!
to be in the range of 0.3 0.8Wm™! from literature (Das et al., 2007; Kawaguchi et al.,
1985). Rz was adjusted to satisfy AV = 0 without fluid in the cell, and AV was pro-
grammed to be recorded for 10 s with a rate of 600 Hz. The platinum wire of 50.8 um
in diameter and 60 mm in length was coated with a teflon layer of < 1 ym in thickness
and soldered tight to a copper wire and a platinum spring in the thermal conductivity
cell of 3 cm in diameter and 10 cm in length. The resistance of the platinum wire used
in this study is R,, = 3.14Q at Tp = 20°C. Agilent E3620A DC power supply and
National Instruments cDAQ-9174 and 9205 data acquisition system were used in the

apparatus of Fig. 3.2.
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In the initial stage of the setup, thicker platinum wires were chosen for better
durability. However, the measurements were difficult due to the low resistance of the
wire (refer to Eq. 3.11); the voltage difference in this case showed a wide range of
fluctuation, and therefore a thinner platinum wire was applied.

Simple and self-programmed LabVIEW code was used to read and store the data
accumulated into a computer. Data set, 7, V| and V,, were measured and stored for 10s
and then the temperature of the wire at ¢ was calculated using equations derived above.
The temperature increase is not linear for the entire logarithm time interval as shown
in Fig. 3.3. It takes time for the circuit to be stabilized in the initial stage, 0.2 ~ 0.3s in
current setup, and the natural convection starts after few seconds. Literatures reported
the different onset time of natural convection in the fluid during measurement which
may depend on the diameter and the length of the platinum wire or the conductivity
cell (Das et al., 2007; Kawaguchi et al., 1985). In current setup, natural convection
occurred after 2 ~ 3's which was detected after several trials and only the linear section

data was considered in calculating the thermal conductivity of nanofluids.

3.4.3 Calibration

The calibration which determines the accuracy of the measurement is important, and
generally, water, ethylene glycol and toluene which are popular coolants are used as
they are easy to compare with data from the literature.

Because the wire was insulated to measure water-based fluids, the effect of the
insulation layer along with the effect of finite wire properties and finite outer cell
diameter discussed in Bleazard and Teja (1995); Healy et al. (1976); Nagasaka and
Nagashima (1981b) were considered. Corrections 67; following the references were
made to the measured temperature rise calculated using Eq. 3.12 and this is distin-

guished to be AT;y. Thus, T'(¢) used in Eq. 3.6 to calculate the thermal conductivity of
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Fig. 3.4 Measured thermal conductivity of water compared with reference from (Lide,
2004).

afluidis T'(r) = To + ATiq + 67T,
The thermal conductivity of water at 20 —40°C was measured for the calibration
and the estimated accuracy of the present method was +5%, compared with data in

Lide (2004), as shown in Fig. 3.4.



Chapter 4

Stability of 0.017 wt% Stainless

steel-Water Mixture

4.1 Introduction

Metallic-nanofluid has its advantages in two respects; (1) it has a higher thermal con-
ductivity enhancement than oxide-nanofluids as in Fig. 1.1, and (2) metallic pow-
der/particles are more cost-efficient than nanotubes. Although fluids containing nan-
otubes show generally better thermal conductivity enhancement, the value can be
achieved with some metallic-nanofluids.

Previous studies on metallic-nanofluids focused on the production of nanofluids
with good thermal properties. Mostly studied particle and fluid are copper and ethy-
lene glycol, respectively, due to oxidation of metallic particles in water. Xuan and Li
(2000) increased the thermal conductivity of water up to 78 % by dispersing 7.5 vol.%
of copper using two-step method, and Chopkar et al. (2006) reported almost 130 %
enhancement in 2.5 vol.% Al;90Cuzg—EG nanofluid. Eastman et al. (2001); Hong et al.
(2005); Liu et al. (2006); Sinha et al. (2009) observed thermal conductivity enhance-
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ment in the range of 20 — 60 % and Garg et al. (2008); Patel et al. (2003); Yu et al.
(2010) had ~ 10 % enhancement. These previous studies are summarized in Table 5.1.

Metallic-nanofluids are not studied much, and their thermal conductivity enhance-
ment varies among groups. In addition, rapid thermal conductivity degradation re-
ported by Karthikeyan et al. (2008); Liu et al. (2006); Philip and Shima (2012) lead
to the importance of considering dispersion stability, as the relation between stability
and thermal conductivity of nanofluids had been verified as discussed in section 2.5.1.

To solve oxidation, storage and safety problems and difficulties in production be-
cause of larger particle density related to metallic particles, stainless steel nanoparticles
were chosen in this study. Stainless steel nanopowder may be a potential candidate be-
cause of the resistance to corrosion or chemical reaction with fluid, and besides it has

not been studied previously.
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4.2 0.017 wt% Production Parameters

The concentration 0.017 wt% was chosen because {-potential and particle size distri-
bution measurements become reliable at this concentration. The particle concentration
was reduced from 1 wt%, because higher concentration than 0.017 wt% meant that the
sample was not dilute enough for light to scatter as discussed in sections 2.3.3 and

2.34.

4.2.1 Light absorption of stainless steel particles

To observe the sedimentation of particles over time, absorbance was measured re-
peatedly until it becomes zero. Fig. 4.1 shows the UV-Vis spectra of stainless steel
particles dispersed in distilled water. Because a small peak is observed at the wave-
length of 330 nm in 0.017 wt% and 0.008 wt% stainless steel-water fluids, absorbance
at 330 nm was used afterwards to determine the sedimentation.

Fig. 4.2 shows the linear relationship between absorbance measured right after
production and particle concentration follows the Beer-Lambert law. Linearity implies
that particles are well dispersed. However, as will be shown in chapter 5, stainless steel
particles are not completely dispersed by using ultrasonication bath. More powerful
method is required for complete and uniform dispersion of 70 nm sized stainless steel
particles that is used in this work. Thus, the slope of Fig. 4.2 is not the correct value
of eb=14.

A = 0.567 at the wavelength of 330 nm is the absorbance value coming from the
maximum amount of particles that are dispersed after 1h of sonication, not the ab-
sorbance of the entire 0.017 wt% stainless steel particles in water. So, A = 0.567
at the wavelength of 330 nm will be used to determine the relative sedimentation of

0.017 wt% stainless steel-water nanoparticle fluids over time in this chapter.
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Fig. 4.1 The UV-Vis spectra of stainless steel 316L particles dispersed in distilled
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Fig. 4.2 Relationship between particle concentration and absorbance at 330 nm of
stainless steel 316L particles dispersed in distilled water using ultrasonication bath.
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4.2.2 Temperature Control

The sonication bath temperature had to be controlled because the temperature of water
in the sonication bath increased up to 45°C from 20°C after an hour of sonication
with pulses of 500 W at 40 kHz. Thus, the dynamic viscosity of water decreases from
1.01 x 103 kgm~'s~! at 20°C to 6.31 x 10~*kgm~'s~! at 45°C (Bayazitoglu and
Ozis1k, 1988).

From Stoke’s law of Eq. 2.1, the sedimentation velocity is a function of temper-
ature, the primary effect being the change in the viscosity of the water; the sedimen-
tation of particles can be slowed down by increasing the fluid viscosity (Cosgrove,
2010). Therefore, to control the temperature, the water in the bath was refreshed with
cold water at a sufficient rate to maintain the target temperature of 23 — 25 °C.

The effect of temperature control is shown by sedimentation observation as in
Fig. 4.3. For comparison, sedimentation of alumina (Al,O3) particles having mean
particle size of 13nm and 45nm in water were also tested. The sedimentation of
stainless steel-water at ambient temperature is much slower in case of temperature
controlled group A, being a few days, than group B when the temperature of the bath
was uncontrolled and allowed to rise. However, alumina-water fluids do not show
apparent difference between group A and B, presumably because of the lower density
and the smaller size of alumina compared with stainless steel particles; the calculated
sedimentation rate of stainless steel particles is at least an order of magnitude faster
than that of alumina particles.

The dependence of sedimentation rate of stainless steel-water fluids on tempera-
ture is shown in Fig. 4.4(a),(b) in terms of particle size distribution and absorbance
change over time. When the sonication bath temperature is not controlled, particles
aggregate more easily and sedimentation occurs faster, consistent with the results in

Fig. 4.3. These results give the importance of considering temperature on the stability,
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Fig. 4.3 Sedimentation of water-based Al,O3 and stainless steel fluids as a function of
time after production at rest. Group A is produced with sonication bath temperature
maintained in the range of 23-25 °Cfor 1 h, and Group B is produced without temper-
ature control (in the range of 23-45 °C) for 1 h.

(1) 13nm alumina, 0.04 wt%; (2) 13nm alumina, 0.4 wt%; (3) 45nm alumina,
0.04 wt%; (4) 45 nm alumina, 0.4 wt%; (5) 45 nm alumina, 0.65 wt%; (6) 70 nm steel,
0.005 wt%; (7) 70 nm steel, 0.04 wt%.
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particularly in metallic nanoparticle-fluid mixtures.

4.2.3 Process Scale

To assess reproducibility as a function of the size of the experiment, the size of the
fluid produced was increased from 15 ml to 50 ml whilst maintaining identical experi-
mental conditions, including the duration of sonication of 1 h. The temperature of the
sonication bath was controlled at 23-25 °C, and the fluids were assembled in tubes of
identical length (115 mm) but different diameters (15 mm for 15 ml, 28 mm for 50 ml).
The concentration of stainless steel particles in all cases was 0.017 wt% in order to
facilitate sufficient transparency for distribution and potential measurements.

The resulting size distribution data presented in Fig. 4.5(a) shows that for the
same sonication, the particles in the larger volume of fluid are less dispersed, having a
greater possibility to aggregate and settle down. The {-potential plotted in Fig. 4.5(b)
shows that although both are close to the stability of colloidal suspension in terms of
|€| = 30mV (Das et al., 2007), the 15 ml sample has higher surface potential, probably
stronger repulsion between particles and difficult to aggregate. The size of production
was also increased to 1 L with identical conditions, but because the particles remained
aggregated severely after 1 h sonication, it was impossible to measure the particle size
distribution and {-potential due to fast sedimentation.

Results show that the required sonication conditions for sufficient dispersion will
also depend on the process scale, which has not been mentioned in most of the previ-
ous studies on nanofluids, which can explain one of the reason of the failure in repro-
ducibility. Although 15 ml sample shows better stability here, the size was considered
to be too small to test stability and thermal conductivity in this study. Therefore, the
experiments afterwards were done in 50 ml scale to find the optimal stability condi-

tions with pH control and surfactant addition.
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Fig. 4.4 The effect of sonication bath temperature control compared by (a) particle
size distribution measured within 10 min after production and (b) absorbance change
over time of 0.017 wt% STS - water nanoparticle-fluids. Samples were prepared using
50 ml conical tubes and were sonicated for 1 h.
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Fig. 4.5 The effect of process scale compared by (a) particle size distribution and (b)
{-potential of 0.017 wt% STS - water nanoparticle-fluids prepared using 15 ml and
50 ml conical tubes. Measurements done within 10 min after the production.
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4.2.4 Sonication Time

The effect of sonication time is shown in Fig. 4.6 in terms of the particle size distri-
bution and zeta potential when the sonication temperature and the process scale were
controlled. While {-potential does not vary much, the particle size distribution results
show that particles are well dispersed when sonication time is increased from 30 min
to 60 min and then may aggregate with longer sonication of 90 min. Therefore, the

sonication time of 60 min was selected in this study.



4.2 0.017 wt% Production Parameters 92

30

60 min

50 100 1000 2000

(a) Hydrodynamic Particle Size (nm)
60
S |
E
©
€ 30} . 0
°
o
© i
©
N
O 1 . 1 " 1 N 1

20 40 60 80 100
(b) Sonication Time (min)

Fig. 4.6 The effect of sonication time shown by (a) particle size distribution and (b)
{-potential of 0.017 wt% STS - water nanoparticle-fluids. Sonication temperature was
controlled and the process scale was 50 ml. Measurements done within 10 min after
the production.
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4.3 pH Effect

The 316L stainless steel contains iron, chromium, nickel, molybdenum, manganese,
silicon and carbon as in Table 3.3. While IEP of Fe, Cr and Ni are known to be
pH > 7 (Parks, 1965), values of pH 3 — 4 have been quoted for the surface of stainless
steels which are covered with oxide layers (Lefevre et al., 2009); the {-potential of the
mixture is expected to be in a stable range when the pH of the fluid is far from the IEP
of the stainless steel particles (also refer to section 2.3.4).

With reference to the sodium hydroxide experiments, Fig. 4.7(a) shows the (-
potential change with respect to the pH of 0.017 wt% nanoparticle-fluids. The charged
surfaces of particles become unstable when the pH increases from 7 to about 9, and
the IEP of 0.017 wt% stainless steel particles in distilled water was found to be pH 7.8.
IEP of pH > 7 tell the surface of particles used in this study is not oxidized.

Further addition of NaOH increases the number of anions that surround the par-
ticles, leading to electrostatic stabilisation at pH 10 and pH 10.9 where {-potentials
are —49.8 £0.6 mV and —59.0 4.2 mV, respectively. At pH 12.6, the excess ions
suppress the electrical double layer of the particles, the Debye length decreases, and
the repulsive force between particles decreases; the excess OH™ ions disrupted the
electrostatic stabilisation.

The corresponding absorbance-time data are shown in Fig. 4.7(b), measured from
20 min to 60 min after the production. All samples have identical concentrations, thus
the absorbance decrease is smaller in samples with less sedimentation. The sedimen-
tation was slowest at pH 11, consistent with the {-potential results.

These experimental results can be verified by the total interparticle potential calcu-
lations based on DLVO theory discussed in section 2.2.3. To be consistent with the zeta
potential measurement, the refractive index of stainless steel 316L at the wavelength of

633 nm was selected, and the dielectric constant was calculated. Then the Liftshitz-van
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Fig. 4.7 Measurements for 0.017 wt% stainless steel-water nanoparticle-fluids with
temperature control and 1 h sonication. (a) {-potential as a function of pH varied by
adding NaOH and (b) corresponding absorbance results 20 to 60 min after production.
Short dash line in (b) is expected absorbance after production.
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der Waals constant of stainless steel particles in water Asws can be calculated using

Eq. 2.10:

Asws =2.88 x 10797,

which is in the range of 2 x 1079 —5 x 10~ J known for metals (Israelachvili, 2011).
The value of parameters used in the calculation are listed in Table 3.2.

Therefore, the total interparticle potential of stainless steel particles in water can
be calculated using the measured {-potential as shown in Fig. 4.8. The primary max-
imum at pH 10 and pH 11 is over 50 kg7, higher than the maximum energy of the
Brownian collision (Cosgrove, 2010; Israelachvili, 2011), so the particles will be elec-
trostatically stable. Since the attractive force is independent of pH of the fluid, the
positive energy barrier formed for pH 10 and pH 11 is because of the strong repulsive
potentials between particles with higher absolute {-potentials. Therefore, the depen-
dence of the stability on interparticle forces can be explained by this calculation with
{-potential measurement.

For the 0.017 wt% STS-water nanoparticle-fluids produced by 1h temperature
controlled sonication in bath, the optimal pH found is pH 11 which shows good sta-
bility without any surfactant addition. In addition, Fig. 4.7 and Fig. 4.8 show that
zeta potential and sedimentation by absorbance measurements should be considered

together to determine the overall stability of nanoparticle-fluids.



4.3 pH Effect 96

100

50

——pH7 ——pH10

50M 000 --e-- pH8 ——pH 11
............. pH 9 _._._.-pH 127
|
-100| ; ' .
0 50 100

Particle surface to surface distance (nm)

Fig. 4.8 Calculated total interparticle potential of 0.017 wt% stainless steel-water
nanoparticle-fluids in Fig. 4.7. Agws = 2.88 x 1071°J, measured { potential from
Fig. 4.7, calculated Debye lengths by Eq. 2.14, r, = 35nm and 7' = 300K were used in
calculation. The calculated Debye length at pH 10 and pH 11 are 30.8 nm and 9.75 nm,
respectively.
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4.4 Surfactant Effect

In previous studies, the optimal surfactant concentration has been found only at opti-
mal pH values (Li et al., 2007, 2008; Wang et al., 2009). However, the excess addition
of any ions can lower the dispersoid stability. Therefore, the surfactant effect was
characterised also for other samples with lower pH in this study because the addition
of surfactants at the optimal pH 11 may accelerate aggregation of particles due to high
concentration of ions.

First, to establish the type of the surfactant best suited for the stainless steel nano-
particle-water fluid, anionic SDS and SDBS, and cationic CTAB were added to 0.017 wt%
STS-water fluids at pH 7. Fig. 4.9(a),(b) show the result of SDBS and CTAB addition,
where the mass fraction of SDBS and CTAB relative to stainless steel particles was
varied as 0.5, 1.0 and 1.5. In case of SDS, the addition to fluid greatly increased the
sedimentation rate, and it was impossible to measure the potential.

The addition of anionic SDBS changed the sign of {-potential; the particle surface
is thus surrounded by adsorbed anions. Both SDBS and CTAB addition increased
|| — the anionic or cationic “heads" of the surfactant molecules are adsorbed to the
particle surface and confer steric stability. Results show that the decrease in particle
concentration is slowest when SDBS and CTAB to particle mass ratio is 0.5 and 1.0
(SDBS 0.5 and CTAB 1.0), respectively.

However, CTAB was not tested more for several reasons: sedimentation was slower
when SDBS was added; it is preferable to add as little surfactant as possible to inves-
tigate the heat transfer mechanism between metallic nanoparticles, so adding SDBS
with mass ratio of 0.5 is better; cationic surfactants is known not to work well in high
PH solutions; it is easier to use surfactants that do not change the sign of the previ-
ously formed ion boundary, thus anionic type is preferable in NaOH added fluids; and

because of the chemical reaction between bromine and stainless steel particles which
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Fig. 4.9 Effect of (a) anionic SDBS and (b) cationic CTAB surfactants on 0.017 wt%
stainless steel-water nanoparticle-fluids.
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is discussed in section 4.5.2. Therefore, SDBS was selected on the basis of steric

stabilisation.

4.4.1 SDBS Concentration

The effect of SDBS addition at various pH is shown in Fig. 4.10 by {-potential change.
The addition of SDBS was very effective in distilled water (pH 7) but not significant at
NaOH added samples, especially at pH 10 - pH 11 where the electrostatic stabilisation
was previously formed. {-potential decreases at some pH when SDBS is added more
to the fluid; SDBS 0.5 is sufficient to from steric stabilisation and there will be exces-
sive ions in SDBS 1.0 and SDBS 1.7 fluids. At pH 7, the anionic heads adsorbed to the
particle surfaces easily and formed steric stabilisation since no other salts or NaOH
had been added before.

The results in Fig. 4.11 also shows that SDBS 0.5 is the optimal condition. The ab-
sorbance range after 60 min is highest at SDBS 0.5 samples compared with SDBS 0.1
and SDBS 1.7 samples. As the concentration of SDBS increases, decrease in A(t) in-
creases, which implies an increase in sedimentation rate. This is because excessive
surfactants increase both the ions adsorbed on the particle surface and the remaining
counter ions. The latter will enter into the inner adsorbed layer, leading to a decrease in
the {-potential of the particle, and hence to a decreased interparticle repulsion. There-
fore from the {-potential and absorbance measurements, the optimal SDBS mass frac-
tion relative to stainless steel nanoparticles is 0.5 for pH controlled 0.017 wt% stainless

steel-water mixture.
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Fig. 4.10 Effect of SDBS on the { potential of 0.017 wt% stainless steel-water
nanoparticle-fluids with temperature controlled 1h sonication. The mass ratios of
added SDBS to stainless steel particles were 0.5, 1.0 and 1.7.
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4.5 Optimal Stability Conditions

Before concluding that pH 11 and SDBS 0.5 are optimal conditions found to increase
dispersion stability for 0.017 wt% STS - water fluids, long term and chemical stability
should be tested too. Stability of pH 10 and pH 104+-SDBS 0.5 fluids were observed in
addition to pH 11 and SDBS 0.5 fluids because sedimentation after 30 min was slower
in these four samples as shown in Fig. 4.12; A(30min) is high in the order of pH 11,
SDBS 0.5, pH 10, and pH 10+SDBS 0.5.

4.5.1 Long term stability

The {-potential and long term stability of the 0.017 wt% nanoparticle-fluids are com-
pared in Fig. 4.13 and Fig. 4.14 for the optimal conditions found in previous sections;
pH 11, SDBS 0.5, pH 10, and pH 104+SDBS 0.5. The |{| of the SDBS 0.5 fluids are
slightly higher than pH 10 and pH 11 fluids, but the sedimentation is slowest at pH 11
fluid until 150 min as shown in Fig. 4.14(a). Fig. 4.14(a) shows particles settle down
rapidly for 3 h and only less than 20 % of particles remain dispersed in the fluid. After
3 h, sedimentation rate is relatively slower and the overall long term stability was 10
days for pH 11, 3 days for pH 10 and DW, and less than 1 day for other fluids.

Above results show the electrostatic stabilisation is more effective in conferring
greater stability than steric stabilisation for the 0.017 wt% stainless steel-distilled wa-
ter nanoparticle-fluids. It can be concluded that pH 11 is the optimal stability condition
found for 0.017 wt% stainless steel-water nanoparticle-fluids having slowest sedimen-

tation rate.
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Fig. 4.12 Effect of SDBS concentration on stability of DW (pH 7), pH 10 and pH 11
fluids. A(30min) is absorbance measured 30 min after production.
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Fig. 4.13 The {-potential of selected 0.017 wt% stainless steel-water nanoparticle-
fluids.
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Fig. 4.14 (a) The short term and (b) long term stability of selected 0.017 wt% stainless
steel-water nanoparticle-fluids.
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4.5.2 Chemical stability

Before concluding that NaOH or SDBS addition help stainless steel particles disper-
sion, there is a need to identify that no chemical reaction exist between additives and
particles. After storing fluids at stay for 5days after production, the particle mor-
phology was observed by TEM. Fig. 4.15(a),(b),(c) show there is no apparent particle
shape change compared with Fig. 3.1, so using NaOH or SDBS is thought not to cause
any chemical reaction. However, although it is difficult to conclude by Fig. 4.15(d), it
seems that the shape of stainless steel particles changed by the addition of CTAB.
The molecular formula of CTAB is C;9H4;BrN, and in aqueous solution it ionize

to Br~ and CTA™ ions. Iron and bromine can react with the chemical equation of:

2Fe 4 3Br, — 2FeBrs,

to form ferric bromide (iron(Ill) bromide). Samples with NaOH, SDBS and CTAB
were stored at stay for 3 months to verify the chemical reaction that may happen. After
3 months, there were no difference in NaOH and SDBS added samples, but formation
of transparent crystalloids was observed in CTAB added sample.

Fig. 4.16 shows the crysalloid is bromide. Its composition is analyzed by energy-
dispersive X-ray spectroscopy (EDS) analysis using FE-TEM(JEM-2100EJEOL). Be-
cause TEM sample was made from the mixture of stainless steel particles, CTAB
and water, non-spherical shaped particles found in the sample is something else, not
stainless steel particles which was not observed in other samples. From EDS re-
sult, the amount of Mn, Ni and Mo was negligible < 0.1 wt%, and majority was
24.7246.18 wt% Fe and 75.28+£6.18 wt% Br. Therefore, surfactants containing bro-

mide should be abandoned when using iron containing nanoparticles.
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Fig. 4.15 TEM images of stainless steel 316L nanoparticles dispersed in NaOH or sur-
factant added distilled water. To observe the effect of NaOH or surfactant on particle

shape, nanoparticle-fluids were stored at stay for 5 days and then sonicated for 30 min
before making the TEM sample.
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Fig. 4.16 Formation of bromide (marked by arrow) verified by energy-dispersive X-ray
spectroscopy analysis using TEM from 3 months stored CTAB added stainless steel-
water sample.

4.5.3 Thermal conductivity at optimal conditions

Fig. 4.17 shows the thermal conductivity enhancement k,¢/ k¢ of the samples in Fig. 4.13
(pH 11, SDBSO0.5, pH 10, pH and 104+SDBS 0.5) compared with DW sample at
24 —26°C. To measure the thermal conductivity using the conductivity cell in Fig. 3.2,
250 ml of sample is required. Because the process scale was fixed to 50 ml in stability
investigations of this chapter, several identical fluids were prepared at once and mixed
before the thermal conductivity measurement for dispersion consistency.

Fig. 4.17 shows that the measured thermal conductivity enhancement is higher
when the overall stability is better; measured kp¢/ks at 10 min after production is high-
est at pH 11 sample, the most stable fluid among studied. Large deviations and k¢ /k¢
ranging under 1.0 having smaller k,r than water, is probably because of rapid sedi-
mentation during measurements. Although the time of the measurement is very short,

particles will continuously settle down as shown in Fig. 4.14.
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Fig. 4.17 The thermal conductivity enhancement ky¢/ kg of selected 0.017 wt% stainless
steel-water nanoparticle-fluids. Measurement was done within 10 min after produc-
tion.

Fig. 4.18 presents the thermal conductivity enhancement as a function of parti-
cle concentration for stainless steel particles dispersed in base fluids of pH 11. It
shows that the thermal conductivity enhancement increases as particle concentration
increases. Thermal conductivity enhancement of 8.3 % with very small amount of
stainless steel particles of 0.0021 vol% (0.017 wt%) is significant, far exceeding the
Maxwell’s prediction (Maxwell, 1873). This is comparable to the 23.8 % enhance-
ment with 0.1 vol.% copper particles in water reported by Liu et al. (2006).

However, the decrease of thermal conductivity enhancement was too fast, converg-
ing to 1.0 in 30 min. Although 30 min is longer than 10 min reported for copper-water
fluids (Liu et al., 2006), there is a need to slow down the sedimentation to make use
of excellent initial heat transfer property of stainless steel-water fluids. In addition,
Fig. 4.18 shows non-linear relationship between enhancement and particle volume

fraction; enhancement at 0.024 wt% is similar to 0.017 wt%, and the linear fit of two
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Fig. 4.18 The thermal conductivity enhancement ky¢/ks of pH 11 stainless steel-water
fluids as a function of particle volume fraction. Thermal conductivity measurement
was done within 10 min after production. Maxwell’s prediction was done using Eq. 1.1
with ksts = 15Wm™ K™ and kyater = 0.5984Wm ™' K~ at 20°C from Table 3.2.

points and three points have some gap. This non-linearity at higher concentrations was
also observed in some previous studies that produced nanofluids at several concentra-
tions with optimal stability condition found in certain concentration (Li et al., 2008;

Murshed et al., 2005) (refer to Fig. 5.1).
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4.6 Conclusion

The stability (resistance to sedimentation) of stainless steel nanoparticles and water
mixtures has been characterised, including the tendency of the particles to avoid ag-
glomeration. The parameters studied include size distribution, {-potential and ab-
sorbance change of the nanoparticles in distilled water with pH control and surfactant
additions. It is clear that both {-potential and absorbance (sedimentation) measure-
ments are important in measuring the stability of nanoparticle-fluids.

Dispersion via ultrasonic vibration was used to induce the separation of agglom-
erated particles; however, it was found that stainless steel-water mixtures require a
constant low temperature in the sonication bath. Otherwise, the viscosity of the wa-
ter is reduced when the temperature increases, causing rapid sedimentation during the
sonication treatment. In addition, it is shown that increasing the sonication time does
not always increase the stability of mixtures.

Sodium hydroxide additions were used to control the pH of the fluid; the iso-
electric point was found to be at pH 7.8 for 0.017 wt% stainless steel-water mixture.
The experiments revealed that pH 11 led to optimal condition, where the magnitude of
the {-potential was much larger than the value of 25 mV considered as a threshold in
maintaining particle separation.

The stability at pH 11 counter to expectations, decreased when the surfactant sodium
dodecyl benzene sulphonate (SDBS) was added whereas the stability of distilled water
fluid (pH 7) was found to increase when the SDBS concentration was kept to about
half that of the stainless steel powder. Although, the most stable condition was at
pH 11 (pH 10.9 — pH 11.1) without any SDBS in this work. However, one of optimal
conditions may have higher stability when more powerful dispersion methods are used
effectively.

The long term stability was 10 days at pH 11, 3 days at pH 10 and distilled water
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without any addition and less than 5 hours for others. Particles settled down rapidly
for 1 h after the production and the remaining dispersed particles were less than half of
the initial concentration. This initial rapid sedimentation problem should be solved in
the future. In addition, the reaction between particles and surfactants or pH controlled
fluids should be considered carefully for the long term usage of fluids. No chemical
reaction between NaOH and SDBS with stainless steel particles and formation of iron-
bromide in CTAB added fluid were verified.

The thermal conductivity of 0.017 wt% stainless steel nanoparticle-water fluids
was higher at optimal condition, pH 11, showing a strong relationship between the
fluid stability and heat transfer property. Thermal conductivity was increased 8.3 % at

pH 11 fluid with 0.0021 vol.% of stainless steel particles.



Chapter 5

Stainless steel-Nanofluids:

Stability to Thermal conductivity

5.1 Introduction

In chapter 4, the optimal stability condition for 0.017 wt% STS-DW fluid was studied,
and the measured thermal conductivity enhancement at lower and higher concentration
showed non-linear relationship as in Fig. 4.18.

Although the optimal pH, surfactant and its concentration, and dispersion methods
have been studied for some nanofluids at specific concentrations (Ghadimi and Met-
selaar, 2013; Habibzadeh et al., 2010; Haghighi et al., 2013; Hwang et al., 2007; Lee
et al., 2014; Li et al., 2008; Meibodi et al., 2010; Nasiri et al., 2011, 2012; Philip and
Shima, 2012; Saterlie et al., 2011; Wang et al., 2009), the stability at various concentra-
tions has not been studied, which is required to characterise the thermal conductivity
enhancement with respect to the particle concentration. In addition, there are only
four previous studies on metallic-nanofluids among these; Li et al. (2008); Saterlie

etal. (2011); Wang et al. (2009) studied copper-water nanofluids with surfactants, and
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Lee et al. (2014) studied silver-water nanofluids.

Studies on thermal conductivity of metallic-nanofluids are listed in Table 5.1, and
the number of studies is much less than oxides or nanotubes containing fluids. Ta-
ble 5.1 shows that enhancement varies among groups, and mostly studied particle and
fluid are copper and EG, respectively.

As shown in Fig. 5.1, the thermal conductivity enhancement is not linear with par-
ticle fraction; enhancement decreases at certain higher concentrations (Li et al., 2008;
Murshed et al., 2005; Sundar et al., 2013). The decrease in the enhancement slope ap-
pear around 1 vol.% for FezO4 and TiO», 0.05 vol.% for Cu, and 0.002 vol.% for STS
containing water-based fluids, and the possible reasons can be as follows: probably
because the optimal stability conditions found for lower concentrations were used for
fluids at higher concentrations, or there are critical concentration for each nanopar-
ticle and fluid mixture that the thermal conductivity enhancement due to addition of
particles is maximized.

Therefore, there is a need to verify will the stability condition found at specific
concentration work for other concentrations, and if not, how to measure or determine
‘complete particle dispersion’ at various concentrations. Then, the linearity of particle
volume fraction and thermal conductivity enhancement should be investigated under
‘complete particle dispersion’ state. This will be shown in this chapter, with the stain-

less steel particles dispersed in water and ethylene glycol.
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Table 5.1 Previous studies on metallic-nanofluids. Ref. is refercence, ¢ is particle
volume percent in the unit of vol.%, En. is thermal conductivity enhancement k“‘k—j‘* X
100 %, and PM is the production method used where 1 and 2 indicate one-step and

two-step, respectively.

Ref. Particle Fluid [0} En. PM

Xuan and Li (2000) Cu( 100) Water 7.5 78 2

Eastman et al. (2001) Cu(< 10) EG 0.3 40 1

+thioglycolid acid

Cu(< 10) EG 0.55 15

Patel et al. (2003) Au(3—4) Toluene 0.011 7 1
Au(10—20)  Water 0.00026 4.6 1
Ag(60—80)  Water 0.001 32 1

Hong et al. (2005) Fe(< 10) EG 0.55 18 2

Liu et al. (2006) Cu(50—100) Water 0.1 238 1

Chopkar et al. (2006)  Al7¢Cusg EG 2.5 130 2
(20—40)

Putnam et al. (2006)  Cgo-Cqo Toluene 0.36 0.008 2
Au(2) Toluene 0.25 0.014
Au(4) Ethanol 0.06 0.013 1

Chopkar et al. (2008)  Al,Cu(30) EG 2.0 85 2
Al,Cu(30) Water 98
AgrAl(30) EG 95
AgrAl(30) Water 105

Garg et al. (2008) Cu( 200) EG 2.0 12 2

Sinha et al. (2009) Cu(10—20) EG 1.0 60 2
Fe(7—10) EG 27

Yu et al. (2010) Cu(5-10) EG 0.3 8-10 2
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Fig. 5.1 Thermal conductivity enhancement versus particle volume fraction of some
water-based nanofluids with surfactants added to increase stability. Green diamond
represents stainless steel dispersed in pH 11 water, data from Fig. 4.18. The particle
mass fraction of [3] is converted into volume fraction using Eq. 5.2 with pyater =
998.5kg m~—3 (Sundar et al., 2013) and pcu = 8940kg m~3 (Callister, 2007).

[1] Sundar et al., 2013, [2] Murshed et al., 2005, [3] Li et al., 2008.
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5.2 Determining Complete Dispersion

5.2.1 Nanofluid production

In previous chapter, the production parameters at 0.017 wt% were 1h temperature
controlled sonication using ultrasonication bath with the production scale of 50 ml.
However, there were difficulties when measuring thermal conductivity because at least
250 ml was required in the use of thermal conductivity cell. In addition, higher soni-
cation power was necessary for having good particle dispersion to find the molar ab-
sorptivity of the particle (this will be discussed in this section). Therefore, ultrasonic
processor was used in this chapter, which has higher sonication power and increased
production scale up to 1 litre. The production scale was fixed to 300 ml, and the tem-
perature was controlled not to exceed 30 °C by placing the solution-container in a bath
with cold water which was replaced regularly.

The particle concentration can be noted as either in mass fraction (w) or volume
fraction (¢), and both will be used; generally, mass fraction for stability and volume
fraction for thermal conductivity are used. The particle mass fraction can be converted
into volume fraction using the relationship of (Sundar et al., 2013):

Mp

Op = it (5.1)

mp , mg?
Pp+Pf

where m is the mass of the particle or fluid and the particle mass fraction is defined as

mMp
mp+my

wp = Then, the particle volume fraction is,

-1
9 = (1+1_W" x pp) . (5.2)

Wp Pt



5.2 Determining Complete Dispersion 117

5.2.2 Molar absorptivity of STS particles

By Beer-Lambert law, absorbance is linear to the particle concentration; A = €bc.
With the knowledge of molar absorptivity &, it is possible to predict the absorbance at
certain concentration. Because the molar absorptivity of stainless steel particles was
not found in the literature, this value was measured first.

The molar absorptivity of 70 nm sized stainless steel particles can be determined
experimentally if the selected samples are well dispersed, without sedimentation dur-
ing the absorbance measurement. Therefore, the particle molar absorptivity was found
at the very dilute particle concentration range, at where the absorbance over time of
samples were almost constant over minutes. As in Fig. 5.2(a), when the particle con-
centration is lower than 0.01 wt%, the decrease of absorbance over time was very small
only with 1h temperature controlled sonication in bath. In Fig. 5.2(b), 0.0013 wt%
fluid is very stable, almost no absorbance decrease during 1 h.

Using the measured absorbance of samples in Fig. 5.2(b), the slope of absorbance
versus particle concentration was fitted to a line passing through the origin. However,
Fig. 5.3(a) shows the fitted two slopes are different; one was fitted using three samples
of Fig. 5.2(b), and the other was fitted only with 0.0013 wt% sample. This is because
the values used for fitting in case of 0.0047 wt% and 0.0066 wt% samples are the ab-
sorbance at t = 7 min, after some particles settled down as shown in Fig. 5.3(b). In the
0.0013 wt% sample, the observed decrease in absorbance during 1 h was 0.008, which
is negligible.

Although the best stability of 0.017 wt% stainless steel - distilled water at pH 11
well agrees the with the linear fit of three samples, it seems that the slope obtained only
by 0.0013 wt% sample is correct. This implies that the particles cannot be dispersed
completely using ultrasonication bath. Thus, ultrasonic processor was then used to test

the increase in absorbance and dispersion stability.
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Fig. 5.2 Absorbance over time for stainless steel - water nanofluids at several con-
centrations. Sample production done using ultrasonication bath for 1h, temperature

controlled. No addition of surfactants and NaOH.



5.2 Determining Complete Dispersion 119

3.5

o 25 - ,"

™ L K

© 20t /

) - /

o 1.5} / . . .

) ! / Linear Fit of three points

_czu 1.0F ," ----- Linear Fit of first point

§ 05 L 0.017 wt% STS-pH 11 (bath, 1h)

Q I

< O N 1 N 1 N 1 N 1 N

0 0.02 004 0.06 0.08 0.10
(a) Concentration (Wt%)
0.8 —

— Processor 59

g ,W/:gg

s 0.6F o

™ /

;'&5‘/ 04} A =875 )S/Q”(Wt%)

o

&)

c

3 0.2t

3 =60

Q0 " Sonication Bath

< O ~ N 1 . 1 . 1 N 1 N

0 0.002 0.004 0.006 0.008 0.01

(b) Concentration (wt%)
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persed in water with identical samples of Fig. 5.2, and (b) 0.008 wt% samples produced
using ultrasonic processor.
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Fig. 5.3(b) shows the measured absorbance of 0.008 wt% STS-water fluid pro-
duced by ultrasonic processor increase up to the line fitted with 0.0013 wt% when soni-
cation time was increased to 50 min. The uniform dispersion of particles was enhanced
as the sonication time increased from 20 min to 50 min, and then particles started to
settle down (decrease in absorbance) with longer sonication time than 50 min. This is
the reason of using agitation with higher sonication power and finding optimal sonica-
tion time for each sample.

In conclusion, the absorbance of 0.013 wt%-water produced with 1h ultrasoni-
cation bath and 0.008 wt%-water produced with 50 min ultrasonic disrupter are the
absorbance that can be measured with complete dispersion of particles at each con-
centration. The molar absorptivity was calculated by fitting these two points passing
through the origin. The measured molar absorptivity of 70 nm-sized spherical stain-
less steel 316L particles at 330 nm is 87.5cm ' wt% ' If A =87.5 x ¢ (b = 1 cm and
c in wt%) is measured for a fluid with a particle concentration c, the sample can be
considered to be in complete dispersion condition. Also, because molar absorptivity is

a material property, this should also work well in ethylene glycol-based fluids, too.

5.2.3 Complete dispersion condition at various concentrations

To verify the experimental molar absorptivity and the applicability of using molar
absorptivity to determine the complete particle dispersion at various concentrations,
stainless steel particles were dispersed in water and ethylene glycol at various con-
centrations. Using ultrasonic processor for dispersion of particles, the sonication time
was increased by 10-20 minute intervals until the measured absorbance right after the
production at each concentration was within +1 % of the prediction.

Fig. 5.4 shows that the molar absorptivity of 87.5cm~! wt% ! agrees well with

particle concentration up to 0.04 wt% and also when stainless steel particles are dis-
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Fig. 5.4 Absorbance versus concentration of samples with various concentration. Son-
ication time in the unit of minute is indicated in the figure. ‘bath’ and ‘pro’ mean
samples produced using ultrasonication bath and processor, respectively.

persed in ethylene glycol, too. Because the maximum absorbance allowed by the
equipment is 3.0, concentrations that are expected to have absorbance over 3.0 when
dispersed completely were not tested in this study.

Above results show that dispersion of particles were not enough when using son-
ication bath, and the sonication time required to get complete dispersion increased as
the concentration increased. Therefore, optimal stability condition at certain concen-
tration is not sufficient to obtain dispersion stability at other concentrations, especially

at higher concentrations.
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5.3 Thermal conductivity enhancement

5.3.1 Thermal conductivity enhancement under complete dispersion of

particles

It is interesting that the nonlinear relationship between absorbance and particle con-
centration in water-based samples produced using sonication bath of Fig. 5.4 is similar
to the relationship between thermal conductivity enhancement and particle volume
fraction of these samples which was shown in Fig. 4.18. This is the result that can
explain the disagreement in thermal conductivity enhancement of nanofluids between
groups. Although identical particles and base fluid are used, the heat transfer property
will depend on their dispersion stability that will vary between groups due to different
production parameters.

Under complete dispersion of particles, thermal conductivity enhancement was
observed, and the result is in Fig. 5.5. The particle mass fraction was converted into
volume fraction using Eq. 5.2, and the sonication time of each sample was controlled
to have complete particle dispersion. Under the complete dispersion, the enhancement
due to stainless steel particles was higher at water-based fluids than EG-based, and
both showed linear relationship with particle volume fraction.

Thermal conductivity enhancement by stainless steel particles is significant, far
exceeding the Maxwell’s prediction (Maxwell, 1873) and also comparable with other
metallic-particles; thermal conductivity enhancement was 4.6 % with 0.00026 vol.%
gold in water (Patel et al., 2003), 23.8 % with 0.1 vol.% copper in water (Liu et al.,
2006), and 18 % with 0.55 vol.% iron in ethylene glycol (Hong et al., 2005). Con-
sidering the bulk thermal conductivity of gold, copper and iron are 317, 400, and
80Wm~'K~! (Lide, 2004), the enhancement by stainless steel particles can be ex-

plained by obtaining sufficient stability.
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Fig. 5.5 Thermal conductivity enhancement as a function of particle volume fraction of
stainless steel-nanofluids compared with Maxwell’s model (refer to Fig. 4.18) and Au-
water nanofluid (Patel et al., 2003). Measurement was done 10 min after production,
and the red, blue and black lines are fitted lines.

5.3.2 Possibility of overestimate by using transient hot-wire method

In some previous studies, the possibility of overestimate when using transient hot-wire
method to measure the thermal conductivity of nanofluids was raised, as transient hot-
wire method was originally designed for thermal conductivity measurement of gases
and liquids. For example, Ghosh (2010); Ghosh et al. (2011) conducted molecular dy-
namics and stochastic simulations and showed that there exists pulse-like heat pickup
that causes increase in heat conduction of nanofluids when using transient hot-wire
method, due to the collision between nanoparticles and the heat source. They con-

cluded that the elastic and other physical properties of nanoparticles also influence the
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thermal properties of nanofluids.

While the simulated result was shown to match well with measured thermal con-
ductivity enhancement, the existence of pulse-like heat pickup was not experimentally
verified. The simulation was done by modelling the collision between 4 nm copper
particles and copper heat source to predict the thermal conductivity enhancement of
copper particles dispersed in pure water. However, the heat source should be insu-
lated when measuring the thermal conductivity of water-based fluids because water is
a electrically conducting fluid, and therefore the simulation model has limitation in
describing the transient hot-wire measurement.

If the result of Ghosh et al., additional heat conduction by particle and heat source
collisions exist, then the distance from the heat source to particles may also influence
the heat conduction of nanofluids. Thicker fluid film between heat source and particles
can disturb the movement of particles and the heat conduction.

To observe this effect, thermal conductivity of Al,Osz-ethylene glycol fluid was
measured at various fluid thickness. Ethylene glycol was chosen to exclude the error
coming from electrical conduction, and 13 nm alumina was selected to increase the
particle dispersion and avoid particle aggregations. The fluid thickness is the distance
from the heat source to particles, so the radius of the thermal conductivity cell. As in
Fig. 5.6, removable glass tubes with radius of 8 mm, 17 mm and 27 mm were placed in
a 120 mm thick glass cell. For consistency, the same sample fluid was used to measure
the thermal conductivity at each fluid thickness.

Fig. 5.7 shows that there is no fluid thickness effect. The thermal conductivity
of ethylene glycol was within £5% compared with the reference value (Lide, 2004)
at all tested fluid thickness and was increased when nanoparticles were added. This
result also shows that using too thin cell in transient hot-wire method can cause over-

estimate in measurements, because the measured thermal conductivity was higher at
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8 mm thickness even without any nanoparticles.

The effect of particle volume fraction cannot be discussed in case of Al,O3-EG
fluids used in Fig. 5.7 as the complete particle dispersion was not tested for these flu-
ids. In conclusion, the possibility of additional heat conduction coming from collision
between particles and heat source when using transient hot-wire method was not found

in this study.
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5.4 Conclusion

The molar absorptivity of 70 nm-sized spherical stainless steel 316L particles at 330 nm
is measured to be 87.5cm ™! wt%~!. Complete dispersion of particles can be deter-
mined by using this value, and it is verified that the stability condition at one concen-
tration does not work for wide range of concentrations. For example, sonication time
required for complete dispersion increased as particle concentration increased.

Linear relationship of volume fraction and thermal conductivity enhancement was
observed when fluid is sufficiently stable. Stability is important, and without consid-
ering stability, the enhancement achieved will not be that efficient.

The possibility of overestimate using transient hot-wire method was tested and was

not found in this study.



Chapter 6

Conclusions

Based on the theoretical and experimental studies that have been done to reveal the
mechanism behind the enhanced heat transport property of nanofluids, it was con-
cluded that the parameters known to influence the conductivity are volume fraction,
material size and shape of nanoparticles, the material and acidity of the base fluid, tem-
perature of nanofluids, sonication power and time, and additives such as surfactants.
Researchers tried to achieve good thermal conductivity enhancement by controlling
these parameters, but the results varied among groups and some samples were not
reproducible. In addition, although metallic-nanofluids showed higher thermal con-
ductivity enhancement than oxide-nanofluids, only few previous studies were done.
Therefore, thorough study on stability and thermal conductivity of stainless steel—
nanofluids to represent metallic-nanofluids was done in this work. First, the stability
criteria at 0.017 wt% stainless steel-water fluids were found and pH,11 and SDBS 0.5
fluids using 1 h temperature controlled sonication by bath showed better stability with
lower sedimentation rate. However, when this stability condition was applied to other
concentrations, thermal conductivity enhancement was not linear to particle volume

fraction.
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There was a need to determine the complete dispersion at certain concentration,
which was not discussed before. In this study, this problem was solved using Beer-
Lambert law, and the molar absorptivity of stainless steel particles were first mea-
sured. The molar absorptivity of 70 nm-sized spherical stainless steel 316L particles
at 330 nm is found to be 87.5cm~! wt% !, and complete dispersion of particles was
determined using this value. It was verified that the stability condition at one concen-
tration does not work for wide range of concentrations; sonication time required for
complete dispersion increased as particle concentration increased.

Linear relationship of volume fraction and thermal conductivity enhancement was
observed when fluid is sufficiently stable. Thermal conductivity enhancement of stain-
less steel-water nanofluids was approximately 10 %, 15 % and 20 % at the volume
of 0.001 vol.%, 0.002 vol.% and 0.003 vol.%, respectively. This is comparable to the
23.8 % enhancement with 0.1 vol.% copper particles in water reported by Liu et al.
(2006) and 4.6 % enhancement with 0.00026 vol.% gold particles in water reported
by Patel et al. (2003). Stability is important, and without considering stability, the
enhancement achieved will not be that efficient.

Thermal conductivity enhancement related strongly to the stability of nanofluid
suspensions. Known effect parameters can be categorized into three groups; to be
studied, conventional and stability. Thermal conductivity of particle and fluid, par-
ticle volume fraction are parameters considered in conventional theories. Sonication
power and time, pH, and additives are related to dispersion stability of nanofluids that
will eventually influence thermal conductivity of nanofluids. Particle size and fluid

temperature need more study.
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