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Stability of Nanofluids

Suhaib Umer Ilyas, Rajashekhar Pendyala and Narahari Marneni

Abstract Nanofluids are the dilute suspensions of nanomaterials with distinctive
and enhanced features. Nanofluids can be used in a variety of industrial applications
because of improved thermophysical properties. Stability of nanofluids is the only
quandary factor which decreases the efficiency of such smart fluids in engineering
applications. The information and studies on interaction of nanomaterials with the
liquid have significant importance toward their usage in industrial applications.
Agglomeration among particles is a common issue due to interactive forces, which
effects the dispersion, rheology, and overall performance of nanosuspensions.
Characterization of nanofluids plays an important role to evaluate the stability of
nanofluids. The effect of agglomeration on the stability of nanofluids can be
reduced by introducing different mechanical and chemical techniques to prolong
dispersion of suspended particles in liquids. Complete understanding on the sta-
bility of nanofluids can lead to the preparation of different combinations of stable
nanofluids with enhanced properties for variety of applications.

Keywords Agglomeration � Dispersion � Nanofluids � Nanoparticles � Stability
Nomenclature
a Particle radius
a1 Particle radius of sphere 1
a2 Particle radius of sphere 2
A Hamaker constant
A1 Darcy’s permeability constant
A2 Modified permeability constant
d Average diameter of particle, nm
d0 Reference average particle diameter, 100 nm
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DP Diameter of particle
g Gravitational constant
h Surface-to-surface separation distance
H Height of sediment due to consolidation
HS Height of sediment/bed height
HT Total height of sample
Ho Initial height of the sediment due to consolidation
H1 Equilibrium height of the sediment due to consolidation
K Thickness of electrical double layer
n Empirical constant
pHf pH of base fluid
pHnf pH of nanofluids
PL Hydraulic excess pressure
T Absolute temperature, K
T0 Reference temperature, 273 K
TC Consolidation time factor
u Relative velocity of liquid to solids
UC Average consolidation ratio
v Terminal settling velocity
vR Potential energy per unit area between two spheres or plates
VA Energy due to attractive forces
VB Born interaction potential energy
VR Electrical double-layer interaction potential energy
VT Total interaction potential
x Distance
z1�8 Regression constants

Greek letters
rc Collision diameter
qP Density of particles
qf Density of fluid
l Viscosity of liquid
e Porosity
x Volume of solids per unit cross-sectional area
u Volumetric concentration of particles
wo Particle surface potential
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1 Introduction

Nanoscience and nanotechnology deal with the studies of atoms and molecules at
nanoscale and controlling them for the development of efficient materials. The
superlative explanation of nanotechnology in a single sentence by Pietsch (2005)
states that ‘Nanotechnologies deal with the border between the realm of individual
atoms and molecules, where quantum mechanics rule, and the macroworld, where
bulk properties of materials emerge from the collective behavior of a large number
of atoms and molecules.’ In general, nanomaterials with size less than 100 nm are
considered to be in the region of nanotechnology. However, micron-sized particles
are considered to be bulk materials. A comparison of different materials and sub-
stances with respect to size is shown in Fig. 1.

Nanofluid is a subclass of nanotechnology which involves two-phase system,
i.e., solids (nanomaterials) in liquids (base fluid). The nanomaterials are termed as
engineered materials with nanoscale size. Nanomaterials can be in the form of
particles, rods, tubes, sheets, and fibers. Some of the nanomaterials are shown in
Fig. 2. Base fluid is termed as the solvent or liquid in which the nanomaterials are
suspended to form a nanofluid.

The addition of engineered nanoparticles in liquids alters the overall thermo-
physical properties of liquids such as thermal diffusivity, thermal conductivity,
density, viscosity, and specific heat capacity. Nanomaterials are usually dispersed in
dilute concentrations (up to 9 %) in liquids to produce nanofluids. Higher con-
centrations of nanoparticles in liquid can lead to sedimentation due to poor stability.
The notion of using tiny particles (up to micron level) in liquids to improve liquid
properties was first experimentally studied by Maxwell in 1873 (Maxwell 1873).
The concept was then followed by Ahuja in the 1970s (Ahuja 1975a, b) and later on
by Choi and Eastman in the 1990s (Choi et al. 1992; Choi 1995; Eastman et al.
1999, 2001). The former studies include dispersion of 50–100 µm polystyrene
spheres in glycerin to increase effective thermal conductivity for biomedical
applications. The latter studies include experimental investigations on metallic and

Fig. 1 Comparison of different materials with respect to size
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metallic oxide nanoparticles as heat carriers in ethylene glycol–water mixtures.
A significant enhancement in effective thermal properties was found by the appli-
cations of such nano-sized particles. After successful experimental exploitation of
these improved results, many researchers started investigations on the advancement
and development in the field of nanofluids. Many articles have been published in
the last decade demonstrating the significant potential of such smart fluids in wide
range of industrial applications.

Stability of nanofluids is very important toward industrial applications. Many
researchers have termed stability as the ‘validity of nanofluids.’ Dispersion behavior
of different nanomaterials in solvent is different and depends on many factors.
A complete understanding of interaction between particle–particle and particle–
liquid is required to prepare a stable fluid. Over the years, the advancement in the
equipment for characterization of nanofluids has helped researchers to synthesis
nanomaterials in broad range of sizes and shapes. However, there are still some
gaps toward the detailed information on the stability of nanofluids.

Recent progress and advancement in the field of nanofluids are discussed.
A complete understanding on the dispersion behavior of colloids, interaction among
particles, evaluation techniques to measure stability, and methods to prolong sta-
bility of nanomaterials in liquids is explained in detail.

Fig. 2 SEM image of a CuO nanorods (Farbod et al. 2015) adapted with permission, b CuO
nanopowder (Pastoriza-Gallego et al. 2011) adapted with permission, c multi-wall carbon
nanotubes (MWCNTs) (Teng et al. 2015) adapted with permission and d ZnO nanoflower (Fang
et al. 2009) adapted with permission

4 S.U. Ilyas et al.



1.1 Industrial Applications

Colloidal dispersions of nanoparticles have wide range of chemical industrial
applications. Nanofluids have gained the attention of researchers due to attractive
features. One of the main incentives of nanofluids is that it can be replaced with any
conventional fluid depending on the application. One of the main applications of
nanofluids is heat transfer intensification. There are numerous studies on the
improved thermal properties of nanofluids. Nanoparticles with high thermal con-
ductivities, when dispersed in liquid, increase the overall thermal performance of
nanofluid (Ilyas et al. 2014c). Researchers have prepared highly effective thermal
fluids by dispersing metallic (Au, Ag, Cu, Fe, Al, etc.), metallic oxides (Fe3O4,
TiO2, Al2O3, ZnO, CuO, MgO, etc.), and non-metallic (BN, SiC, synthetic dia-
mond, etc.) nanoparticles in different base fluids and have found significant
improvement in effective thermal conductivity and overall convective heat transfer
coefficient.

The application of nanofluids in heat transfer processes has been reviewed and
investigated in many studies. Experimental and theoretical studies by Xuan and Li
(2000), Yu and Xie (2012), Wang and Majumdar (2007), Nguyen et al. (2008), and
many others have opened a new horizon to prepare different combinations of
nanofluids for heat transfer enhancement.

Nanofluids can provide much higher convective heat transfer rates than the
conventional fluids and hence possess a great potential in automotive industry. The
size of the radiator or engine cooling jackets can be reduced by the application of
smart fluids in heavy duty engines (Pendyala et al. 2015). The overall efficiency of
the automotive vehicles can be improved considerably by dispersing nanoparticles
in engine oil and radiator coolant.

In a recent study by Sonage and Mohanan (2015), zinc and zinc oxide-based
nanofluids in water were prepared at low concentrations (0.15–0.5 vol%) to study
the enhancement in heat transfer coefficient at turbulent conditions (Re: 4000–
20,000). It was found that the higher concentrations of nanofluids, i.e., 0.5 vol%,
provide better heat transfer performance than lower concentrations. Surface area of
the car radiator, fluid inventory, and pumping power can be reduced by 24, 40, and
16 %, respectively, by the usage of 0.5 vol% Zn/water nanofluids. Similar results
were reported by Srinivas et al. (2015). They prepared Cu-, CNT-, Ag-, and Al2O3-
based nanofluids in carboxylates of sebacic acid and water for automotive appli-
cations. There are some studies available on the nanoparticles dispersion in car fuel.
In a recent investigation (Smirnov et al. 2015), Al (20 nm)/n-decane-based nano-
fluids were prepared and it was found that fuel with 2.5 % aluminum nanoparticles
gives much higher temperature upon burning than the combustion of pure n-decane.
The overall performance and fuel economy of automotives can be improved by the
substituting nanofluids in car radiator, engine oil, brake oil, or fuel itself. The size of
the heat transfer equipment can be reduced with the implementation of nanofluids.
These fluids can be used as the future-generation cooling/heating media in
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aerospace industries which require lighter weight and decreased size of heat transfer
equipment.

Investigations into nanofluids have proved that these fluids possess high boiling
point than the base fluid alone. This can broaden the operating temperature range of
coolant and dissipate more heat from the system. The efficiency of solar collectors
can be improved by the implementation of nanofluids, as it depends on the
absorption rate of operational fluid in solar collectors (Otanicar et al. 2010).

The advancement in electronic devices requires high level of heat dissipation
systems in confined space due to compact design of systems. Nanofluid is an
excellent choice of researchers to optimize thermal management as it can provide
much better cooling than ordinary coolants in electronic devices with low surface
areas to provide smooth operation. Duangthongsuk and Wongwises (2015) inves-
tigated the heat transfer behavior of SiO2/water nanofluids at different concentra-
tions (0.2–0.6 vol%) and found a significant enhancement (4–14 %) in thermal
performance in heat sinks. In another study (Sohel et al. 2015), Al2O3/water-based
nanofluids were used to dissipate heat from a mini-channel heat sink. It was
reported that the thermal entropy generation rate reduced around 11.50 % as
compared to water.

Nanofluids can be applied in building heating systems especially in the regions
with cold environment. Ethylene glycol (EG) or propylene glycol (PG) mixtures
with water (60:40) are usually used as heat transfer media. There are many studies
available in literature on EG/water- or PG/water-based nanofluids. Experimental
investigations by Eastman et al. (2001), Witherana et al. (2013), and
Pastoriza-Gallego et al. (2014) have proven the applicability of such fluids in many
engineering applications.

Applications of smart fluids in brake oil system are gaining attention of
researchers. Brake systems require more improvement as drag force of the vehicle is
reduced because of the improvement in aerodynamics of the vehicle. The efficiency
of the brake systems depends on the mechanism of heat dissipation. Kao et al.
(2007a, b) prepared CuO- and Al2O3-based nanofluids in brake oil using
arc-submerged and plasma charging arc nanoparticle synthesis system, respectively.
The increase in boiling point and thermal conductivity suggests that nanofluids can
revolutionize lubrication and heat transmission industry.

Nanofluids play an important role in the field of drug delivery. Polymeric
nanoparticle suspension is one of the important examples for efficient drug deliv-
eries. A typical example of drug delivery is the control release of doxorubicin, for
cancer treatment, entrapped in polyalkylcyanoacrylate polymeric systems. The
particles contain an active component entrapped in polymeric core. Generally, a
layer of surfactant surrounds the core to stabilize the system. Drug delivery systems
can be improved by using nanofluids in pharmaceuticals and food industry (espe-
cially in delivery of bioactive components). The application of nanofluid technol-
ogy can provide many advantages such as enhanced activity, control release, drug
protection, and reduced side effects (Astete 2015).

Nanopaint is one of the recent advancements of nanotechnology in paints and
pigment industry. There are many studies available on the insulating properties of

6 S.U. Ilyas et al.



nanopaints for interior and exteriors walls to act as a barrier for heat transmission.
MgO-based nanofluids are also used as an additive to enhance bactericidal efficacy
for interior wall paints (Huang et al. 2005).

Utilization of nanofluids in fuel cell industry is significant accomplishment in the
field of nanotechnology. Nanofluid-based microbial fuel cells (MFCs) can be used
to high energies from bacteria by improving MFCs efficiency (Sharma et al. 2008).
In an investigation, zinc oxide nanofluids were used as anti-bacterial agent against
E. coli bacteria, presumably due to interaction (electrostatic forces) between ZnO
particles and bacteria cells (Zhang et al. 2008).

Researchers have used nanofluids with high thermal potential in three types of
nuclear cooling applications, i.e., main reactor coolant, emergency core cooling
systems, and in-vessel retention coolant. Recently, Nematolahi et al. (2015)
investigated Cu-, CuO-, Al2O3-, Gd2O3-, HfO2-, TiO2-, and CdO-based nanofluids
at different concentrations from 0.001 to 10 vol% as an efficient cooling media to
control the temperature of hot core.

2 Agglomeration in Nanofluids

Stability of nanofluids is the main challenge toward their usage in applications and
there are some important issues to be faced in two-phase system. The interactions
among particles become dominant due to smaller size of particles and high surface
area. Each particle in nanofluid system experiences different kinds of interactions.
These interactions can be generated between particle–particle system and particle–
liquid system (Ilyas et al. 2014a). These interactions are due to attractive and
repulsive forces which generate or act on the particle surface. In general, attractive
molecular forces are more dominant than other kind of interactions, which causes
the particles to come closer. A lump of particles is formed because of attractive
forces, which is termed as agglomeration. In general, the transformation of par-
ticulate material into larger entities due to interactions is known as aggregation
effect. The agglomeration in nanofluids reduces the stability and uniformity of the
nanosuspensions. Different scenarios of stable and unstable nanofluids are shown in
Fig. 3.

Aggregation among particles is attributed to the following principles (Elimelech
et al. 2013):

• Suspended particles in a fluid media must be in motion in such a way that
particles remain in contact with each other. These collision phenomena can take
place because of fluid motion, Brownian diffusion, or sedimentation.

• Interactions among particles must be in such a way that colloidal particles
should remain intact. Particles that dominant repulsive interactions are known to
be stable as they do not form aggregates.

Stability of Nanofluids 7



The types of interactions among particles during agglomeration process are
explained by Pietsch (2005). There are three types of interactions between two
moving particles in any suspension, i.e., molecular forces, electrical forces, and
magnetic forces (Fig. 4). Molecular forces consist of van der Waals forces, valence
forces (Free chemical bonds), and non-valance forces (hydrogen bonding).
Interactions due to electrical forces can be due to electrical double layer, electro-
static or excess charge present on the particle surface.

Dispersion of particles in a suspension is also named as colloidal dispersions.
Colloid can be liquid–liquid mixture or solid–liquid mixture. In the case of nano-
fluids, a colloid is termed as two-component system with particles of range from
1 nm to 1 µm, and the motion of the particles is highly affected by thermal forces.
Examples of colloidal suspensions are found in multitude of industrial, biological,
and natural processes. The information and understating of interactions and rheo-
logical flow behavior and the factors affecting rheology of such suspensions have
significant importance toward preparation of desired product. By manipulating
interactions among particles, nanosuspensions can become ultra-efficient for
advanced applications such as heat transfer processes, pharmaceuticals, food,
polymers, paints, and pigments.

Fig. 3 Different scenarios of stable and unstable nanofluids
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Fig. 4 Different types of interaction forces among particles and solid surfaces (Pietsch 2005)
adapted with permission
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2.1 DLVO Theory

Stability of nanofluids strongly depends on the interaction between particles and
suspension. DLVO theory was proposed by B. Derjaguin, L. Landau, E. Verwey,
and J. Overbeek in 1940s (Verwey and Overbeek 1948). This theory is a quanti-
tative explanation of such forces which affects the stability of colloids in suspen-
sion. The theory is quintessential for explanation about the interactions and
separations of colloids caused by the balancing of two adverse forces, i.e., elec-
trostatic repulsion forces and van der Waals attraction forces. The total interactions
between two particles are associated with both electrostatic double-layer forces and
van der Waals forces. The double-layer repulsive forces are stronger at larger
separations of particle surfaces while the attractive forces are dominant when the
distance between the two particle surfaces is less. The total interaction energy is the
sum of all repulsive, and attractive forces are given as (Eq. 1)

VTðhÞ ¼ VAðhÞþVRðhÞ ð1Þ

where VT (h), VA (h), and VR (h) are the total interaction potential, van der Waals
attractive energy, and electrostatic repulsive energy as a function of h, which
represents minimum separation distance between two surfaces. The theory proves
that the electrostatic double-layer forces prevent the particles to approach one
another due to an energy barrier between them. In such scenario, a stable dispersion
can be obtained which can resist agglomeration due to the repelling forces among
particles. Formation of aggregates will be highly likely if the repulsion is not
enough. If the particle surfaces collide with adequate energy, the van der Waals
forces can attract the particles toward each other to overcome the barrier to form
agglomerate.

The van der Waals attractive interaction and electrostatic repulsion are given in
Eqs. (2) and (3), respectively (Zhu et al. 2009).

VRðhÞ ¼ 2pew2
o ln ½1þ e�kh� ð2Þ

VAðhÞ ¼ �A
6

2a2

h2 þ 4ah

� �
þ 2a2

h2 þ 4ahþ 4a2

� �
þ ln

h2 þ 4ah
h2 þ 4ahþ 4a2

� �� �
ð3Þ

where ɛ, ψo, and k represent permittivity of the medium, particle surface potential,
and thickness of electrical double layer surrounding the particle, respectively. The
double-layer interaction energy between spherical particles can also be given by
integral equation (Eq. 4) by Derjaguin (1934)

VR ¼ 2pa1a2
a1 þ a2

Z1
h

vRdx ð4Þ
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2.2 Non-DLVO Forces

The importance of two principal interactive forces has been well demonstrated by
classical DLVO theory. However, there are more forces which should be taken into
account because combinations of two principal forces alone are not in agreement
with experimental results by many researchers (Elimelech et al. 2013). The major
non-DLVO forces are Born repulsion, hydration forces, and hydrophobic
interactions.

The Born repulsion forces are originated when the electron shells are inter-
penetrated with each other because of strong repulsive forces between atoms. The
Ruckenstein and Prieve (1976) equation (Eq. 5) explains the phenomenon of Born
repulsion in sphere plate

VB ¼ Ar6c
7560

8aþ h

ð2aþ 7Þ7 þ 6a� h
h7

" #
ð5Þ

where σc represents collision diameter of the order 0.5 nm.
The hydration force is a repulsive interaction which takes place due to adsorp-

tion of water molecules at each interface. There is a possibility of hydration of
particles with ions present in solution because most of the nanoparticles carry a
surface charge or ionic groups (Elimelech et al. 2013). The effect of hydration
forces on the overall interaction becomes stronger below 5 nm. The particle surface
is termed as hydrophobic when there is no hydrogen bond or ionic group attached
and there is no room for water molecules. The attractive interactions take place
because of the strong interaction between water molecules and weak interaction
between water and organic groups. The effect of these forces can be significant
below 8 nm.

2.3 Effect of Stability on Thermal Properties

Thermal properties of nanofluids such as thermal conductivity, specific heat
capacity, density, and viscosity depend on the stability of nanofluids. Most of the
suspended particles in unstable nanofluids are in the form of large agglomerates.
The average agglomerate diameter of the particles can reach up to micron sizes
from few nanometers of primary size of nanoparticles. The size of particles is a
main factor for the estimation of thermophysical parameters of nanofluids. There
are questions raised by many researchers on the validity of reported thermophysical
data of nanofluids. To ensure the accuracy of data, characterization analysis on each
stage of preparation must be done to ensure proper stability of nanofluids.

Stability of Nanofluids 11



3 Nanofluids Preparation Methods

Nanofluid stability is highly dependent on the method of preparation. In order to
fully understand the phenomenon of stable nanofluid preparation, the information
on the production and properties of primary nanomaterials and base fluids is very
important. Nanomaterials production involves two different approaches, i.e.,
top-down methodology and bottom-up methodology. In the former method, a bulk
material is modified into desired shape and size with the help of different machining
techniques in such a way that the original integrity of the material remains constant.
Milling and grinding of bulk materials is one of the important synthesis techniques
of top-down method. The bulk material with micro-sized crystals is broken down
into nano-sized crystal structures. This method is mostly used to produce metallic or
metallic oxide nanomaterials. During this process, crystallites react with each other
in the presence of kinetic energy to get desired shape and size of the product.
Another example of the top-down methodology is the production of integrated
circuits which includes crystal growth, lithography, etching, and ion implementa-
tion. The latter technique of producing nanomaterials involves the assembly of
complex nanomaterials from simple atoms or molecules. This technique is not as
extensively used in industrial scale as compared to top-down approach but exten-
sive research is being carried out as an alternative method to lithographic approach.
Examples of bottom-up methodology include laser ablation and sol–gel technology.

Nanofluids can be produced by two methods: single-step method and two-step
method. In the single-step method, nanomaterials are prepared and dispersed in the
liquid simultaneously. In two-step method, nanoparticles are produced separately
and then dispersed in the base fluid using different mixing techniques to form a
nanosuspension.

3.1 Single Step

In this method, nanoparticles are produced and dispersed in the primary liquid
simultaneously. Generally, a chemical reaction is involved to carry out nanofluids
preparation. The different techniques include microwave irradiation technique,
vapor deposition (VP) methods, thermal decomposition, grafting, submerged arc
nanoparticle synthesis system (SANSS), and phase transfer techniques. Some of the
nanofluids can only be prepared by single-step method which depends on the
properties of particles, properties of base fluid, interactions, and product application
requirement. The advantage of this nanofluid preparation approach over two-step
method is that a highly stable nanoparticle dispersion can be obtained.
Agglomeration effect in these types of nanofluids is not significant. A better sta-
bility is obtained with longer dispersion periods of nanoparticles in liquids.

Despite of better stability, there are many disadvantages of single-step approach.
The applications of such nanofluids, prepared from single-step method, are limited
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to process with low vapor pressure. The other predicament in this method is the
challenging issue of controlling the size and structures of nanoparticles. The
reactants are not completely converted into products and the possibility of presence
of different impurities is very high. One more quandary factor in this process is the
high cost of preparation as compared to two-step approach (Yu and Xie 2012).

Studies are available on the preparation of nanofluids with highly stable dis-
persion characteristics using single-step approach. In an investigation (Zhu et al.
2007), copper nanofluids were synthesized using transformation method aided with
microwave irradiation of copper hydroxide. To achieve good stability, ammonium
citrate was used to stop aggregation process of nanoparticles. Yu et al. (2010)
prepared Fe3O4/kerosene oil-based nanofluids using phase transfer method. Feng
et al. (2006) synthesized Au-, Ag-, and Pt-based nanofluids using phase transfer
method in oil–water systems. In investigations by Singh and Raykar (2008) and
Kumar et al. (2003), silver-based nanofluids were prepared in ethanol and hexane
using microwave-assisted synthesis and phase transfer method, respectively. In
another study, zinc-based nanofluids were prepared in aqueous media using vapor
condensation process. First, the bulk zinc material was heated up to 907 °C (boiling
point) and then vapors were condensed into water. The estimated size of the zinc
nanoparticles was reported to be 41 nm with high dispersion behavior in water
(Sonage and Mohanan 2015).

3.2 Two Step

Two-step method is the most widely used preparation technique for nanofluids. In
this method, dry nanopowder is obtained from physical or chemical synthesis and
then dispersed in the liquid media to prepare nanofluids. A growing number of
industrial-scale nanoparticles with high purity and variety of controlled sizes are
commercially available. Generally, a shear mixing is required to disperse
nanoparticles in base fluid. Nanofluids dispersed using two-step method show
higher agglomeration rates than nanofluids prepared from single-step method.

Nanofluids can be prepared in different concentrations while in single-step
method the nanofluid concentration is not uniform. In single-step method, the
concentration of nanoparticles in host fluid is mostly altered by dilution or evap-
oration. Characterization analysis is carried out before and after preparation process
to evaluate the stability of nanosuspensions. There are many ways to enhance the
stability of nanofluids, mentioned in next sections. A generalized methodology to
prepare stable nanofluids using two-step approach is shown in Fig. 5.

During storage, transportation, and handling of dry nanoparticles, the primary
size of nanoparticles can change up to micron level due to dominant particle–
particle attractive interactions. There are several investigations on the preparation of
different nanofluids using two-step method. Preparing nanofluids using two-step
method is the most economical method. Nanofluids can be prepared in bulk
quantity using this approach. Some of the studies are tabulated in Table 1.
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Fig. 5 Methodology for preparing stable nanofluids using two-step method (Ilyas et al. 2014a)
adapted with permission

Table 1 Investigations using two-step method

Investigator Nanofluids
system

Remarks

Nayak et al.
(2009)

Alumina/water Nanofluids were prepared after ultrasonication
(ultrasonic bath) for 4 h. Settling velocities and thermal
hydraulic characteristics of nanofluids at different
concentrations were estimated

Mahbubul
et al. (2014)

Alumina/water Increase in ultrasonication time decrease average
agglomerate size

Sunder et al.
(2012)

Fe3O4/water Heat transfer coefficient increases from 21 to 31 % by the
addition of 0.6 vol% nanoparticles at different Reynolds
number

Farbod et al.
(2015)

CuO/engine oil 8.3 % increase in effective thermal conductivity
with 6 wt% of nanorods dispersions

Sekhar et al.
(2013)

Al2O3/water 8–12 % increase in heat transfer coefficient using
nanofluids in plain tube as compared to water

Alberola
et al. (2014)

Halloysite/water 8 % increase in thermal conductivity with 5 vol% of Hal
nanotubes in water at 80 °C as compared to water

Suresh et al.
(2012)

Al2O3–Cu
(hybrid) /water

10.94 % increase in average Nusselt number using
hybrid nanofluid system as compared to pure water

Zhang et al.
(2013)

Al2O3/R141b Heat transfer effectiveness increases by 110 % by using
0.01 vol% alumina/R141b as compared to R141b as a
working fluid
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4 Stability Evaluation Methods

Stability of nanofluids can be determined by performing characterization analysis.
The recent development in the field of material science especially nanotechnology
could not be possible without the innovation and development of characterization
equipment.

4.1 Electron Microscopy

The essential characterization technique involved to evaluate stability of nanofluids
is the use of electron microscopy. Electron microscopy focuses on the illumination
of electrons to generate an image of the material. This technique is useful to display
the nanoscale materials with much detail because of high magnification. Electron
microscope can determine the particles with lower wavelengths than ordinary.
Optical microscopes are the most commonly used technique to examine the quality
of dispersion. However, it is not possible to examine nano-sized particles. The
function of electron microscopy is similar with the optical microscopy; however, the
former analysis uses a focus beam of electrons while the latter analysis uses elec-
tromagnetic radiation to generate the image of the material. Generally, particles with
average diameter less than 0.5 µm are not visible in optical microscopes. Electron
microscopy generates the image of the material through electromagnetic and elec-
trostatic lenses. The advancement in electron microscopy makes it very useful to get
the material properties such as morphology, crystalline structure, composition, and
topography of the specimen. Information on morphology of the nanomaterials helps
to determine the shape, size, strength, and ductility of the particles. The recent
progress in this field helps the researchers to identify the arrangement of atoms and
molecules in the crystalline structure as well as the composition of compounds and
elements present in the specimen using energy dispersive X-ray (EDX) analysis.
Two of the major types of electron microscopic analysis used in nanotechnology are
scanning electron microscopy (SEM) and transmission electron microscopy (TEM).

4.1.1 SEM

The scanning electron microscope (SEM) is a proficient type of electron micro-
scopy which can produce high-resolution images of the nanomaterial surface to
characterize surface structure of the nanomaterial by three-dimensional appearance.
The structure, texture, and the agglomerate size can be determined using SEM
analysis.
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4.1.2 TEM

Transmission electron microscopy (TEM) is another type of electron microscopy
which comprises an electron gun. This gun emits electron beam of high energy to
transmit through the nanomaterial sample and creates an image of the inner
structure of the material. Two major modes of TEM are dark-field imaging and
bright-field imaging. The development of high-resolution transmission electron
microscopy (HRTEM) can indicate the crystallographic structure of specimen even
at atomic level. Currently, the accessible highest resolution of TEM is equivalent to
0.5 Ao. Some of the examples of TEM analysis of different nanofluids are shown in
Fig. 6.

Fig. 6 TEM image of a silver nanoparticles in basic media (Li et al. 2010) adapted with
permission, b TiO2/water nanofluid (Allouni et al. 2009) adapted with permission, c Al2O3/water
nanofluid (Said et al. 2013) adapted with permission and d CuO/water nanofluid (Pastoriza-
Gallego et al. 2011) adapted with permission
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4.2 Sedimentation Techniques

Sedimentation of nanoparticles in nanosuspensions is a natural phenomenon due to
gravity which is aided by aggregation among particles. Sedimentation analysis is a
simple technique to evaluate the stability of nanofluids. Due to the smaller size of
dispersed nanoparticles in liquid, the particle motion behaves as fluid motion.
Theoretically, gravity forces on particles with diameter less than 1 µm are not
effective. However, agglomeration among particles increase the average diameter of
the particle cluster and particle tends to settle down much faster due to dominant
gravity forces acting on the agglomerate. There are three types of sedimentation in
nanosuspensions, i.e., dispersed-type settling, flocculated-type settling, and
mixed-type settling (Ilyas et al. 2013).

Dispersed-type settling behavior can be seen in nanosuspensions with low
particle loading where the sediment height increases from bottom to top. The
nanoparticle concentration more than critical concentration (equivalent to 1 %)
exhibits flocculated-type settling behavior. In this case, the sediment height
decreases from top to bottom and the solution becomes clearer from the top. In
mixed-type settling, multilayer separations of the particles can be seen. This
appearance of multilayers is due to the different agglomerate sizes which settle
down at different terminal velocities and hence creating multi-phase separations.
Dispersed-type sedimentation process of particles follows Stokes law and is highly
dependent on the square of particle/agglomerate size, given as (Eq. 6)

v ¼ gD2
PðqP � qf Þ
18 l

ð6Þ

The sediment heights can be recorded over time using visualization technique.
Generally, a high-speed camera is used to determine settling velocities of
nanosuspensions. Sediment ratios (SR) can be obtained in terms of sediment height
(HS) and total height of the sample (HT) using Eq. 7

SR ¼ HS

HT
ð7Þ

The settling of particles exhibiting flocculated-type sedimentation is due to
consolidation process. In this process, the liquid move upwards through different
pores of solid particle clusters. These particle clusters form a bed of different
sediment layers and settle down with the passage of time. The sediment bed further
consolidates under its own weight, when the upper layers of the sediment exert
pressure on the lower sediment layers. The consolidation effect was extensively
explained by Shirato et al. (1970). A correlation of relative liquid velocity was
proposed using Darcy’s law in terms of porosity, differential volume, and hydraulic
excess pressure, given in Eq. 8. To determine the average consolidation ratio (UC),
the simple analytical solution was derived by Iritani et al. (2009), given as (Eq. 9)
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4.3 Spectral Analysis

Spectral analysis is one of the important techniques to analyze stability of nanofluids.
This type of analysis is carried out on the basis of degree of absorption to examine
different properties of nanofluids. Ultraviolet (UV)-visible (Vis) spectroscopy is the
most widely used method for spectral analysis of nanofluids. It operates on the
principal of absorption spectroscopy in UV visible spectral region. This analysis is
only limited to UV-active nanomaterials. Quantitative results are obtained through
UV–Vis spectroscopy analysis on the basis of concentration of nanofluids.

LotfizadehDehKordi et al. (2013) investigated the stability of TiO2/water
nanofluids using UV–Vis spectrophotometer at different concentrations and soni-
cation time and power. The optimum conditions were found using Box–Behnken
method to achieve high stability after 1 week and 1 month of study on the basis of
quantitative analysis of absorption values.

4.4 Zeta Potential

Zeta potential is the measure of interfacial potential between the attached thin layer
on the surface of the particle and the dispersion medium. This quantitative analysis
determines the repulsive interactions between the particle and the dispersant. Zeta
potential is denoted by ζ with the units of mV. Higher zeta potential values indicate
high stability of nanosuspensions. Colloidal suspension with ζ-potential 0
to ±5 mV exhibits poor stability with high agglomeration rates. Nanosuspensions
with ζ-potential values more than ±30 mV are considered to be stable for longer
time. Zeta potential values can be altered by changing the pH of the suspension,
surface coatings, and functionalization of nanomaterials or by adding surfactants.

Allouni et al. (2009) studied the aggregation affects of titanium dioxide particles
in cell culture medium using zeta potential analysis. The effect on ionic strength and
electrokinetic properties of titania nanofluids by the addition of human serum
albumin (HSA) and fetal bovine serum (FBS) was investigated.
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4.5 Dynamic Light Scattering

Dynamic light scattering (DLS) technique is used to quantify particle size in
nanosuspensions. This analysis identifies the average agglomerate size in liquid.
The average particle size is analyzed when the specimen is illuminated using a laser
beam and then the fluctuations of scattered light is detected by photon detector.
Particle size distribution curves are obtained on the basis of intensity or volume.
This method can obtain particle size distribution curves for particles of size as low
as 1 nm. Li et al. (2012) investigated the dispersion behaviors of natural- and
surface-modified Fe3O4/oil nanofluids using particle size distribution curves. In
another study, Zhu et al. (2009) studied the effect of surfactant (Sodium dodecyl
benzene sulfonate, SDBS) on the stability of alumina nanofluids using particle size
distribution curves, as shown in Fig. 7.

5 Ways to Improve Stability

With the help of modern advancement in characterization techniques, it is possible
to alter the interactions in nanosuspensions. A uniform and highly stable nanofluid
can be obtained by the application of certain mechanical and chemical methods.

Fig. 7 Particle size distributions of alumina/water nanofluids (0.05 wt%) a without and b with
surfactant (SDBS) (Zhu et al. 2009) adapted with permission
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5.1 Mechanical Mixing Techniques

Nanofluid preparation includes different mechanical mixing techniques to attain
high stability. Mechanical mixing has significant importance toward
de-agglomeration of nanoparticles without changing the original particle size.
Major examples of this technique include ultrasonication, high-pressure homoge-
nizer, and wet milling. These types of methods are more suitable for nanofluids with
low particle concentrations.

5.1.1 Ultrasonication

Ultrasonic agitation is a type of mechanical mixing technique in which the ultra-
sonic waves are passed through the nanosuspension causing distortion among
different layers of sediment. This distortion breaks big agglomerates into smaller
agglomerates and a uniform nanosuspension is achieved. Stability of nanofluids is
influenced by sonication frequency and sonication time. Both parameters are
directly proportional to the better stability of nanosuspension. However, few studies
illustrate that excess sonication has negative impact on the stability of nanofluids.
Studies by Kole and Dey (2012) indicated that average agglomerate size increases
after excess sonication (i.e., 60 h) of ZnO/ethylene glycol nanofluids. Lee et al.
(2008) reported the decline in stability of alumina/water nanofluids after 5 h of
sonication. In another study (Kwak and Kim 2005), average particle size of
CuO/ethylene glycol nanofluids was observed to be increasing after continuous
sonication of 9 h.

Different types of commercial ultra-sonication agitators are commercially
available such as bath-type sonicators and probe-type sonicators. Probe-type son-
icators are found to be effective than all other types of sonicators. The probe-type
sonicator or ultrasonic rupture operates in such a way that all waves generated from
the probe pass through the suspension. This causes deterioration of sediment folds
and a uniform suspension is obtained. Some of the energy from ultrasonic waves is
absorbed by the nanosuspension which increases the kinetic energy of molecules.
The transport of ultrasonic waves increases the temperature of the specimen.
A cooling jacket with continuous flow of cooling media is required to dissipate the
excess heat from the sample as agglomeration effects are aided by the increase in
temperature. Bath-type sonicators are less effective than probe-type sonicators. In
this case, the nanosuspension is immersed in a water bath and the sonication waves
pass through the water toward the specimen. Most of the sonication waves do not
pass through the sample due to the resistance of glass wall of the sample container.
This resistance decreases the effectiveness of this process. Generally, bath-type
sonicators take more time and power to de-agglomerate nanosuspension as com-
pared to probe-type sonication.

Rehman et al. (2012) studied sedimentation rates of alumina/water suspensions
at different concentrations (1–5 wt%) and ultrasonication times. It was found that
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nanosuspensions with high particle loading showed high agglomerate sizes. In
another study (Ilyas et al. 2014b), the settling rates of zinc oxide nanoparticles in
ethanol–water mixtures were reduced by the application of ultrasonic bath.
Ultrasonication of nanofluids was found to be an effective method to reduce average
particle size. The size of agglomerate was decreased by the increase in ultrasoni-
cation time. Similar results were found in the studies by Barrett et al. (2013).
A stable nanosuspension of alumina/water (1 vol%) was obtained after 5 h of
ultrasonication. The TEM images of alumina/water nanofluids are shown in Fig. 8.
The effect of ultrasonication on the settling behavior of ZnO nanoparticles in the
ethanol–water mixtures is illustrated in Fig. 9 (Ilyas et al. 2014b).

5.1.2 High-Pressure Homogenizer

The most effective de-agglomeration method is the high-pressure homogenization,
which is purely a mechanical process. The nanofluids are stabilized by passing
through with force in a narrow gap at high-pressure conditions. The subjected shear
stress on the nanofluid ruptures big agglomerates into smaller agglomerates. The
process is repeated many times until a stable and well-dispersed nanofluid is
obtained. Ultra-high-pressure homogenizers operate at very high-pressure and
micro-sized agglomerates are converted into primary nano-size.

Hwang et al. (2008) used high-pressure homogenizer to stabilize carbon black
(CB) nanoparticles in water and silver nanoparticles in silicon oil. Different mixing
techniques were used and comparative studies showed that high-pressure homog-
enizer is the most effective method to attain uniform nanosuspension. The com-
parative studies of different mixing techniques by Hwang et al. (2008) are shown in
Fig. 10. The quality of CB/water dispersion (0.5 wt%) with normal mixing

Fig. 8 TEM images of alumina/water nanofluids (1 vol%) after a 1 h and b 5 h of ultrasonication
(Barrett et al. 2013) adapted with permission
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(stirring), ultrasonication (bath type and probe type), and high-pressure homoge-
nization is described.

In a recent investigation by Fontes et al. (2015), high-pressure homogenizer was
used to disperse multi-wall carbon nanotubes (MWCNTs) and synthetic diamond in
mineral oil. The nanosuspensions with different particle loadings exhibit better
stability over 24 h. This technique can be applied in many industries to produce
nano-emulsions, especially in foods, pharmaceuticals, cosmetics, and paint and
pigment industries. The heat of compression causes a sudden increase in temper-
ature of nanofluid. In general, 17–21 °C of rise in temperature takes place per
100 MPa of homogenization. This predicament in this process can affect the pro-
duction and quality of sensitive food components. The temperature-controlling
mechanism or heat dissipation systems are required to achieve better quality of
nanosuspension.

5.1.3 Wet Milling

Milling process is used in size reduction of materials. Dispersion characteristics of
nanoparticles in liquid can be improved by the use of wet milling process. Wet
ball/bead milling of nanofluids can enhance the stability of nanoparticles as the
agglomerates are broken into smaller ones. The stability of nanofluids using this
method is highly dependent on the sizes of different grinding media, operational
time, and rotational speed of the mill. In an investigation by Munkhbayar et al.
(2013), influence of milling on the stability of carbon nanotubes in aqueous solu-
tions was investigated. It was reported that milling has significant impact on the
dispersion characteristics of nanosuspensions. This process is highly effective when
combined with chemical technique (surface modification). The surface area of the
nanomaterial increases with the operational time and helps the chemical agent to
retain and make bonds on the surface of nanomaterial. Joni et al. (2009) prepared
TiO2/diglyme nanosuspensions using bead milling process. Silane coupling agents

Fig. 9 Settling rates of nanoparticles in base fluid with and without sonication (Ilyas et al. 2014b)
adapted with permission
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Fig. 10 TEM images of carbon black nanoparticles in water using different mechanical mixing
techniques (Scale bar: 200 nm) (Hwang et al. 2008) adapted with permission
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were introduced to modify the surface of titania during milling process to enhance
dispersion stability. A uniform nanosuspension was obtained with 80 mV of zeta
potential and particle size was reported to be very close to primary particle size, i.e.,
15 nm. In a recent investigation by Farbod et al. (2015), a better stability of copper
oxide was found in engine oil by the application of milling process for 3 h at
300 rpm.

Nanomaterials in low quantity can be lost during operation and cleaning of
milling process. Furthermore, this method is not effective as compared to other
methods because of the possibility of change in the primary shape and size of the
nanomaterials. The particle size distribution of the original nanomaterial particu-
larly nanotubes, 2D nanofillers, nanowires, and other structural nanomaterials can
be altered during wet milling of nanofluids.

5.2 Chemical Techniques

Chemical techniques have peculiar advantages over mechanical mixing techniques.
Mechanical mixing techniques can separate nanoparticles from particles cluster but
they are likely to agglomerate again over time during operation. The stability of
nanofluids can be prolonged by the use of chemical techniques such as addition of
surfactants, pH adjustment, and surface modification of nanoparticles.
Investigations till date report that the combination of mechanical and chemical
techniques is the most effective way of preparing stable nanofluids for their
application at industrial level. There are two types of stability mechanisms, i.e.,
steric repulsion and electrostatic repulsion. Steric stabilization mechanism involves
the use of polymeric compounds which are adsorbed on the particle surface and
provides extra repulsive forces on the surface of particles. These surface modifi-
cations weaken the attractive forces between particles, and a better stability is
achieved. Electrostatic stabilization is a kinetic stability method that involves sur-
face charges which are developed on the surface of nanoparticles creating a barrier
between particles. Existences of these charges on the particle surface are due to the
depletion or accumulation of electrons on the surface of the particle. Steric stabi-
lization is insensitive to the electrolytes or pH. A large quantity of surfactant is
required to functionalize or coat the particle surface as compared to electrostatic
stabilization. Electrostatic stabilization is highly sensitive to pH or presence of
electrolyte in the nanosuspension. Both colloidal stabilization mechanisms are well
demonstrated by Yu and Xie (2012), as shown in Fig. 11.

5.2.1 Surfactant Addition

Surfactants are used to alter the surface properties of nanoparticles in nanofluids.
Surfactants are also termed as dispersants or stabilizers. Addition of surfactants in
nanofluids, exclusively in two-step preparation method, is the most simple and
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economical method of preparing stable nanofluids. The surface tension of the liquid
is abated and the particle engagement is escalated in the host fluid by the intro-
duction of surfactants. A rise in zeta potential is obtained due to increase in
repulsive force generating from the particle surface. The hydrophobic surfaces of
the nanomaterials in aqueous-based nanosuspensions are modified into hydrophilic
surface. Similarly, the hydrophilic surfaces of the nanomaterials are modified into
hydrophobic for non-aqueous nanofluids. Most of the surfactants consist of
long-chain hydrocarbons with hydrophobic component in one corner and hydro-
philic component on the other. The presence of these two components provides a
strong linkage on the interface between particle and liquid. Sodium dodecyl sulfate
(SDS), sodium dodecyl benzene sulfonate (SDBS), cetrimonium bromide (CTAB),
and gum Arabic are the most widely used surfactants used to disperse nanoparticles
in many commercial fluids.

Selection of suitable surfactant has significant importance toward dispersion
characteristics of nanofluids. Yu and Xie (2012) stated that there are four types of
surfactants, i.e., cationic, anionic, nonionic, and amphoteric surfactants.

• Cationic: long-chain quaternary ammonium compounds and long-chain amines
• Anionic: sulfonates, sulfosuccinates, long-chain fatty acids, phosphates, and

alkyl sulfates
• Nonionic: alcohols, polyethylene oxide, and other polar groups
• Amphoteric: betaines and lecithins

The concentration of surfactant can influence the surface properties. Inadequate
concentrations of surfactants in the suspension can dissuade repulsive forces and
persuade attractive forces due to improper surface coating. High concentrations of
surfactants can alter thermophysical properties of the nanofluid system. The risk of
failure of surfactants in high-temperature applications is very likely. Another

Fig. 11 Difference between steric and electrostatic stabilization (Yu and Xie 2012) adapted by
permission
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quandary factor in the use of surfactant is the production of foam during operation
of nanofluids with surfactants.

Kole and Dey (2010) stabilized alumina/EG:water-based nanofluids by using
oleic acid as surfactant. Nanosuspensions with surfactants exhibit no sediment even
after 80 days of preparation while nanofluids without surfactants exhibited sedi-
ments after two hours of preparation. Iyahraja and Rajadurai (2015) used
polyvinylpyrrolidone (PVP) and SDS to stabilize silver nanoparticles in water.
SDS-based nanofluids exhibit better stability than PVP-based nanofluids. However,
PVP-based nanofluids demonstrated higher thermal conductivity values than
SDS-based nanofluids.

5.2.2 Surface Modification

Surface modification of nanoparticles is a surfactant-free method and a long-term
solution of attaining high dispersion characteristics of nanofluids. This method
includes grafting, chemisorptions, plasma treatment, and many other techniques.
The surface of the nanoparticle can be linked or modified with hydrophobic or
hydrophilic component, depending on the application, to perform better stability in
the nanosuspensions. The advantages of this method of stabilizing nanomaterials
over other methods are that the modified particles tend to remain suspended for
longer time. The effect on thermophysical properties of the nanofluids is negligible;
however, effective thermal conductivity and specific heat capacity can be elevated
depending on the properties of functionalizing agents. The toxicity and the polarity
of some nanoparticles can be altered using this surface modification process.

Yu-zhen et al. (2010) dispersed three types of TiO2 nanoparticles in transformer
oil. Nanoparticles without surface modification, surface modification with stearic
acid, and surface modification by silicon oil were used to study the effect of dif-
ferent types of particles on the breakdown strength of transformer oil. It was found
that alternating current (AC) and impulse breakdown strength of transformer oil can
be improved by dispersing TiO2 nanoparticles modified with stearic acid as it
exhibits less agglomeration. In another study by Li et al. (2010), silver-based
nanofluids were prepared in oil. Silver nanoparticles of 5 nm average sizes were
prepared by reducing Ag+ with ascorbic acid. Oleic acid and n-butylamine were
used to coat particle surface and stabilizer, respectively. Nanofluids were observed
to be highly stable using this process. Surface-modified Fe3O4-based uniform
nanofluid was prepared in vegetable insulation oil to study the dielectric properties
of nanofluids (Li et al. 2012). Oleic acid was coated on the particle surface in
ethanol solution before dispersing it into the vegetable oil. A uniform nanosus-
pension was achieved and nanoparticles remain suspended for 30 days after
preparation.
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5.2.3 pH Adjustment

pH of the nanofluids is strongly related to the rheological behavior of the sus-
pensions. The adhesive forces present in the nanosuspensions depend on pH of the
system. Degree of ionization has significant effect on the electrostatic interactions
among charged particles. Changing the degree of ionization in the nanofluid system
can improve the stability of suspended nanoparticles.

In a recent study by Konakanchi et al. (2014), Al2O3/PG:Water-, SiO2/PG:
Water- and ZnO/PG:Water-based nanofluids were prepared to study the relation of
pH with temperature (T), concentration (φ), and size of nanoparticles (d). It was
found that the pH values of nanofluids were directly proportional to the temperature
and particle diameter. It was reported that the addition of SiO2 nanoparticles
(30 nm) in EG/water turned initially acidic nature of the host fluid to alkaline
nature. Similarly, alumina and zinc oxide nanofluids exhibit less acidic behavior.
A generalized correlation (Eq. 10) for pH was given as:
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Ho et al. (2010) prepared alumina–water nanofluids with average particle size of
33 nm to study the natural convection of nanofluids in squared enclosures. The pH
of nanofluids was adjusted to 3 for different concentrations and stable nanofluids
were obtained for at least two weeks.

6 Conclusions

Stability of nanofluids is the important characteristic toward their usage in industrial
applications. The knowledge of interactions (DLVO and non-DLVO forces) among
nanoparticles and particle–liquid has significant role to prepare stable nanofluids.
Different techniques can be used during preparation of nanofluids to obtain uniform
stable nanosuspension. Aggregation among particles is a natural phenomenon;
however, the agglomeration process can be delayed by mechanical and chemical
techniques. Mechanical mixing technique is more suitable for low particle con-
centrations. Appropriate surfactant concentration should be used to prolong the
dispersion of nanoparticles in liquid. The application and advancement of charac-
terization equipment is necessary to evaluate the stability of nanofluids. Different
combinations of highly stable nanofluids can be prepared with enhanced properties
such as improved reactivity, intensified thermal properties, and light weight for
different applications.
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Considerations on the Thermophysical
Properties of Nanofluids

K.V. Sharma, Akilu Suleiman, Hj. Suhaimi B. Hassan
and Gurumurthy Hegde

Abstract The properties such as viscosity, thermal conductivity, specific heat, and
density of nanofluids have been determined by various investigators through
experiments. An equation developed for specific heat and density employing the
law of mixtures is observed to be valid when compared with the experimental data.
However, the experimental data of viscosity and thermal conductivity reported by
investigators are observed to vary by more than 25 % for certain nanofluids.
Theoretical models for the estimation of properties are yet to be developed. The
nanofluid properties are essential for the comparison of heat transfer enhancement
capabilities. Equations are developed for the estimation of viscosity and thermal
conductivity by Corcione and Sharma et al. These equations are flexible to deter-
mine the nanofluid properties for a wide range of operating parameters which can
predict the experimental data of water-based nanofluids with a maximum deviation
of 12 %.

Keywords Water-based nanofluids � Nanofluid properties � Regression equa-
tions � Estimation of thermal conductivity and viscosity

Nomenclature
C Specific heat at constant pressure, J/(K kg)
CRM Random motion velocity of nanoparticles, m/s
D Diameter, nm
HR Non-dimensional heat capacity ratio ½ qCð Þp= qCð Þnf �
H Interparticle spacing
K Thermal conductivity, J/(K m)
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kB Boltzmann constant, 1:3807 � 10�23 J=K
kpe Equivalent thermal conductivity
L Molecular weight of the base fluid
N Avogadro’s number
N Empirical shape factor ‘n’ is equal to 3=w
Pr Prandtl number
R Thermal resistance (K m2)/W
Rb Interfacial thermal resistance between nanoparticle and the fluid
Re Reynolds number
rm Radius of the liquid species
rp Radius of the suspended particles
T Thickness, m
T Temperature, K or °C

Greek symbols
a Thermal diffusivity, ½k=qC� ðm2=sÞ
b Ratio of nanolayer thickness to the particle radius
x

¼ dp
dp þ 2tð Þ

� �3
£ Volume fraction of nanoparticles in per cent
/m Maximum packing fraction
c Ratio of thermal conductivity of the layer to that of the particle
l Absolute viscosity, kg/(m s)
lr Relative viscosity of the suspension
# Kinematic viscosity (m2/s)
q Density (kg/m3)
qbf0 Mass density of the base fluid calculated at 20 °C
fr Freezing point of the base liquid
g Intrinsic viscosity
w Sphericity

Subscripts
bf Base fluid
eff Effective
i Interface
nf Nanofluid
neff Net effective
w Water
p Nanoparticle
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1 Introduction

Nanofluids are particle suspensions of metals, metal oxides, carbides, nitrides,
carbon nanotubes, etc., dispersed in a continuous medium such as water, ethylene
glycol, refrigerants, and engine oil of size less than 100 nm. The thermophysical
properties of nanofluids are observed to be greater than those of the base liquids.
Their use in industrial applications require the development of stable nanofluids
with their properties determined.

The properties of stable nanofluids with metals such as copper, silver, gold, and
oxides, namely Al2O3, CuO, TiO2, SiO2, ZnO, and ZrO2, in water and ethylene
glycol are widely investigated because of their potential as heat transfer fluid with
applications for thermal energy transfer in automotive, solar, and cooling electronic
appliances. Studies are undertaken to determine ways to stabilize nanofluids from
agglomeration for long term applications. The thermophysical properties of nano-
fluids which are important for applications involving single phase convective heat
transfer are viscosity, thermal conductivity, specific heat and density.

2 Viscosity Models

The earliest studies for the determination of viscosity of suspended particles in
liquids were undertaken by Einstein. An equation has been proposed based on the
liquid particle interaction, which can predict the effective viscosity of liquid for
volume concentrations lower than 1.0 %. The Einstein’s equation is given by
Eq. (1):

lr ¼ lnf=lw ¼ ð1:0þ 2:5£Þ ð1Þ

Brinkman (1952) extended the validity of Einstein’s equation up to 4.0 %
volume concentration given by Eq. (2) as:

lr ¼ lnf=lw ¼ 1=ð1�£Þ2:5 ð2Þ

Krieger and Dougherty (1959) presented a semiempirical equation expressed as
in Eq. (3):

lr ¼ lnf=lw ¼ 1�£=£mð Þ�½g�£m ð3Þ

where g is the intrinsic viscosity (2.5 for solid spheres) and £m is the maximum
packing fraction. The maximum close-packing fraction is approximately 0.64 for
randomly monodispersed spheres. Frankel and Acrivos (1967) proposed an equa-
tion for viscosity given by:
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lr ¼
lnf
lw

¼ 9
8

£=£mð Þ1=3
1� £=£mð Þ1=3

" #
ð4Þ

where £m is the maximum particle volume fraction determined from experiments.
Nielsen (1970) proposed a different model for a low concentration of particles.
Nielsen’s equation is given by:

lr ¼ lnf=lw ¼ 1þ 1:5£ð Þ exp £=ð1�£mÞ½ � ð5Þ

where £ and £m are the volume fraction of particles and the maximum packing
fraction, respectively. Lundgren (1972) proposed an equation developed in the form
of Taylor series given by:

lr ¼ lnf=lw ¼ 1þ 2:5£þ 25
4
£2 þOð£3Þ ð6Þ

With increasing particle volume concentration, the flow around a particle is
influenced by the neighbouring particles. Batchelor (1977) studied the effect of
these hydrodynamic interactions or the Brownian motion on viscosity of suspen-
sions and developed a relation valid for particle volume concentrations up to
10.0 % as:

lr ¼ lnf=lw ¼ ð1þ 2:5£þ 6:2£2Þ ð7Þ

where lr is the relative viscosity of the suspension and £ is the volume fraction.
Graham (1981) proposed a generalized form of Frankel and Acrivos (1967) formula
that agrees well with Einstein’s equation for small values of volume concentration.
The equation developed is:

lr ¼ lnf=lw ¼ 1þ 2:5£þ 4:5=
h
dp

� �
2þ h

dp

� �
1þ h

dp

� �2

ð8Þ

where dp is the particle diameter and h is the interparticle spacing. A simple
expression was proposed by Kitano et al. (1981) by involving maximum particle
volume concentration term £m to predict the viscosity of nanofluids:

lr ¼ lnf=lw ¼ 1�£=£mð Þ�2 ð9Þ

The White (1991) formula estimates the viscosity of water considering the effect
of temperature given by:

ln
lbf
lo

� �
� aþ b

To
T

� �
þ c

To
T

� �2

ð10Þ
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where lo; To are the reference values and a = 2.10, b = 4.45, and c = 6.55. The
most referred equation on dynamic viscosity of water with the influence of tem-
perature is given by Hagen (1999) as follows:

lbf � 104 ¼ exp ð1:12646 � 0:039638TÞ=ð1� 0:00729769TÞ½ � ð11Þ

The data of Wang et al. (1999) have been regressed by Duangthongsuk and
Wongwises (2009) with less than 1 % deviation for the determination of Al2O3/
water nanofluid viscosity given by:

lr ¼ lnf =lw ¼ ð1þ 7:3£þ 123£2Þ ð12Þ

Depending on the physical state of the phases, e.g. solid–solid or solid–liquid,
different forms of representing concentration are convenient. In a solid–liquid
system, the volume fraction of a phase is usual. In a solid–solid system, the Fullman
model for the mean free path k shown in Fig. 1 can be used to indicate the average
distance between two particles of phase ph. Based on the mean free path k of the
nanoparticles in the base fluid, Noni et al. (2002) proposed a correlation which is
given as:

lnf=lw ¼ 1þ c
1
kn

ð13Þ

where an average distance between two particles of phase ph having an average size

dph in a matrix of phase a and k ¼ 2
3 dph

1�£ph

£ph

� �
given by Fullman (1953),

£ph is the volume fraction of phase in the system,
dphis the average diameter of phase,
‘c’ and ‘n’ are constants.

Fig. 1 A typical two-phase
system
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Tseng and Lin (2003) developed viscosity correlation for TiO2 nanoparticles
(7–20 nm) suspended in distilled water in the particle concentration from 0.05 to
0.12 % with a correlation factor R2 ¼ 0:98 which is given as:

lnf=lw ¼ 13:45 expð35:98£Þ ð14Þ

Chen et al. (2007) modified the Krieger–Dougherty (1959) equation by con-
sidering £ ¼ aa=að Þ3�D

lr ¼ lnf=lw ¼ 1� £
£m

aa
a

� �1:2
� ��½g�£m

ð15Þ

where aa and a are the radii of aggregates and primary nanoparticles, respectively.
The term D is defined as the fractal index, which for nanoparticles has a typical
value of 1.8 given by Chen et al. (2007). Review articles are presented by Ghadimi
et al. (2011), Mahbubul et al. (2012), Sundar et al. (2013), Mishra et al. (2014), and
Sharma et al. (2016) covering theoretical and experimental works.

2.1 Experimental Determination of Viscosity

The experimental determination of nanofluid viscosity was undertaken by Pak and
Cho (1998) who observed Newtonian behaviour with Al2O3 of size 13 nm and
TiO2 of size 27 nm for particle volume concentration lower than 3 and 10 %,
respectively. The fluids showed shear thinning behaviour (i.e. decrease in viscosity
with shear rate) indicating non-Newtonian behaviour at higher volume concentra-
tions. They showed that the Bachelor’s model failed to predict the viscosity of the
nanofluids, although the volume fraction of the particles is within the range of
applicability.

Junming et al. (2002) have measured the viscosity of CuO nanoparticles dis-
persed in water with the particle concentration range of 2–10 % and in the tem-
perature range of 30–80 °C. The viscosity of the suspensions was reported to be
higher than that of water by 15–30 %.

Prasher et al. (2006) have performed experiments to determine the viscosity of
Al2O3-based nanofluids and pure propylene glycol at various temperatures (30–60 °
C), nanoparticle diameter (27, 40, and 50 nm), and nanoparticle volume fraction
(0.5–3 %). The viscosities of pure propylene glycol (PG) at 20 and 40 °C were
found to be 0.0629 and 0.02 Pa s, respectively.

Kulkarni et al. (2006) conducted experiments to determine the rheological
behaviour of copper oxide (CuO) nanoparticles having an average diameter of
29 nm, dispersed in deionized (DI) water, over a range of volume concentrations
between 5 and 15 % and temperatures varying between 278 and 323 K. Their work
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yielded a well-developed generalized correlation for liquid viscosity given by
Eq. (16):

ln ls ¼ Að1=TÞ � B ð16Þ

where ls is the suspension viscosity and A and B are polynomials which are
functions of particle volumetric concentrations. These factors are given as:

A ¼ 20587£2 þ 15857£þ 1078:3£3 with R2 ¼ 0:99

B ¼ �107:12£2 þ 53:548£þ 2:8715 with R2 ¼ 0:97

where £ is the volume fraction ranging from 0.05 to 0.15.
Calculated values from the above equation and the experimental values were

compared, and these values are within ±10 %, except for two data points at tem-
peratures 278 and 283 K, for a 15 % CuO suspension.

Kulkarni et al. (2007) have studied the rheological properties of CuO
nanoparticles dispersed in PG and water in the ratio of 60:40 by weight in the
temperature range of −35 to 50 °C in particle concentration range of 0–5.9 %. The
experimental data of base fluid without any particle suspension and nanofluid were
compared with ASHRAE data (2005) and Batchelor’s equation (1977), respec-
tively, and it was observed to show good agreement with ASHRAE data for the
former, whereas the latter shows substantial deviation from the equation.
A correlation has been developed for the nanofluid given by:

ls ¼ AeB£ ð17Þ

where the factors A and B are correlated as:

lnðAÞ ¼ 736:9 exp ð�0:0199TÞ with R2 ¼ 0:99

B ¼ 44:794� 0:0765T with R2 ¼ 0:99

The deviation between experimental data and values given by this correlation is
reported to be within ±10 %. Nguyen et al. (2007) conducted experiments for the
determination of viscosity of Al2O3 and CuO nanofluids in water at different
concentrations, particle sizes, and a temperature range of 22–75 °C. Experiments
with Al2O3 having particle sizes of 36 and 47 nm and CuO with 29 nm size
revealed a strong dependence of viscosity on volume concentration of the nano-
fluid. The viscosity is not significantly influenced by the particle size for concen-
tration less than 4.0 %. They presented equations for the determination of dynamic
viscosity of Al2O3 and CuO nanofluid based on concentration for 1.0 and 4.0 %,
respectively, as:
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lr ¼ lnf=lw ¼ ð1:1250� 0:0007TÞ ð18Þ

lr ¼ lnf=lw ¼ ð2:1275� 0:0215T þ 0:0002T2Þ ð19Þ

Lee et al. (2008) conducted experiments for a maximum volume concentration
of 0.3 % with 30 nm Al2O3 particles dispersed in deionized water in the temper-
ature range of 21–39 °C. Duangthongsuk and Wongwises (2009) conducted
experiments with TiO2 (21 nm) nanoparticles dispersed in water in the volume
concentration of 0.2–2.0 % for temperatures varying between 15 and 35 °C. They
developed Eq. (12) using the experimental data of Wang et al. (1999).

Turgut et al. (2009) undertook experiments to determine the viscosity of TiO2

(21 nm) nanoparticles in deionized water for volume concentration up to 3 % and
in the temperature range of 13–55 °C. It is reported that the increase in viscosity is
greater than the values predicted with Einstein model.

Namburu et al. (2007) conducted experiments to compare the viscosity of SiO2

(20, 50, and 100 nm) nanoparticles suspended in ethylene glycol (EG) and water
mixture in the ratio of 60:40 by weight in the concentration range of 0–10 % and
temperature of −35 to +50 °C. It is observed that SiO2 nanofluid dispersed with
100-nm-sized particles at 8 % concentration has the lowest viscosity. Godson et al.
(2010) in their article detailed their experiments to determine the viscosity of silver
(Ag) nanofluid in DI water in the range of 0.3–0.9 % volume concentration and
temperature of 50–90 °C. The effect of Brownian motion and thermophoresis on
the thermophysical properties is discussed. An experimental correlation for vis-
cosity relating the volume concentration and temperature is developed. The cor-
relation between Eqs. (20) and (21) is reported to be in good agreement with the
experimental data.

knf=kw ¼ ð0:9692£þ 0:9508Þ ð20Þ

lnf=lw ¼ ð1:005þ 0:497£� 0:1149£2Þ ð21Þ

Experiments are conducted for the determination of nanofluid viscosity prepared
by dispersing Al2O3 nanoparticles of size <50 nm for application as a coolant in a
commercial vehicle by Kole and Dey (2010). The experiments are conducted in the
temperature range of 10–80 °C. Newtonian behaviour is observed for nanofluid at
volume concentrations lower than 4 % and non-Newtonian behaviour at higher
concentrations in the range of temperature measured. An empirical correlation has
been proposed by Kole and Dey (2010) given by:

log ðlnfÞ ¼ A expð�BTÞ ð22Þ
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where

A ¼ �225:245£2 þ 18:404£þ 1:749 and

B ¼ 575:835£3 � 32:101£2 þ 0:149£þ 0:011

Corcione (2011) proposed an empirical correlation for the nanofluid effective
dynamic viscosity. It was derived from awide selection of experimental data available
in the literature consisting of Al2O3, TiO2, SiO2, and Cu nanoparticles with diameters
in the range of 25–200 nm, suspended in water, ethylene glycol, propylene glycol,
and ethanol. The best fit of regression analysis with 1.84 % deviation as:

lnf=lw ¼ 1= 1� 34:87ðdp=dbfÞ�0:3£1:03
h i

ð23Þ

where dbf ¼ 0:1 6M
Npqbfo

� �1=3
is the equivalent diameter of a base fluid molecule, in

which M is the molecular weight of the base fluid, N is the Avogadro’s number, and
qbfo is the mass density of the base fluid calculated at 293 K. The equation is
applicable for volume concentration up to 7.1 % in the temperature range of 293–
333 K.

Sundar et al. (2014) undertook experimental investigation to determine the
influence of EG/water-based liquid mixture ratios of 20:80, 40:60, and 60:40 % by
weight, with Al2O3 nanoparticles, on viscosity in the temperature range of 20–60 °
C. It is reported that a maximum enhancement ratio of 2.58 is obtained with
nanofluid of 1.5 % concentration at a temperature of 0 °C with 60:40 % EG/water
ratio as compared to base liquid.

Based on the studies undertaken by various investigators, the following obser-
vations can be deduced for nanofluids in base liquid water, EG, and EG/water
mixtures.

• Newtonian behaviour is observed for volume concentration lower than 4 % in
the temperature range of 20–70 °C.

• Viscosity increases with the increase in concentration of the nanofluid.
• Viscosity of the nanofluid decreases with the increase in temperature.
• Viscosity increases with the decrease in particle size which is observed by most

of the investigators.
• Viscosity enhancement in base liquid EG is reported by many investigators to be

higher than that with water.
• The nature of material may not have significant influence on nanofluid viscosity.

Based on the observations, an empirical equation has been presented by Sharma
et al. (2010) as:

lr ¼
lnf
lw

¼ C1 1þ £
100

� �11:3

1þ Tnf
70

� ��0:038

1þ dp
70

� ��0:061

ð24Þ
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The value of C1 is 1.0 for metal and metal oxide nanofluids. The value is 1.4 for
SiC nanofluid. The data could be correlated with an average deviation of 3.18 %,
standard deviation of 3.8 %, and a maximum deviation of 13 %.

3 Nanofluid Thermal Conductivity

Early studies devoted for the determination of effective thermal conductivity of
nanofluid are based on the classical analysis of Maxwell (1881) for two-phase
solid–liquid mixtures given by:

keff ¼ kbf
kp þ 2kbf þ 2£ðkp � kbfÞ
kp þ 2kbf �£ðkp � kbfÞ

� 	
ð25Þ

The model makes satisfactory predictions for spherical shaped particles at low
volume concentration £ and at ambient conditions. The limitation on the particle
volume concentration proposed by Maxwell has been relaxed by Bruggemen
(1935). The interactions among the randomly distributed particles is taken into
consideration, and an equation has been proposed in implicit form given by:

£
kp � keff
kp þ 2keff

� �
þ 1�£ð Þ kp � keff

kp þ 2kneff

� �
¼ 0 ð26Þ

where keff is estimated using Eq. (25) and the net effective thermal conductivity
kneff of the two-phase fluid is determined.

Even though nanoparticles are many orders smaller than micron sized solid
suspensions, modifications and addition of suitable terms and/or consideration of
dynamic factors associated with nanofluids are made to Maxwell’s model by the
investigators. Various models are developed to predict the thermal conductivity of
nanofluids as they exhibit higher thermal conductivity even at low concentrations of
the suspended nanoparticles. Further information can be had from review articles of
Das et al. (2006), Wang and Mujumdar (2007), Buongiorno et al. (2009), Kakaç
and Pramuanjaroenkij (2009), Özerinç et al. (2010), Lee et al. (2010), Khanafer and
Vafai (2011), Ghadimi et al. (2011), Sridhara and Satapathy (2011), Xie et al.
(2011), and Kleinstreuer and Feng (2011).

3.1 Nanofluid Thermal Conductivity, knf Models

The equation of Hamilton and Crosser (1962) is widely used for comparison of the
experimental data by various investigators. The equation for determining the
nanofluid thermal conductivity is given by:
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knf ¼ kbf
kp þ n� 1ð Þkbf �£ðn� 1Þðkbf � kpÞ

kp þ n� 1ð Þkbf þ£ðkbf � kpÞ
� �

ð27Þ

where the empirical shape factor ‘n’ is equal to 3=w and w the sphericity. Sphericity
is defined as the ratio of the surface area of a sphere with the volume equal to that of
the average particle, to the surface area of the particle. The sphericity is 1.0 and 0.5
for spherical and cylindrical shapes. The model is valid as long as the conductivity
of the particle is larger by a factor of 100 compared to that of the continuous phase.
The Hamilton and Crosser model reduces to Maxwell’s model when w ¼ 1 and is
found to be in agreement with experimental data for£\ 30%. Equation (27) does
not include the effect of particle size on thermal conductivity. The value of thermal
conductivity predicted by this model is observed to be lower than the experimental
values obtained from nanosized particles.

Wasp (1977) has given a correlation for determining the nanofluid knf

knf ¼ kbf
kp þ 2kbf þ 2ðkbf � kpÞ£
kp þ 2kbf � ðkbf � kpÞ£

� �
ð28Þ

A modification to the Maxwell model is proposed by Keblinski et al. (2002).
According to Keblinski et al. (2002), it be due to (i) particle collisions occurring
during Brownian motion, (ii) ordered atomic structure of liquid layer at the solid–
liquid interface, (iii) propagation of heat due to lattice vibrations by phonons in
random directions and (iv) rapid movement of heat in clusters formed by particles,
contributing for the overall enhancement of nanofluid thermal conductivity.

Yu and Choi (2003) renovated the Maxwell model by considering the base fluid
molecules close to the surface of the nanoparticles to form a solid-like nanolayered
structure with thermal conductivity greater than the bulk fluid. The thermal con-
ductivity of the solid particles and the nanolayer is combined to arrive at equivalent
thermal conductivity kpe of particle given by:

kpe ¼ kp
c 2 1� cð Þþ 1þ bð Þ3ð1þ 2cÞ
h i
� 1� cð Þþ 1þ bð Þ3ð1þ 2cÞ

8<
:

9=
; ð29Þ

where c is the ratio of thermal conductivity of the layer to that of particle and b is
the ratio of nanolayer thickness to the particle radius. The nanofluid thermal con-
ductivity is estimated with the relation given by:

knf ¼ kbf
kpe þ 2kbf þ 2ðkpe � kbfÞð1þ bÞ3£
kpe þ 2kbf � ðkpe � kbfÞð1þ bÞ3£

" #
ð30Þ

The layer thermal conductivity is varied in the range of 10–100 kbf , and layer
thickness is in the range of 1–2 nm. The experimental thermal conductivity ratio of
CuO nanofluid in base liquid ethylene glycol (EG) is observed to be in good
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agreement with the values estimated with Eq. (30) in the concentration range of
0\£\5% for a particle diameter of 30 nm. A maximum enhancement of 20 % is
shown along with the experimental data of CuO nanofluid. Thermal conductivity
enhancement of up to 90 % is predicted by Yu and Choi (2003) for 6-nm Cu
nanoparticles dispersed in EG for an assumed layer thickness of 2 nm.

Xue (2003) developed a model based on Maxwell employing average polar-
ization theory. The particle with its liquid interface termed ‘complex nanoparticle’
is considered to be dispersed in a base liquid. The predicted values of thermal
conductivity ratio for Al2O3/water are shown to vary linearly for ‘interfacial shell
thickness’ in the range of 3–5 nm for nanofluid concentration of 0\£\5%.

9 1�£
x

� �
keff � kbf
2keff þ kbf

þ £
x

keff � kc;x
keff þB2;x kc;x � keff


 � þ 4
keff � kc;y

2knf þ 1� B2;x

 �ðkc;y � keffÞ

" #
¼ 0

ð31Þ

In another paper, Yu and Choi (2004) modelled the thermal conductivity
enhancement as due to liquid layering around a nanoparticle considering Hamilton–
Crosser model. It is observed that the thermal conductivity of the interfacial layer ki
should be at least 100 times the value of kp or kbf in order to obtain an increase in
the effective thermal conductivity for non-spherical particles. The authors compared
the experimental values of CNT in oil to substantiate their observations. For
spherical particles, the predicted value of knf is observed to increase with thickness
or thermal conductivity of the interfacial layer.

Xie et al. (2005) solved the heat conduction equation in spherical coordinates
with the consideration of interfacial liquid layer on nanoparticle. They related the
nanofluid thermal conductivity to system parameters, viz. kp; kpe; ki—volume
fraction, size of nanoparticle, and thickness of the nanolayer. They compared the
experimental data of Al2O3/water, CuO/EG, and Cu/EG nanofluid for concentra-
tions up to 5.0 % with the results from their model. They assumed the nanolayer
thermal conductivity to be 5 times that of the base liquid and reported good
agreement with experimental data for 2 nm layer thickness.

A theoretical model having shells on the surface of the solid nanoparticles is
proposed by Xue and Xu (2005). Based on the model, an implicit relation for the
determination of nanofluid thermal conductivity is developed as:

1�£
x

� �
knf � kbf
2knf þ kbf

þ £
x

knf � kið Þ 2ki þ kp

 �� xðkp � kiÞð2ki þ knfÞ

2knf � kið Þ 2ki þ kp

 �þ 2xðkp � kiÞð2ki � knfÞ

" #
¼ 0

ð32Þ

where x ¼ dp
dp þ 2tð Þ

� �3
and ki is the thermal conductivity of the interfacial shell and

‘t’ represents the thickness of the shell which is different for different nanofluids.
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The thickness of the shell is considered as 3 nm to obtain a value of
ki ¼ 5:0 W=mK.

The enhancement in nanofluid thermal conductivity is due to Brownian motion
according to Jang and Choi (2004). They showed a good agreement of the
experimental data of Al2O3/water, CuO/water, CuO/EG, and Cu/EG nanofluids
with the results from their model.

A semiempirical correlation considering Brownian motion proposed by Chon
et al. (2005) is given by Eq. (33). The authors showed a good agreement of the
experimental data of Al2O3 nanofluid for different parameters with values estimated
by using Eq. (33).

knf
kbf

¼ 1þ 64:7£0:7460 dbf
dp

� �0:3690 kp
kbf

� �0:7476

Pr0:9955bf Re1:2321 ð33Þ

where dbf is the molecular diameter of the base fluid, Re ¼ qbfKBT
3pl2bf lbf

where lbf ¼
0:17mm the mean free path for water and Boltzmann constant kB ¼
1:3807e�23 J=K used in their analysis.

Koo and Kleinstreuer (2004) proposed an equation for the determination of
effective thermal conductivity of nanofluid which is modelled for combined
influence of Maxwell and Brownian motion. It takes into account the effect of
particle size, volume concentration, temperature, and properties of base fluid as well
as nanoparticle subject to Brownian motion given by:

knf ¼ kbf
kp þ 2kbf � 2ðkbf � kpÞ£
kp þ 2kbf � ðkbf � kpÞ£

� �
þ 5 � 104b1qbfcbf f ðT ;£Þ

ffiffiffiffiffiffiffiffiffiffiffi
KBT
qbfdp

s
ð34Þ

where b1 is the fraction of the liquid volume which travels with a particle and
decreases with particle volumetric concentration because of the viscous effect of the
moving particles. The values of b1 for certain particles are given in Table 1. They
introduced an empirical equation for f ðT ;£Þ using the experimental data of Das
et al. (2003) for CuO nanofluids valid in the range of 1\£ \4 % and
300 < T < 325 K given by:

f T ;£ð Þ ¼ �6:04£þ 0:4705ð ÞT þ 1722:3£� 134:63ð Þ

In another paper, Koo and Kleinstreuer (2005) studied the influence of different
motion mechanisms such as Brownian, thermophoresis, and osmophoresis on
thermal conductivity of nanofluids. They reported the influence of Brownian
motion to be significant on thermal conductivity ratio compared to thermophoresis
and osmophoresis. The Brownian motion is influenced by particle size, whereas
motion due to thermophoretic and osmophoretic effects is observed to be inde-
pendent of particle size.
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The combined Maxwell–Garnett conduction and convection caused by the
Brownian motion of the suspended particles are the basis for thermal conductivity
enhancement, according to Prasher et al. (2006). They proposed an equation for the
estimation of thermal conductivity ratio based on the model given by:

knf
kbf

¼ 1þ 4� 104RemBPr
0:33
bf £


 � kp 1þ 2að Þþ 2km

 �þ 2£ kp 1� að Þ � km


 �
kp 1þ 2að Þþ 2km


 ��£ kp 1� að Þ � km

 �

" #

ð35Þ

where m = 2.5
km ¼ kbfð1þ 0:25ReB PrÞ is the matrix conductivity

ReB ¼ 1
#

ffiffiffiffiffiffiffiffiffiffi
18KBT
pqpdp

q
is the Brownian–Reynolds number

a ¼ 2Rbkm
dp

� �
nanoparticle Biot number

Rb interfacial thermal resistance between nanoparticle and
the surrounding fluid.

The authors ignored the interfacial resistance in their analysis and stated that it
could be considered in the calculations using the model of Every et al. (1992).
Leong et al. (2006) developed a model to determine the effective thermal con-
ductivity of nanofluids taking into account the effect of interfacial layer at the
particle/liquid interface.

Table 1 Value of b1 to be used with Eq. (34) of Koo and Kleinstreuer (2005)

Sl. No. Type of
particles

b1 % Concentration/temperature
range

Authors

1 Au citrate, Ag
citrate, and
CuO

0:0137ð100£Þ�0:8229 £\1 Koo and
Kleinstreuer
(2005)

2 CuO 0: 0011ð100£Þ�0:7272 £[ 1 Koo and
Kleinstreuer
(2005)

3 Al2O3 0:0017ð100£Þ�0:0841 £[ 1 Koo and
Kleinstreuer
(2005)

4 Al2O3 8:4407ð100£Þ�1:07304 1\£\10%; 298\Tnf\363K Vajjha and
Das (2009)

5 ZnO 8:4407ð100£Þ�1:07304 1\£\7%,
298 < Tnf < 363 K

Vajjha and
Das (2009)

6 CuO 9:8810ð100£Þ�0:9446 1\£\6%,
298 < Tnf < 363 K

Vajjha and
Das (2009)
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knf ¼ kbf
Kp � ki

 �

£ki 2b
3
2�b

3 þ 1
� �þ Kp þ 2ki


 �
b32 £b3 ki � Kbfð ÞþKi
� �

b32 Kp þ ki

 �� Kp � ki


 �
£ b32 � b2 � 1

� � ð36Þ

where

b2 ¼ 1þ t
ap

� �

According to Jang and Choi (2007), there are four mechanisms contributing to
the energy transfer responsible for the enhancement of thermal conductivity of
nanofluids. The first mode is collision between the base fluid molecules, the second
is the thermal diffusion of nanoparticles, the third is the collision of nanoparticles
with each other due to Brownian motion, and the fourth is collision between the
base fluid molecules and nanoparticles due to thermally induced fluctuations. They
developed an equation for the evaluation of the effective thermal conductivity of
nanofluid given by:

knf ¼ kbf 1þ£ð Þþ b3kp£þC1
dbf
dp

kbfRe
2
dPrbf£ ð37Þ

where b3 ¼ 0:01; C1 ¼ 18� 106, Red ¼ CRMdp
# ; CRM ¼ KBT

3plbfdplbf
and is a constant

considering the Kapitza resistance per unit area. The equivalent diameter dbf ¼
0:384; 0:561 and mean free path, lbf ¼ 738; 0:875 nm, at 300 K are the values
considered for water and EG-based nanofluids, respectively. The experimental data
of Al2O3 and CuO in water and EG, Cu/EG are observed to be in good agreement
with the values estimated with Eq. (37).

Murshed et al. (2008) solved the steady-state heat conduction equation consid-
ering interfacial layer with appropriate boundary conditions for cylindrical and
spherical coordinate system. The numerical values are compared with the experi-
mental data for spherical particles of Al2O3 (80 nm), TiO2 (15 nm) in ethylene
glycol, Al2O3 (38.4, 47, and 150 nm) in water, and CNT in engine oil. In another
paper, Murshed et al. (2009) included the dynamic Brownian motion to the static
conduction model in deriving an equation for effective thermal conductivity of
nanofluid, which has the flexibility to be reduced to Maxwell’s equation in the
absence of interaction between the nanoparticle and interfacial layer. The authors
showed good agreement of theory with the experimental data of various
investigators.

Khanafer and Vafai (2011) have given a few general correlations for the
effective thermal conductivity of Al2O3/water and CuO/water nanofluids at ambient
temperatures accounting for various volume fractions and nanoparticle diameters.
Equation (38) proposed using the experimental data of Al2O3/water and CuO/water
nanofluids, respectively, is given by:
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knf ¼ 1:0þ 1:0112£þ 2:4375£
47
dp

� �
� 0:0248£p

kp
0:613

� �� �
kbf ð38Þ

Equation (38) is applicable for ambient range of temperature.

knf ¼ 0:9843þ 0:398£0:7383 1
dp

� �0:2246 lnf Tð Þ
lf Tð Þ

� �0:0235

� 3:9517
£
T

þ 34:0:341
£
T2

" #
kbf

ð39Þ

where lf Tð Þ ¼ 2:414 � 10�5 � 10�247:8ðT�140Þ and valid for 11 � dp � 150 nm;
20

�
C � T � 70

�
C.

Thus, the theoretical models developed till now are improvement of Maxwell’s
equation with the consideration of (i) shells/interface on the surface of the particle
(ii) Brownian motion (iii) interaction between base liquid molecules or nanoparti-
cles and (iv) base liquid molecules and nanoparticles. Certain models include
parameters such as mean free path of water used in the process of obtaining
dimensionless terms.

3.2 Experimental Thermal Conductivity, knf

It can be observed that most of the investigators who improved Maxwell’s models
used certain empiricism in their equations. Early determination of nanofluid thermal
conductivity through experiments was undertaken using base liquid as water.

Pak and Cho (1998) determined the thermal conductivity of Al2O3 and TiO2

nanofluids at 27 °C which can be presented as:

knf ¼ 1þ 7:47£ð Þkbf ð40Þ

The determination of nanofluid thermal conductivity based on experiments has
grown rapidly since the work of Lee et al. (1999) who conducted experiments with
Al2O3 and CuO nanoparticles of sizes 38 and 24 nm, respectively, in water and EG
using transient hot-wire method. The experimental data with Al2O3/water and
Al2O3/EG are observed to be in close agreement, whereas CuO/water and CuO/EG
nanofluids showed higher values when compared with Hamilton–Crosser model.
They reasoned that the obtained lower values of thermal conductivity with Al2O3/
water were due to larger particle size of 38 nm used when compared with the values
of Masuda et al. (1993) who used 13-nm-sized particles. They opined that the
equation of Hamilton–Crosser is capable of predicting thermal conductivity of large
agglomerated clusters but inadequate for nanosized particles. Xuan and Li (2000)
reported the thermal conductivity ratio of Cu/water to increase between 1.24 and
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1.78 for corresponding volume concentration of 2.5–7.5 %. The particle size is
reported to be lower than 100 nm; the average size was not disclosed.

Yu et al. (2000) reported the observation of molecular layering at the solid–
liquid interface from X-ray reflectivity data. Spherical Tetrakis (2-ethylhexoxy)
silane (TEHOS) liquid molecules of size 10 Å diameter are used in the experiment.
Silicon substrates of 45–90 Å thick are prepared, and reflectively measurements
were undertaken. They reported the measurement of oscillations near the solid–
liquid interface with a period of about 10 Å, common to all samples and inde-
pendent of the film thickness.

Xie et al. (2002) obtained a maximum enhancement of 15.8 % in thermal
conductivity with 26-nm spherical SiC/water nanoparticles at a volume concen-
tration of 4.2 %. The thermal conductivity is reported to increase linearly with
concentration in the lower range.

Das et al. (2003) determined the thermal conductivity of 29 nm CuO/water and
38 nm Al2O3/water. They reasoned the deviation of 24 nm CuO/EG and
CuO/water experimental data of Lee et al. (1999) to the ‘insensitive’ nature of
Hamilton and Crosser Eq. (27) for temperature.

Murshed et al. (2005) reported 30 % enhancement in thermal conductivity of
water-based TiO2 nanofluid with particle size of 15 nm at 5 % vol concentration.
Zhu et al. (2006) measured the thermal conductivity of Fe3O4 nanofluid in base
liquid water. They observed a nonlinear variation of thermal conductivity ratio with
volume fraction from their experimental data and reported relatively higher
enhancement rate at lower volume fractions.

Li and Peterson (2006) undertook experimental investigations to determine the
influence of thermal conductivity on volume concentration and temperature. The
experiments are conducted with sizes of 29 nm of CuO/water and 36 nm of Al2O3/
water, temperatures ranging from 27.5 to 34.7 °C for 2–10 % volume fractions.
A linear regression equation for the estimation of thermal conductivity ratio based
on temperature and volume fraction is presented for Al2O3 and CuO nanofluids,
respectively, as:

knf=kw ¼ 0:69266þ 3:761088£þ 0:4705Tð Þ ð41Þ

knf=kw ¼ 0:53785þ 0:7644815£þ 0:018689ð Þ ð42Þ

The values of thermal conductivity obtained by Li and Peterson (2006) reported
monotonic decrease in thermal conductivity with increasing particle size. The
results indicate the dependence of effective thermal conductivity on material sus-
pensions, particle size, concentration/volume fraction, and the bulk temperature.

Yoo et al. (2007) measured the thermal conductivities of TiO2 (25 nm) and
Al2O3 (48 nm) dispersed in deionized water and Fe (10 nm) and tungsten trioxide
WO3 (38 nm) dispersed in EG and reported high enhancements with Fe and WO3

nanofluids. Hwang et al. (2007) determined the thermal conductivity of MWCNT,
fullerene, CuO, and SiO2 in deionized water, EG, and oil. The thermal conductivity
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of nanofluid increased with concentration except for water-based fullerene ðkp ¼
0:4 W=mKÞ which is lower than water.

Experiments have been conducted by Mintsa et al. (2009) to estimate the thermal
conductivity of aluminium oxide (36 and 47 nm) and copper oxide (29 nm)
nanofluids in water in the temperature range of 20–50 °C and up to 18 % volume
concentration. Linear equations with volume concentration applicable at ambient
temperature for these nanofluids are given, respectively, as:

knf=kw ¼ 1:0þ 1:72/ ð43Þ

knf=kw ¼ 0:99þ 1:74/ ð44Þ

It can be observed that the values of the oxide nanofluids estimated with
Eqs. (43) and (44) at different volume concentrations do not vary significantly for
the two materials. The thermal conductivity data obtained at higher temperatures
and volume concentration are observed to be in good agreement with the Eq. (33)
of Chon et al. (2005).

Garg et al. (2008) have investigated the thermal conductivity of Cu (200 nm)
nanoparticles in ethylene glycol in the concentration range of 0.5–2.5 %. Based on
their experimental thermal conductivity data, a linear equation is presented as:

knf ¼ 1þ 6£ð Þkbf ð45Þ

Mintsa et al. (2009) observed that Eq. (33) given by Chon et al. (2005) is in
good agreement with the experimental data of both Al2O3/water and CuO/water
nanofluids. Sundar et al. (2013) determined the effective thermal conductivity of
magnetic Fe3O4/water nanofluid experimentally in the volume concentration range
of 0–2.0 % in the temperature range of 20–60 °C. Thermal conductivity
enhancement at the temperatures of 20 and 60 °C is reported to be, respectively, 8.4
and 17 % at £ ¼ 0:2% and 25 and 48 % at £ ¼ 2:0% concentration.

3.3 knf in Base Liquid Ethylene Glycol

Lee et al. (1999) investigated oxide nanofluids by suspending CuO 35-nm particles
in ethylene glycol. A 20 % increase in thermal conductivity at 4 % volume is
reported by them. Eastman et al. (2001) determined the thermal conductivity of
Cu/EG nanofluid. They observed a maximum enhancement of 40 % in thermal
conductivity at 0.3 % volume concentration with 10-nm-sized particles dispersed in
ethylene glycol. The enhancement with CuO/EG and Al2O3/EG of 35-nm-sized
particles at a volume concentration of 4 % is approximately 20 %.

Wang et al. (2002) determined the thermal conductivity of Al2O3, ZnO, TiO2,
CuO, Fe2O3, Cerium oxide (CeO2) nanoparticles in base liquid ethylene glycol for
0.5, 1.5, 3.0 and 4.0 % concentration at an ambient temperature of 25 °C. The
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maximum thermal conductivity enhancement was observed at 4 % volume con-
centration varied between 13 and 21 % for the nanofluids considered.

Xie et al. (2010) undertook thermal conductivity determination with MgO, TiO2,
ZnO, Al2O3, and SiO2 nanoparticles dispersed in base liquid EG. They observed
MgO/EG nanofluid to have superior features of the highest thermal conductivity
and the lowest viscosity when compared with other nanofluids. The enhancement of
40.6 % is reported with MgO nanofluid at 30 �C for a volume concentration of 5 %.

Murshed (2011) determined the thermal conductivity of nanofluids which are
prepared by suspending TiO2 (15 nm), Al2O3 (80 nm), and Al (80 nm) nanopar-
ticles in ethylene glycol for a maximum concentration of 5 %. The TiO2 nanofluid
at 5 % concentration, a maximum enhancement of thermal conductivity is reported
to be 17 %. However, the enhancement in thermal conductivity at the same con-
centration of 5 % with Al and Al2O3 is observed to be 45 and 14 %, respectively.

3.4 knf in Ethylene Glycol Water Mixtures

Sun and Teja (2004) determined the thermal conductivity, viscosity, and density for
different ratios of EG/water mixture and presented linear equations for their esti-
mation. Kim et al. (2007) estimated the thermal conductivity of Al2O3, ZnO, and
TiO2 nanofluids in water and ethylene glycol. They reported linear increase in
thermal conductivity with nanofluid concentration. The enhancement is observed to
increase with the decrease in particle size for the two base fluids undertaken.

Karthikeyan et al. (2008) determined the thermal conductivity of CuO (8 mm)
nanofluid in base liquid water and ethylene glycol for 1.0 % volume concentration.
They observed enhancements of 31 and 54 % with CuO/water and CuO/EG,
respectively, and the temperature of the nanofluid was not specified. Patel et al.
(2010) observed enhancement of 11.5 and 14 % with CuO/water and CuO/EG at
50 °C with a particle size of 31 nm. The significant enhancement in thermal con-
ductivity is attributed to the finer particle size and monodispersion of nanoparticles
in the base liquid. It has been observed that the thermal conductivity of nanofluid
increases nonlinearly with the volume fraction of nanoparticles.

Vajjha and Das (2009) measured the thermal conductivities of Al2O3, CuO, and
ZnO nanofluids with particles dispersed in EG/water mixture in the ratio of 60:40
by mass. They conducted experiments in the temperature range of 25–90 °C for
volume concentration up to 10 % and observed the data to fit in Eq. (34) of Koo
and Kleinstreuer (2005) resulting in obtaining new relations for f ðT;/Þ and b1
given by:

f T ;/ð Þ ¼ 2:8217� 10�2/þ 3:917� 10�3

 � T

To

� �

þ �3:0669� 10�2/� 3:91123 � 10�3
 � ð46Þ

Considerations on the Thermophysical Properties of Nanofluids 51



The relations for b1 are listed in Table 1 for different nanofluids.
Beck et al. (2010) determined the thermal conductivity of Al2O3 nanofluids in

water, EG, and 50:50 ratio of EG/water mixture. They undertook experiments with
Al2O3 of 10 and 50 nm particle sizes in EG/water mixture and 12 nm in both water
and EG base liquids to determine the thermal conductivity at different temperatures
and concentrations up to a maximum of 4.93 % by volume. They attributed a
decrease in nanofluid thermal conductivity due to changes in phonon transport as
the particle size increases from 10 to 50 nm.

Yu et al. (2012) investigated the heat transfer properties of Al2O3 experimentally
using a mixture of ethylene glycol and water in the ratio of 45:55 by volume and
observed thermal conductivity enhancement of 3.8 and 11.8 % for volume con-
centrations of 1 and 3 %, respectively. They observed Al2O3 nanofluid to exhibit
Newtonian and non-Newtonian behaviour for temperatures greater than 45 �C and
below 45 �C, respectively, at 2.0 % volume concentration.

Sahoo et al. (2012) conducted experimental investigations for the determination
of thermal conductivity of SiO2 (20 nm) nanoparticles dispersed in 60:40 EG/water
by mass, in the temperature range of 20–90 °C for a maximum concentration of
10 vol%. An enhancement of 20 % in thermal conductivity was reported at £ ¼
10 % and 87 °C. An equation for the estimation of thermal conductivity at 6 %
concentration of nanofluid valid in the temperature range of 290–365 K is given by:

knf ¼ �0:45577
T
To

� �2

þ 1:72837
T
To

� �
� 0:18589

" #
kbf ; To ¼ 293K ð47Þ

Branson et al. (2013) prepared nanofluid by deaggregation of diamond oxide in
dimethyl sulphoxide followed by reaction with glycidol monomer, purification via
aqueous dialysis, and dispersion in EG base fluid. It is observed that diamond
(11 nm) nanofluid exhibited 12 % enhancement in thermal conductivity at 0.9 %
vol concentration. In a similar manner when diamond oxide is deaggregated in the
presence of oleic acid followed by dispersion in a light mineral oil, the oil-based
dispersions of nanodiamond (ND) exhibited 11 % enhancement in thermal con-
ductivity with a particle size of 18 nm at 1.9 % vol concentration. From the
experimental values, equations for the estimation of thermal conductivity are pre-
sented which are given by:

knf ¼ 1þ 14£ð Þkbf ; ND� EG ð48Þ

knf ¼ 1þ 6£ð Þkbf ; ND�MO ð49Þ

Sundar et al. (2014) prepared nanofluids by dispersing Al2O3 particles in EG–
water mixture ratio of 20:80, 40:60, and 60:40 by weight. The thermal conductivity
and viscosity are determined between 20 and 60 °C in the volume concentration
range of 0.3–1.5 %. A maximum thermal conductivity enhancement of 32.26 %
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was reported with 20:80 % EG/water nanofluid at 1.5 % volume concentration at a
temperature of 60 °C.

3.5 Effect of PH on Nanofluid Thermal Conductivity

Murshed et al. (2005) conducted experiments with TiO2 (15 nm) nanofluid with
cetyltrimethylammonium bromide (CTAB) surfactant to ensure uniform dispersion
of spherical particles in base liquid water. The pH of the nanofluid is maintained
between 6.8 and 6.2 for particle volume concentrations between 0.1 and 2.0 %. The
enhancement is 17 % greater than the values predicted by Hamilton–Crosser and
Bruggeman models at 5 % nanofluid concentration, while the temperature of the
nanofluid is not disclosed.

Yurong He et al. (2007) maintained a pH value of 11 in the absence of stabilizer
by dispersing TiO2 (20 nm) nanoparticles in water. The values of thermal con-
ductivity from their experiments are reported to be lower than those obtained by
Murshed et al. (2005). The difference in the thermal conductivity value is attributed
to a large difference in pH value employed in addition to larger particle size used by
Yurong He et al. (2007). This is in conformity with the observations of Xie et al.
(2002) who observed thermal conductivity to increase with the decrease in pH
(from basic to acidic range).

Li et al. (2008) optimized the use of sodium dodecylbenzene sulphonate (SDBS)
surfactant for Cu/water (25 nm) suspensions to maintain pH in the range of 8.5–9.5
for enhanced thermal conductivity. The maximum thermal conductivity enhance-
ment of 10.7 % is observed with 0.10 wt% suspension. Wang et al. (2009) con-
ducted experiments to determine the thermal conductivity of Al2O3/water and
Cu/water-based nanofluids for 0.02, 0.05, 0.1, and 0.15 % weight concentrations at
different pH values by adding different quantities of SDBS. They observed a
maximum thermal conductivity enhancement of 7, 8, 8.5, and 10 % for Al2O3/
water and 8, 9, 11, and 12 % for Cu/water when the pH is maintained at 7.5 and 9.0
for Al2O3/water and Cu/water, respectively.

3.6 Effect of Particle Size on knf

Xie et al. (2001) prepared non-oxide ceramic (SiC) nanofluid with particle size
varying between 26 and 600 nm. Xie et al. (2002) produced Al2O3 nanofluid with
particle size ranging from 1.2 to 302 nm to determine the influence of particle size
on thermal conductivity.

Kim et al. (2007) measured thermal conductivity of alumina, ZnO (10, 30, and
60 nm), and TiO2 (10, 35, and 70 nm) particle suspensions in water and ethylene
glycol up to 3.0 % volume concentration. They determined a maximum thermal
conductivity enhancement with ZnO/water nanofluid of 14.2, 11.5, and 7.3 % with
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10-, 30-, and 60-nm-sized particles, respectively, at 3 % concentration. At the same
concentration, the value of maximum thermal conductivity enhancement for
ZnO/EG is reported to be 21 and 10.7 % with 30- and 60-nm-sized particles,
respectively. The maximum enhancement values for TiO2 (10, 35, and 70 nm)/
water are 11.4, 8.7, and 6.4 %, and for TiO2 (10, 35, and 70 nm)/EG, the values are
15.4, 12.3, and 7.5 %, respectively.

Chon et al. (2005) observed 4.8–15.8 % enhancement in nanofluid thermal
conductivity knf when the size of Al2O3 nanoparticles in water decreased from 150
to 11 nm. Similar observations have been reported by other researchers like Mintsa
et al. (2009), He et al. (2007) including the recent study of Kazemi-Beydokhti et al.
(2014) who has determined thermal conductivity with Al (25 nm), Al2O3 (30 nm),
CuO (18 nm), SnO2 (20 nm), SiO2 (12 nm) and TiO2 (35 nm) water-based nano-
fluids in the temperature range of 20–60 °C.

An increase in thermal conductivity of magnetite (Fe3O4) nanoparticles with
particle size of less than 10 nm has been observed by Shima et al. (2009). The
Fe3O4 nanoparticles have been prepared in the range of 2.8–9.5 nm by precipitating
iron salts with sodium hydroxide using an established procedure and stabilized with
a protective surfactant layer. Nanofluid thermal conductivity at 1.0 and 5.5 %
volume concentrations, at 25 °C, in an oil-based carrier fluid has been estimated.
They observed an increase in nanofluid thermal conductivity with particle size and
attributed the thermal conductivity enhancement to the agglomeration of nanopar-
ticles. The observation of Shima et al. (2009) for particle size lower than 10 nm is
contrary to the observed phenomenon with particle size larger than 10 nm by Jang
and Choi (2004) and Feng et al. (2008).

Beck et al. (2010) conducted experiments with Al2O3 nanoparticles in water and
ethylene glycol at five different sizes in the range of 8–282 nm. They concluded
from their experimental analysis that the rate of thermal conductivity enhancement
is significant for particle size below 50 nm with no significant change thereafter.

Teng et al. (2010) studied the effect of particle size, temperature, and concen-
tration on the thermal conductivity ratio of Al2O3 (20, 50, and 100 nm) nanofluid
dispersed in water in the concentration range of 0.5–2.0 % and temperature range of
10–50 °C. The enhancement in thermal conductivity is reported to be 6.5, 6.0, and
5.6 % measured at 10 °C and 14.7, 7.3, and 5.6 % at 50 °C for the particle sizes of
20, 50, and 100 nm, respectively. They observed a decrease in thermal conductivity
of Al2O3 with the increase in particle size measured at temperatures of 10 and 50 °C.

Patel et al. (2010) have presented thermal conductivity experimental data for
oxide and metal nanofluids for different particle–base fluid combinations, particle
size, volume fraction and temperature using transient hot wire and temperature
oscillation equipment. The experiments are undertaken with Cu (80 nm), CuO
(31 nm), and Al2O3 (11, 45, and 150 nm) nanofluids in the concentration range of
0\£\3% and temperature between 20 and 50 °C. The maximum enhancement
in thermal conductivity was observed to be 38 and 26 % with Cu and CuO
nanofluids, respectively, in transformer oil at 9.27 and 9.11 % volume concentra-
tion at 50 °C, respectively. The maximum enhancement reported is 32 and 18 %
with Al2O3 (11 nm) suspended in EG and water, respectively, at 50 °C with 3 %
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volume concentration. A nonlinear regression analysis is undertaken for the thermal
conductivity estimation of spherical shaped oxide and metal nanofluids given by:

knf ¼ 1:0þ 0:135
kb
kp

� �0:273

£0:467 T
20

� �0:547 100
dp

� �0:234
" #

kbf ð50Þ

An empirical correlation is proposed by Corcione (2011) for the determination of
nanofluid thermal conductivity. The experimental data of alumina, copper oxide,
titania, and copper nanoparticles determined by various investigators with particle
diameters in the range of 10–150 nm and suspended in water and EG are used in
their analysis. An Eq. (51) with a mean deviation of 1.86 % is presented.

knf
kbf

¼ 1þ 4:4Re0:4Pr0:66bf
T
Tfr

� �10 kp
kbf

� �0:03
£0:66 ð51Þ

where Re ¼ 2qbfkbfT
pl2bfdp

is the nanoparticle Reynolds number, Prbf is the Prandtl number

of the base liquid, T is the nanofluid temperature, Tfr is the freezing point of the base
liquid, and kp is the nanoparticle thermal conductivity. The equation is applicable
for volume concentrations up to 9 % in the temperature range of 294–324 K.

The investigators observed the thermal conductivity ratio to depend on the
material, particle size, volume concentration, and nanofluid temperature in their
study. It can be concluded that nanofluid thermal conductivity increases with a
decrease in particle size. A few other studies suggest the dependence of particle size
on thermophysical properties which can influence the thermal conductivity of
nanofluids.

3.7 Effect of Size on Particle Specific Heat

The influence of particle size on thermal conductivity is supported with the theo-
retical and experimental observations by Wang et al. (2006) who studied the effect
of particle size on specific heat capacity. The values of bulk specific heat obtained
with CuO nanoparticles from experiments are found to be in close agreement with
the theoretical predictions for temperatures lower than 225 K for particles up to
50 nm. However, for temperatures above 225 K, the theoretical values of specific
heat capacity decrease as the particle size is reduced from 50 to 10 nm. For particles
below 10 nm, the specific heat capacity increases with particle size.

Wang et al. (2006) reasoned that for particles larger than 10 nm, the quantum
effect can be neglected and the specific heat will decrease monotonically as the
particle size is reduced from 50 to 10 nm. For particles that are smaller than 10 nm,
the quantum effect will increase the specific heat capacity of the nanoparticles
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uniformly and thus create an irregular behaviour for particles of different sizes. This
observation is also stated to be in conformity with the monotonic decreasing
relation proposed by Prasher et al. (2006).

The experimental observations indicate the dependence of material, concentra-
tion, particle size, temperature, and the influence of pH value on nanofluid thermal
conductivity. The following observations can be made from the investigations
undertaken:

• The thermal conductivity of metal and oxide nanofluids is observed to be greater
than that of equivalent macroparticle suspensions.

• Experiments for the determination of nanofluid thermal conductivity are
undertaken mostly with spherical particles having diameters in the range of 20–
300 nm and temperature between 20 and 70 °C having Newtonian properties for
a maximum volume concentration of 4.0 % in base liquid water, EG, and
EG/water mixtures.

• Experimental data have confirmed higher thermal conductivities than the base
liquid which increases with concentration and temperature.

• The conductivity ratios of ethylene glycol-based nanofluids are reported to be
higher than those of water-based nanofluids.

• Metal nanofluids have higher enhancements than those of oxide nanofluids.
• Nanofluid thermal conductivity is relatively higher at lower volume fractions,

thereby giving a nonlinear dependence on particle volume fraction.
• The experimental results indicate the thermal conductivity ratio to increase

linearly with volume fraction, but with different rates of increase for each
nanofluid.

• Nanofluid thermal conductivity is observed to depend on particle size and
suspension temperature.

• Material properties influence the thermal conductivity of nanofluids leading to
higher enhancements compared to viscosity. This observation may vary with
temperature, nanofluid concentration, and particle size.

It can be observed from Eqs. (25)–(50) that particle thermal conductivity kp is
considered in the development of equations for the estimation of nanofluid thermal
conductivity knf . The equations developed do not consider the impact of material
density and specific heat on nanofluid thermal conductivity. Since the properties are
different, their influence on nanofluid thermal conductivity knf can be included with
thermal diffusivity term ap. Hence, the experimental data of water-based nanofluids
are used in the development of a regression equation by Sharma et al. (2010) as:

kr ¼ knf
kw

¼ 0:8938 1þ /
100

� �1:37

1þ Tnf
70

� �0:2777

1þ dp
150

� ��0:0336 ap
aw

� �0:01737
" #

ð52Þ
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The correlation equation is validated with 252 data values with a maximum
deviation of 11 % for a few points. The experiments are conducted mostly with
spherical shaped particles having diameters in the range of 20–150 nm, tempera-
tures between 20 and 70 °C, and a volume concentration of less than 4.0 %.

4 Nanofluid Specific Heat

According to Wang et al. (2006), specific heat capacity of a particle varies with
particle size. Since smaller particles have larger specific surface areas, the influence
of surface energy on the effective specific heat capacity increases with a reduction
in particle size. Ping Zhou et al. (2010) showed the deviation of specific heat
capacity of CuO/EG nanofluid at different volume concentrations evaluated using
equations given by Eqs. (53) and (54) with their experimental data.

Cpnf ¼
1� /ð Þ qCp


 �
bf þ/ðqCpÞp

1� /ð Þqbf þ/qp
ð53Þ

Cpnf ¼ /Cp þ 1� /ð ÞCbf ð54Þ

It can be observed from their results that experimental values of specific heat
capacity decreased from 2550 to 2450 kJ/(kg K) with the increase in volume
concentration between 0.1 and 0.6 %. The experimental values are higher than the
values calculated with Eqs. (53) and (54) which are based on the law of mixtures.
However, the variation of heat capacities with volume concentration is observed to
be constant. Ping Zhou et al. (2010) state that the deviation in the values of heat
capacity of nanofluids for different sizes of nanoparticles is not significant with
increasing volume concentration, due to the large specific heat capacity of the base
fluid. Based on the observations of Wang et al. (2006) and Zhou et al. (2010), it can
be concluded that the heat capacity of particle varies, while that of nanofluid
remains constant with the size of the nanoparticle.

Zhou and Ni (2008) measured the specific heat of Al2O3/water nanofluids using
a differential scanning calorimeter, with Al2O3 particle size of 45 nm at a tem-
perature of 33 °C in the concentration range of 00–21.7 vol%. The specific heat of
Al2O3, ZnO2, and SiO2 nanoparticles has been determined by Vajjha and Das
(2009). The first two nanoparticles are dispersed in the base fluid mixture of
ethylene glycol and water (60:40 EG/W) and the third silicon dioxide in deionized
water. The samples of Al2O3, ZnO, and SiO2 nanofluids tested had average particle
sizes of 44, 77, and 20 nm, respectively. Measurements were undertaken over a
temperature range of 315–363 K. The nanoparticle volumetric concentrations tested
were up to 10 %. The equation that best fits the experimental data of all three
nanofluids prepared from two kinds of base fluids is given as:
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Cp;eff ¼
A� Tð Þþ Cp;p

Cp;bf

� �
Cþ£

2
4

3
5Cp;bf ð55Þ

Al2O3 :A ¼ 0:0008911; B ¼ 0:5719; C ¼ 0:4250

SiO2 :A ¼ 0:001769; B ¼ 1:1937; C ¼ 0:8021

ZnO :A ¼ 0:0004604; B ¼ 0:9855; C ¼ 0:2990

Murshed et al. (2011) observed that nanofluids at low concentrations have lower
values of effective specific heat than their base fluids. Barbés et al. (2013) have
measured the thermal conductivities and specific heat capacities of Al2O3 (40–
50 nm) dispersed in water and ethylene glycol for a particle volume concentration
of 1.0–10.0 % in the temperature range of 298 and 338 K. Yiamsawasd et al.
(2012) determined the specific heat of TiO2 and Al2O3 nanofluids in water and a
mixture of EG/water (20/80 wt%). The measurement is based on a differential
thermal analysis technique for a maximum concentration of 8.0 vol% and tem-
peratures between 15 and 65 °C. The authors presented a correlation equation to
predict the specific heat of Al2O3 and TiO2 nanofluids in a form of specific heat
ratio between nanofluids and base fluid given by:

Cp;eff ¼ A£B
PT

C Cp;p

Cp;bf

� �� �D
Cp;bf ð56Þ

Al2O3 :A ¼ 1:249458; B ¼ �0:05846; C ¼ 0:006467; D ¼ �0:17236

Al2O3 :A ¼ 1:387402; B ¼ �0:06425; C ¼ 0:001124; D ¼ �0:21159

Sekhar and Sharma (2015) have conducted experiments to determine the specific
heat of water-based nanofluids containing Al2O3 (47 nm) nanoparticles for 0.01–
1.0 % concentration in the temperature range of 25–45 °C. They presented an
equation for the determination of specific heat applicable for water-based nanofluids
given by:

Cp;eff ¼ 0:8429 1þ Tnf
50

� ��0:3037

1þ dp
50

� �0:4167

1þ £
100

� �2:272
" #

ð57Þ

The following observations can be made from the investigations undertaken on
nanofluid specific heat:

• The nanofluid specific heat is lower than the values of base liquid.
• The specific heat of nanofluid decreases with the increase in concentration.
• The specific heat of nanofluid does not vary significantly with temperature.
• The deviation in the values of heat capacity of nanofluids for different sizes of

nanoparticles is insignificant with increasing volume concentration, due to the
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large heat capacity of the base fluid. Hence, the variation of heat capacity with
volume concentration is a constant.

5 Density

The experimental determination of nanofluid density reported in the literature is
limited compared to thermal conductivity and viscosity. Density measurements
were performed by Vajjha et al. (2009) on three different nanofluids containing
Al2O3 (44 nm), antimony tin oxide, Sb2O5:SnO2 (22–44 nm), and ZnO (70 nm)
nanoparticles in a base fluid of 60:40 EG/water by mass over a temperature range of
0–50 °C for concentration range of 1–10 %. A good agreement is observed
between the measured values with Eq. (58) of Pak and Cho 1998 (1998) at all
temperatures and concentrations for Al2O3 and Sb2O5:SnO2 with maximum devi-
ation of 1.2 %. However, a maximum deviation of 8.0 % is observed with ZnO
nanofluid.

qnf ¼ £pqp þð1�£Þqbf ð58Þ

Teng and Hung (2014) in their study analysed the density of Al2O3/water
nanofluid in the concentration range of 0–1.5 %. It is observed that by comparing
the calculated values of density based on Eq. (58) with the experimental data, the
deviation of density is observed to be in the range of −1.50 to 0.06 %. The cal-
culated results of density show a trend of greater deviation as the concentration of
nanofluid increases.

Mahian et al. (2013) have conducted experiments with ZnO (20 nm) nanopar-
ticles suspended in EG/water mixture of weight ratio 40:60 in the temperature range
of 25–40 °C for a maximum concentration of 4.0 %. The deviation in the values of
nanofluid density with the values estimated with Eq. (58) is approximately 7.0 % at
all volume fractions. The maximum density is observed to be 1328.72 kg/m3 at
25 °C for 4.0 vol%. Mariano et al. (2013) conducted experiments with
SnO2ð�17 nm) dispersed in EG in the temperature range of 10–50 °C and between
1 and 5 % volume concentration. The maximum density was observed at 10.5 °C
for 5.0 vol%. The following observations can be made from the investigations
undertaken on nanofluid density:

• The nanofluid density is higher than that of the base liquid.
• The nanofluid density increases with concentration.
• The density of nanofluid decreases with the increase in temperature.
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6 Results and Discussion

The variation of experimental data of viscosity with temperature reported by var-
ious investigators for TiO2/water nanofluid is shown in Fig. 2 for particle diameter
of 21 nm in the concentration range of 1.0–3.0 % volume. The variation of vis-
cosity of SiO2/EG water mixture with temperature is shown in Fig. 3 for different
concentrations and particle size by Namburu et al. (2007) and Kulkarni et al.
(2008). It can be observed from Figs. 2 and 3 that the viscosity increases with
concentration and decreases with temperature for any base liquid. Further, from
Fig. 2, the values of SiO2/EG water mixture at 4.0 % concentration between
researchers differ for the same particle size. However, the deviation of experimental

Fig. 2 Variation in
experimental values of
viscosity with temperature for
TiO2 nanofluid

Fig. 3 Variation in
experimental values of
viscosity with temperature for
different nanofluid
concentrations and particle
sizes
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data for TiO2/water at 1.0 % concentration between the authors is about 30 % at
lower temperature and decreases to about 20 % as the temperature increases.
Consequently, the data of Duangthongsuk and Wongwises (2009) for viscosity of
TiO2 (21 nm)/water with concentration deviate from the lines drawn with Eqs. (53)
and (54) shown in Fig. 4 by a maximum of 7.0 % due to different values reported
by various researchers. This may be due to different methods of preparation
employed, particle size dispersion, and pH among other factors resulting in the
variation of viscosity.

The variation of thermal conductivity with concentration is shown in Figs. 5 and
6 for various nanofluids and particle size. It can be observed that the thermal
conductivity increases with concentration. Metals show higher enhancements in
comparison with oxide nanofluids. From the experimental data reported by various

Fig. 4 Comparison of
experimental values of
viscosity with equations for
TiO2 nanofluid

Fig. 5 Influence of nanofluid
on thermal conductivity
enhancement
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investigators, it is possible that the thermal conductivity might reflect nonlinearity
for concentrations lower than 1.0 % volume.

It can be observed from Fig. 6 that the enhancement with Al metal is greater
with a particle size of 80 nm in comparison with its oxide having smaller particle
size. The influence of particle size on thermal conductivity is shown in Fig. 7 with
the experimental data of Beck et al. (2009), Kim et al. (2007). Most of the
investigators observed a decrease in thermal conductivity with the increase in
particle size. This is in agreement with the data of Kim et al. (2007) with TiO2 and
ZnO which reflect a decrease in thermal conductivity in contrast to the data of Beck
et al. (2009).

The experimental data of nanofluid specific heat in different base liquids are
shown in Fig. 8. The specific heat increases with temperature, and the enhancement

Fig. 6 Comparison of
experimental data with
various equations for thermal
conductivity ratio

Fig. 7 Variation in
experimental values of
thermal conductivity with
particle diameter for various
metal oxides at 3 % volume
concentration
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is pronounced for higher concentrations of nanofluid. The effect of concentration on
nanofluid specific heat is shown in Fig. 9. The values of nanofluid specific heat can
be observed to decrease with the increase in concentration. The observation is in
agreement with the data shown in Fig. 9 along with the values drawn with Eq. (53)
which is based on the law of mixtures.

The variation of density with temperature for different concentrations of Al2O3

(44 nm)/EG–water nanofluid is shown in Fig. 10. The density of nanofluid
increases with concentration. However, the decrease in density with nanofluid
temperature is not significant.

Fig. 8 Variation in
experimental values of
specific heat with temperature
for different nanofluids in
base liquid EG/water

Fig. 9 Comparison of
experimental data with
mixture equation of specific
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7 Conclusions

The following conclusions are drawn from the present study:

(a) The nanofluid viscosity is significantly influenced by concentration, temper-
ature, and particle size.

(b) The experimental data of viscosity reported by different authors deviate by
more than 30 % for certain nanofluids.

(c) The Eqs. (23) and (24) developed with the aid of experimental data can be
used to determine the viscosity of metal and oxide nanofluids.

(d) The thermal conductivity of nanofluid is dependent on volume fraction, par-
ticle diameter, and temperature of the nanofluid. The nanofluid thermal con-
ductivity increases with volume fraction or concentration and temperature.

(e) Most of the authors reported an increase in thermal conductivity with the
decrease in particle size

(f) The Eqs. (51) and (52) can be used to determine the thermal conductivity of
metal and oxide nanofluids.

(g) The thermal diffusivity term in Eq. (52) distinguishes the material effects on
nanofluid thermal conductivity. The equation can predict the thermal con-
ductivity with a maximum deviation of 10 % for most metal and oxide
nanofluids.

(h) The Eqs. (53) and (58) can be used to determine the specific heat and density
of nanofluids, respectively.
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Fig. 10 Comparison of
experimental values of
density with mixture equation
for different concentrations
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Heat Transfer Enhancement
with Nanofluids for Automotive Cooling

Adnan M. Hussein, K. Kadirgama, K.V. Sharma, D. Ramasamy
and R.A. Bakar

Abstract The increasing demand of nanofluids for the industrial applications has
led to focus on it from many researchers in the last decade. This thesis includes both
experimental study and numerical study to improve heat transfer with slightly
pressure drop in the automotive cooling system. The friction factor and heat transfer
enhancement using different types of nanofluids are studied. The TiO2 and SiO2

nanopowders suspended to four different base fluids (pure water, EG, 10 %
EG + 90 %W, and 20 %EG + 80 %W) are prepared experimentally. The ther-
mophysical properties of both nanofluids and base fluids are measured and vali-
dated with the standard and the experimental data available. The test section is setup
including car radiator and the effects under the operating conditions on the heat
transfer enhancement analyzed under laminar flow condition. The volume flowrate,
inlet temperature, and nanofluid volume concentrations are in the range of
(1-5LPM) for pure water and (3-12LPM) for other base fluids, (60–80 °C) and
(1–4 %), respectively. On the other side, the CFD analysis for the nanofluid flow
inside the flat tube of a car radiator under laminar flow is carried out. A simulation
study is conducted by using the finite volume technical to solve the continuity,
momentum, and energy equations. The processes of the geometry meshing of
problem and describing the boundary conditions are performed in the GAMBIT
then achieving of FLUENT software to find the friction factor and heat transfer
coefficient. The experimental results show the friction factor decreases with the
increase of the volume flowrate and increases with the nanofluid volume fraction
but slightly decreases with the increase of the inlet temperature. Furthermore, the
simulation results show good agreement with the experimental data with deviation,
not more than 4 %. The experimental results show that the heat transfer coefficient
increases with the increase in the volume flowrate, the nanofluid volume fraction,
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and the inlet temperature. Likewise, the simulation results show good agreement
with the experimental data with deviation not more than 6 %. In addition, the SiO2

nanofluid appears high values of the friction factor and heat transfer coefficient than
TiO2 nanofluid. Also, the base fluid (20 %EG + 80 %W) gives high values of the
heat transfer coefficient and proper values of friction factor than other base fluids. It
seems that the SiO2 nanoparticles dispersed to (20 %EG + 80 %W) base fluid are a
significant enhancement of the thermal properties than others. It is observed that the
SiO2 nanoparticles dispersed to (20 %EG + 80 %W) base fluid are a significant
augmentation of heat transfer in the automobile radiator. The regression equations
among input (Reynolds number, Prandtl number, and nanofluid volume concen-
tration) and response (friction factor and Nusselt number) are found. The results of
the analysis indicated a significant input parameters to enhance heat transfer with
the automotive cooling system. The comparison between experimental results and
other researchers’ data is conducted, and there is a good agreement with a maxi-
mum deviation approximately 10 %.

Keywords Automotive � Cooling system � Nanofluid � Heat transfer
1 Introduction

The general definition of convection is the energy transfer between the surface and
fluid due to temperature difference, and this energy transfer by either forced (ex-
ternal and internal flow) or natural convection. Forced convection is a mechanism
or type of transport in which fluid motion is generated by an external source such as
a fan, a pump, and a suction device. It should be considered as one of the main
methods of useful heat transfer as significant amounts of heat energy can be
transported very efficiently, and this mechanism is found very commonly in
everyday life, including air-conditioning, central heating, steam turbines, and in
many other machines. Forced convection is often encountered by engineers
designing or analyzing heat exchangers, flow over a flat plate and pipe flow at a
different temperature than the stream. The increasing demand for more efficient heat
transfer fluids in many applications has led to enhance heat transfer to meet the
cooling challenge necessary such as the photonics, transportation, electronics, and
energy supply industries (Das et al. 2007). Conventional fluids nowadays are
inherently poor heat transfer fluids and with the increasing demand of industries,
micro-sized heat-generating systems are unable to provide adequate heat transfer.
One of the possible solutions to this limited capability can be achieved by inte-
grating the high heat transfer capability of solid metals into a flowing heat transfer
fluid. In the past, attempts have been conducted to add micro-sized metal particles
into conventional liquids, which ended with significant results as well as large
disadvantages. Flow characteristics such as viscosity will change which led to the
need to higher pumping power due to the addition of micro-particles. There is also a
concern of agglomeration over time as well as corrosively of the system which can
both result in high maintenance demands. The concept of nanofluids refers to a new
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kind of heat transfer fluid formed by dispersing nano-scaled metallic or nonmetallic
particles in base fluids (water, ethylene glycol, and oil). Energy transport of the
nanofluid is affected by the properties and dimension of nanoparticles as well as a
solid volume fraction. Some experimental investigations have revealed that the
nanofluids have remarkably higher thermal conductivities than those of conven-
tional pure fluids and have great potential for heat transfer enhancement. The
addition of nano-sized particles is very proper to augment heat transfer as compared
to the adding millimeter or micrometer sized to liquids with little penalty in pressure
drop. A possible effective method for heat enhancement is to include high thermal
conductivity particles in the liquid. Some general examples of applications that can
benefit from this technology include home heating and cooling appliances, auto-
motive radiator systems, power plant cooling systems, and computer processing
cooling equipment, and more examples including heat are transferred from one
medium to another. The use of high conductivity heat transfer materials will lead to
benefit fully the available energy of a system which will reduce the environmental
footprint of companies as well as their operating costs. It is believed that the most
important reasons to enhance heat transfer of the nanofluids may be from the
intensification of a turbulence eddy, repression, or interruption of the boundary
layer as well as nanoparticles suspension. Therefore, the convective heat transfer
coefficient of nanofluids is a function of properties, volume fraction of suspended
nanoparticles, and dimension as well as the flow velocity. Taking advantage of the
nanoparticles in the liquid causes the particles to stay in the solution for a long time.
Another feature is that these particles have large surface area for thermal conduc-
tivity than ordinary liquids. From an engineering point of view, forced convection
utilizing liquid coolants in laminar or turbulent flow regimes is always a key heat
transfer solution. The better convective heat transfer performance means higher
values of heat transfer coefficient. There are a number of techniques to enhance heat
transfers such as modified heat transfer surface roughness, fins (extended surfaces),
and injection. However, these techniques have led to higher pressure drop and
hence lift pumping power requirement. Also, with low thermal conductivity and
high viscosity of conventional heat transfer fluids such as water, ethylene glycol,
oil, and ammonia, the convective thermal performance created barriers in designing
small heat-rejecting devices. Therefore, an innovative coolant with improving heat
transfer properties is required. The solid particles usually exhibit high thermal
conductivity than liquids, and one approach to enhance thermal conductivity of
liquids is by using suspensions, which contain dispersed particles into base fluids.
One of the pioneering researchers of stationary, dilute dispersions of solid spheres
has been studied by Ahuja (1975) performed number of tests on thermal conduc-
tivity and heat transfer coefficients of 40–100 μm-sized polystyrene–water-based
solutions with 1-mm inside tube. Furthermore, the effective thermal conductivity of
the suspension increases with the increasing of Reynolds number and nanofluid
volume fraction. Because of shortage of available technology in those years, the
particles size was large (in micro-scale). So this size has led to two penalties: The
first on are not stable enough, and other are the larger particles can easily cause
erosion to flow loop components.
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1.1 Automotive Cooling System

Most internal combustion engines have used fluid coolant run through a heat
exchanger (radiator) cooled by air. The water often used directly for the engine
cooling, but there were obstacles as sedimentation may clog coolant passages, or
salt may chemically damage the engine. Most engines’ liquid for cooling has been
used a mixture of water and chemicals such as antifreeze and rust inhibitors. The
industrial term for the antifreeze mixture is engine coolant. Some antifreezes use no
water at all, instead using a liquid with different properties, such as propylene
glycol or ethylene glycol. Main requirement is that an engine fails if just one part
overheats. Therefore, it is essential that the cooling system keeps all parts at
properly low temperatures. Engine cooling systems are able to vary the size of their
passageways through the engine block so that coolant flow may be adapted to the
needs of each part. A typical four cylinder engine cruising along the highway at
around 50 miles per hour will produce 4000 controlled explosions per minute inside
the engine as the spark plugs ignite the fuel in each cylinder to propel the vehicle
down the road. Clearly, these explosions produce an enormous amount of heat and,
if not controlled, will destroy an engine in a matter of minutes. Controlling these
high temperatures is the job of the cooling system. The radiator has been usually
made of flattened aluminum or brass tubes with many fins on the external surface of
tubes. These fins are capable of transferring heat from tubes into the airstream to be
carried away from the vehicle. At the two ends of the radiator, there is a tank covers
the ends of the radiator; in most of the cars, the tubes have run vertically with the
tank on the top and bottom. On the back of the radiator on the side closest to the
engine, there are one or two electrical fans inside a housing that is designed to direct
the airflow. This fan is there to keep the airflow going through the radiator while the
vehicle is going slow or is stopped while the engine is running. The engine tem-
perature has been increased if this fan stops working, every time. The electrical fan
is controlled by the vehicle’s computer. A temperature sensor monitors engine
temperature and sends this information to the computer. The computer determines
whether the fan should be turned on and actuates the fan relay if additional airflow
through the radiator is necessary. Another important device is the radiator pressure
cap which will keep pressure in cooling system up to set point. The spring loaded
valve when the pressure builds up higher than the set pressure point, calibrated to
the correct Pascal (N/m2), to release the pressure. Also, a small amount of fluid will
bleed off if the cooling system pressure reaches the point to the cap needs till release
this excess pressure. Since there is now less fluid in the system, as the engine cools
down a partial vacuum has been formed. There is a secondary valve relates to the
radiator cap to complete closed systems which allowed the vacuum in the cooling
system to draw the fluid back into the radiator from the tank. Another simple device
also keeps the fluid moving as long as the engine is running and this device is
defined as a water pump. It is usually setup on the front of the engine and operates
whenever the engine is working. The thermostat is a valve that controls the tem-
perature of a fluid whenever hot weather enough, opens to allow the fluid to flow
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through the radiator. And if the fluid is not hot enough, the flow to the radiator is
blocked, and fluid is directed to bypass system that allows the coolant to return
directly back to the engine. The bypass system allows the coolant to keep moving
through the engine to balance the temperature and avoid hot spots. Because the flow
to the radiator is blocked, the engine will reach operating temperature sooner and,
on a cold day, will allow the heater to begin supplying hot air to the interior more
quickly (Andrew 2008).

1.2 Nanofluid Synthesis Methods

A nanofluid may be synthesized by simply mixing nanoparticles dispersed to a
liquid. In fact, the processes of synthesis are more involved. Metal oxide, carbon
nanotube, nitride, carbide, and others nanoparticles may be readily purchased from
the market. The reason to their side effective, these nanoparticles can normally be
handled outside the boxes and other sealed containers during the preparation of the
nanofluid. In order to break up the agglomerated particles and form a well-dispersed
nanoparticle suspension, a stabilizing agent should add to avoid reagglomeration of
the nanoparticles. In addition, the stabilizing agent affected the thermal properties,
for instance, with altering the optical properties or viscosity of the nanoparticle
solutions. Furthermore, the applicability of the nanofluid to the systems hinges on
ability and real-life products to retain the small-sized character, and thus, for dis-
persing. Due to the high surface reactivity of the metal, it is reacting with the
environment so nanofluids cannot be synthesized from pure solid metal nanopar-
ticles. The single-step methods for the nanofluid synthesized with a limit
agglomeration as reported by Das et al. (2007). Over the years, a few processes
have been developed for the direct nanofluid synthesis. The metal salt solutions are
reduced to a stabilizing agent, and the small particles form sediment. There are also
a number of plasma synthesis approaches: Metal oxide, nitride, or carbide
nanoparticles may be synthesized by condensation/evaporation with the nitrogen,
oxygen, or a light hydrocarbon. The main advantages of the plasma synthesis
processes are the possibility to synthesize complex chemical compositions and
structures, in situ stabilization, and scalability. The nanoparticles in a host fluid
interact strongly with van der Waals interactions because of the large surface area of
the nanofluid and incessant solid–solid collisions due to Brownian effect.
Undesirably, particle collision can lead the agglomeration process whereby large,
sometimes up to micron-sized, particles are produced. Due to the weight, such
particles cannot be maintained in suspension by Brownian moving and settle out of
dispersions. In applications where the fluid is pumped through conduits, this pro-
cess also leads to abrasion of conduit walls. In the agglomeration process, soft and
hard agglomerates may form. Soft agglomerates may be broken up by sonication
which means of fluid agitation. Hard agglomerates, however, which are associated
with nanoparticle sintering, cannot be broken up by simple means. In the last years,
many attempts have been made to make stable nanofluids with partial success.
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Various methods have been used to stabilize the nanoparticle suspension. Some rely
on electrostatic repulsion where the nanoparticles acquire surface charges once in
solution forming an electrical double layer. The hydrophilic end of the compound
ensures compatibility with a polar solvent. Chemical functionalization of the
nanoparticle surface can also be used to cause particles to favor interactions with the
host liquid. Using surfactants has been wide-spread across the nanofluid applica-
tions though their usefulness is somewhat overshadowed by its limitations. One
well-known issue is the irreversible deterioration of the surfactant at rather modest
temperatures. Typically, surfactants degrade significantly above 60 °C.

1.3 Nanofluid Applications

One of the major advantages of going to a system that uses nanoparticle suspen-
sions is the operating mode of the system. Small changes of these fields can change
scattering and absorption. The first one using particles in the solar collector was
who mixed particles in a gas-working fluid. In years following, gas particle
receivers have been extensively modeled, and several prototype collectors have
been built and tested. The researchers experimentally illustrate the absorption of
radiation using nanoparticles and have been done by the following: (Abdelrahman
et al. 1979). Although the researchers used particles mixed with a gas (not liquids),
there are a few recent studies that have been used the concept of liquid-based
nanofluid experimentally in the solar collectors. Their experimental results showed
that the volume fraction of nanoparticles can achieve the incoming light to be
absorbed in a thin surface layer where the thermal energy was easily lost to the
environment. The regime map of the solar absorbing nanofluids in comparison with
other common particulate mediums has been reported.

1.3.1 The Big Impact of Nanoparticles

What does the future hold for nanofluids? Although there still exist a growing
number of publications in the field of nanofluids, one has to be concerned with the
funding trends going forward, particularly in the thermal transport community.
After detection of the last ten years, the nanofluid researches peaked in 2007 and
have been increasing since. On the other hand, with so many emerging, exciting
applications (i.e., excluding conductive/convective studies), we believe nanofluids
will have a big impact for some time to come.
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2 Forced Convection in a Car Radiator

There are many different applications of thermal fluid systems, including auto-
motive cooling systems. Base fluids, such as water, ethylene glycol, and glycerol,
have been used as conventional coolants in automobile radiators for many years;
however, these fluids have low thermal conductivities. The low thermal conduc-
tivities have thus prompted researchers to search for fluids with high thermal
conductivities than that of conventional coolants. Therefore, nanofluids have been
used instead of the commonly used base fluids.

(i) Experimental studies

Investigated forced convection heat transfer to reduce circulating water in an
automobile radiator.

The effects of different amounts of Al2O3 nanoparticles on the heat transfer
performance of an automobile radiator were determined experimentally as shown in
Fig. 1. The range of flowrates was varied between 2 and 6 LPM with a changing
fluid inlet temperature for all experiments. The results showed that the enhancement
of heat transfer using nanofluids is 40 % compared with using water.

Forced convection heat transfer of both CuO and Fe2O3 nanofluids flow through
the car radiator has presented by Peyghambarzadeh et al. (2013). The overall heat
transfer coefficient (U) according to the conventional 3-NTU technique has been
evaluated to find the performance of heat transfer as shown in Fig. 2. Three volume
fractions 0.15, 0.4, and 0.65 % have been added to water to prepare nanofluids. The
range of Reynolds number is 50–1000, and the inlet liquid temperature is changed

Fig. 1 Test rig in the experimental work. Source Peyghambarzadeh et al. (2011)
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to 50, 65 and 80 °C. Results showed that both nanofluids appear greater overall
heat transfer coefficient as compared to water up to 9 %. Furthermore, increasing
the nanoparticle concentration, air velocity, and nanofluid velocity enhances the
heat transfer coefficient.

(ii) Numerical studies

A numerical study analyzed mixed convective flows through a U-shaped
grooved tube in a radiator has been conducted. The enhanced heat transfer of an
automobile radiator was investigated with properties of the nanofluid as input data.
It appeared that the heat transfer coefficient and heat transfer rate in the engine
cooling system increased using copper–ethylene glycol nanofluids compared with
using pure ethylene glycol. The results showed that the addition of 2 % copper
particles in ethylene glycol achieved a result of 3.8 % better compared with using
pure ethylene glycol at air and coolant Reynolds number of 6000 and 5000,
respectively. The influence of the working conditions on both fluids (mass flow and
inlet temperature) and the impact of the selected coolant fluid in a car radiator were
investigated numerically by Oliet et al. (2007). The application of a copper–ethy-
lene glycol nanofluid in a car cooling system was studied. Several geometrical
parameters (fin pitch and louver angle) and the importance of the coolant flow
layout on the radiator global performance were analyzed. The results showed that
the use of this numerical model as a rating and design tool for car radiator man-
ufacturers is a reasonable compromise between the NTU and the CFD methods.
A numerical study on laminar heat transfer using CuO and Al2O3-ethylene glycol

Fig. 2 Cooling loop setup of automobile cooling system. Source Peyghambarzadeh et al. (2013)
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and water inside a flat tube of a car radiator was performed. A modified SIMPLE
algorithm for the irregular geometry was developed to determine the flow and
temperature field. The results have been used as a fundamental data for the tube
design by suggesting optimal specifications for radiator tubes. Two liquids, water
and ethylene glycol/water mixture, used as the coolant fluid in a meso-channel heat
exchanger were studied numerically. The predicted results (heat transfer rate,
pressure, and temperature drops in the coolants) from the numerical simulation
were compared with the experimental data for the same geometrical and operating
conditions and showed good agreement. Additionally, the results showed the heat
exchanger was enhanced, with heat transfer rate approximately 20 % greater than
that of a straight slab of the same length; the enhanced heat exchanger has a good
potential to be used as a car radiator with reasonably enhanced heat transfer
characteristics using an ethylene glycol/water mixture as the coolant. Different
types of nanoparticles (copper, diamond, and silicon dioxide) in ethylene glycol in
automotive flat tube plate-fin cross-flow compact heat exchangers (CHEs) were
investigated numerically. The volume concentration for all nanofluid types used
was 2 %. The three-dimensional governing equations were solved with the finite
volume method using the k-∙ turbulence model with Reynolds numbers ranging
from 4000 to 7000. The nanofluids used in the compact heat exchangers results in
more energy transfer and are more cost-effective than conventional coolants.
A CFD model of the mass flowrate of air passing across the tubes of a car radiator
was introduced. The airflow was simulated using the commercial software ANSYS
12.1, where the geometry was created in the software SOLIDWORKS, followed by
creating both the surface mesh and the volume mesh accordingly. The results were
compared and verified according to the known physical situation and existing
experimental data. The results serve as a good database for future investigations.

2.1 Outlook

Regarding all these experimental studies of the heat transfer fluid flow may be
enhanced when suspended small solid particles less than 100 nm diameter of a
metal or non-metallic on fluids with a little percentage of volume fraction. On the
other side, noted from all these investigations of numerical studies is to enhance
heat transfer in fluid through circular tube and heat exchanger using simulation
commercial software. The studies of heat transfer nanofluids in a car radiator are
limited. The experimental researches of heat transfer nanofluid in an automotive
radiator have been conducted with CuO, Al2O3, and Fe2O3 with volume concen-
tration not more than 1 % and Reynolds number in the range less than 1000.
Likewise, the numerical studies of nanofluid heat transfer in a car radiator were in
the laminar flow condition, and volume fractions were less than 2 %.
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3 Experimental Work

The heat transfer performance of liquids is limited by their poor thermophysical
properties compared with that of solids, which is the primary reason behind adding
solid particles less than 100 nm in diameter to a fluid, i.e., to improve the thermal
properties of the fluid; this new type of fluid is called a nanofluid. Dispersing solidly
metallic or non-metallic materials in a base fluid (liquid), such as water, ethylene
glycol, and glycerol, has become an interesting topic in recent years (Buongiorno
2006; Abbasian and Amani 2012; Bozorgan et al. 2012). There are many different
applications of thermal fluid systems, including automotive cooling systems. Base
fluids, such as water, ethylene glycol, and glycerol, have been used as traditional
coolants in automobile radiators for many years; however, these fluids have low
thermal conductivities. The low thermal conductivities have thus prompted
researchers to search for fluids with higher thermal conductivities than that of
conventional coolants. Therefore, nanofluids have been used instead of the com-
monly used base fluids.

In this chapter, the first part of methodology is the experimental work which
contained the preparation of nanofluids and thermal properties measurement, the
experimental test rig setup with all devices and also, the data analysis and uncer-
tainty calculations are conducted. Another part is the CFD analysis which included
the grid independent test and the simulation results of the heat transfer nanofluid
through the flat tube of the radiator.

3.1 Nanofluid Preparation

The VEROS method (Akoh et al. 1978) to prepare nanofluid has been conducted
which contained dispersing nanoparticles into base fluids (pure water, EG, and
Water/EG). Nanofluids are prepared in the thermal laboratory of mechanical
engineering faculty University Malaysia Pahang. Deionized water was prepared in
the laboratory by double distillation before using it for the experiments as shown in
Fig. 3a. The nanopowders as shown in Fig. 3b have been purchased from the US
Research Nanomaterial’s, Inc. (NovaScientific Resources (M) Sdn. Bhd). On the
other side, the ethylene glycol was already purchased with nanoparticles.

Mechanical stirrers have been applied to be a homogeneous mixture for at least
one hour as shown in Fig. 4a. An ultrasonic process has been done for two hours
approximately to break up any residual agglomerations as shown in Fig. 4b.

The volumetric ratio of 10 % and 20 % of EG is added to the deionized water to
prepare other base fluids (10 %EG-90 %water) and (20 %EG-80 %water). The
reason to make these types of base fluids is to find the optimum base fluid has the
highest ability of heat transfer enhancement.
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(a) Distillation of water (b) the nanopowders

Fig. 3 Base fluid and nanopowders used in the experiment

(a) Mechanical stirrer (b) Ultrasonic stirrer

Fig. 4 Stirrers’ apparatus
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Measured quantities of TiO2 and SiO2 nanoparticles were suspended a base fluid
(pure water, pure EG, 10 %EG-90 %water, and 20 %EG-80 %water) to obtain
mass concentration φ. The mass of nanoparticles (mp) and base fluid (mf) has been
measured by weighing measurement with accuracy ð�0:0001gÞ as shown in Fig. 5.

To find the weight percentage (φ), Eq. (3.1) has been used as:

u ¼ mp

mp þmf

� �
� 100 ð3:1Þ

To estimate the volume concentration of nanofluid ; depending on nanoparticles

density qp ¼ mp

qp

� �
and base fluid density qf ¼ mf

qf

� �
at 25 °C, Eq. (3.2) was used

as:

; ¼ qp
qp þ qf

ð3:2Þ

The nanofluid volume concentrations desired in the study undertaken are (1–4)
% Table 1.

3.1.1 Experimental Test Rig Setup

The test rig shown in Fig. 6 has been used to measure the friction factor and heat
transfer coefficient in the automotive engine radiator. This experimental test rig
setup has included:

Fig. 5 Laboratory balance
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The car radiator is shown in Fig. 7 which contained inlet and outlet gap with
0.75in and 32 flat tubes with major and minor dimensions as (D = 9 mm) and
(d = 3 mm), respectively. Fins plates with 1 mm thickness and brass material have
been inherent with the tubes. The equally spaced 1 mm among the fins has been

Table 1 Thermal properties of nanoparticle and base fluids at 25 °C

Materials Density
(Kg/m3)

Specific heat
(J/Kg. °C)

Thermal conductivity
(W/m. °C)

Viscosity
(Pa. s)

SiO2 2220 703 1.2 –

TiO2 4175 692 8.4 –

Pure water 992 4174 0.633 0.00065

EG 1101 2382 0.256 0.0095

10 %
EG-90 %
Water

1002 4090 0.59 0.00165

20 %
EG-80 %
water

1006 4024 0.57 0.00188

Source, ASHRAE (2005)

Fig. 6 Experimental test rig setup
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fabricated to flow air inside it. The coolant fluid flows through the inlet gap to the
32 flat tubes from the bottom to the top and then exits from the outlet gap of
radiator. The air-side fins are flowing horizontally to cool the surface wall.

3.1.2 Experimental Procedure

The nanofluid is directly pumped through the test section of the apparatus. At the
first, there was a high vibration in the system till steady state at that time no
vibration and flow with keeping quite. To ensure the radiator filling with the fluid,
the outlet point should be up to level than radiator level as shown in Fig. 6. The
valves have been opened to allow the nanofluid flowing through the pipes and
control the velocity of flow. The two-pass flow had been found to allow the pump in
the rest and did not press. The apparatus tubing was a major factor in the reliability
of the results of the experiments. The first factor that was supposed when looking at
the tubing selection was the material of which they were made. Ideally, the material
would be chosen to have as little heat transfer resistance as possible. This would
help to reduce error as it would help raise the overall heat transfer, and, therefore,
that heat transfer would be measured with far higher accuracy. However, in this
real-world experimental apparatus, other factors affected the selection. Considering
the nanofluids contained solid particles, these particles have a tendency to
agglomerate and sediment that would lead to clog in the tubes. This makes it
difficult to use metallic tubes, perfect for high heat transfer rates, and suggests that
perhaps a rubber or soft plastic tube for more perfect in order to break these clogs
loose without affecting the experiment. The abrasiveness of the flowing nanofluid
was also considered. This could cause erosion damage to a softer material and
would most likely mean that the testing section would regularly have to be replaced
if one of these softer materials has been used. Also, a factor that likely has a
minimal effect on the convection coefficient but still may need to be considered is a

Fig. 7 Car radiator

84 A.M. Hussein et al.



contact resistance. This is because the solid particles in the nanofluid may expe-
rience a resistance due to imperfect contact as occurs in nearly all solid-to-solid heat
transfer, and this resistance could vary based on the material that of which the
tubing is made. The second factor for tubing has been considered is the tube
diameter. This factor had to differ as it helped change flowrate and velocity. Also,
the diameter has been employed by the definition of Nusselt number. The difference
did not have to be extremely large, but some variation was needed. The final
decision on the using tube was based on all of these factors. The tubing used was all
plastic at different sizes. The sizes were based on traditional inner diameter stan-
dards of a 1/2in and 3/4in. The material was chosen as to resist as much abrasion
from the nanoparticles as possible. The sizes were selected to balance the necessary
variation with the need to be able to alter the Reynolds Number as many as possible
with the pump flowrate restrictions.

The following parameters should measure to determine the heat transfer coef-
ficient at various flow conditions: flowrate, pressure drop, and fluid temperature in
and out of the car radiator, the wall temperature of the car radiator, and the heater
voltage and current. All data collected have been first handwritten and then copied
into Excel so that a hard copy of the data was kept for record. This reduced the risk
of errors associated with simply typing raw data into Excel and provided a hard
copy of the data to be preserved. Depending on the status of the loop, any number
of procedures may be required before collecting data. If starting with a new fluid
and cleaning apparatus, the filling procedure must be run to charge the system. If
the system were already charged at the start of the test, then only the start-up
procedure was run. Once these preliminary steps had been accomplished, the pump
and heaters were started to begin collecting data. Each run consisted of the tem-
perature, flowrate, pressure, and heat input data for a minimum of 5 individual
process flowrates. It was decided early on that at least five flowrates were necessary
for each fluid in order to determine any trends. For all tests, the heating power was
held constant, and the process flowrate has been varied. The volumetric flowrate
range of 1-5 LPM for water and 3-12 LPM for other base fluids has been tested.
Given its poor heat transfer properties, EG could not be run at flowrates below 2
LPM due to overheating and the flow keep it slowly and laminar along experiments.
The steady-state operation should be conducted for convective heat transfer coef-
ficient calculations. The system has been taken approximately 20 min to reach
steady operating conditions. At the beginning with the lowest flowrate, data were
obtained at steady-state conditions. The flowrate was then increased by a small
amount, and the system was allowed to return to steady state. For keeping the
constant inlet temperature, the voltage regulator should provide the heater with
proper voltage and keeping at this point. Then, changing of the voltage will lead to
change the inlet temperature. Typically, the system took 15–20 min to return to
steady state after the increasing flowrate manner. Once the inlet temperature set
point was reached, the data were once again obtained. This procedure was repeated
up to the maximum flowrate. The nanofluid volume concentration has been chan-
ged then repeating all these procedures.
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3.1.3 Experimental Data Analysis

According to Newton’s cooling law, the following procedure followed to obtain
heat transfer coefficient and corresponding Nusselt number as (Bejan 2004) is as
follows:

Qc ¼ hADT ¼ hAs Tb � Tsð Þ ð3:7Þ

As is the surface area of the tube, and Tb is the bulk temperature

Tb ¼ Tin þ Tout

2
ð3:8Þ

(Tin, Tout) are the inlet and outlet temperatures and Ts is the tube wall temperature
which is the mean value of two surface thermocouples as:

Ts ¼ 1
a

Xa
i¼1

Ti ð3:9Þ

And heat transfer rate calculated by:

Qc ¼ _mCDT ¼ _mC(Tin � ToutÞ ð3:10Þ

_m is the mass flowrate which is determined as:

_m ¼ q� _V ð3:11Þ

The electrical power supplied to provide the system with heat by electrical heater
has been calculated as:

p ¼ I � E ð3:12Þ

where I and E are the current and the voltages, respectively, have been measured
directly from the voltage regular.

The heat rejected ðQrejÞ outside the system has been calculated as follows:

Qrej ¼ p� Qc ð3:13Þ

The heat transfer coefficient can be evaluated by collecting Eq. (3.7) and
Eq. (3.10):

h ¼ _mC Tin � Toutð Þ
nAs Tb � Tsð Þ ð3:14Þ
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where n is the tubes number of the radiator. Then Nusselt number can be also
calculated as:

Nu ¼ h� Dh

k
ð3:15Þ

Dh is the hydraulic diameter of the tube which is estimated by describing the
problem undertaken as cylindrical geometry coordinates. Dimensions of the flat
tube are major and minor diameters (D = 9 mm, d = 3 mm) have been measured by
using digital clipper as shown in Fig. 8. The length (L) and hydraulic diameter ðDhÞ
of the flat tube are 345 and 4.68 mm, respectively. The Reynolds number calculated
regarding hydraulic diameter (Dh) is as follows:

Dh ¼
4� p

4 d
2 þ D� dð Þ � d

� �
p� dþ 2� D� dð Þ ð3:16Þ

Assume all thermal properties have estimated at the bulk temperature of the
fluid.

Reynolds number ðReÞ is determined as:

Re ¼ 4 _m
pDhl

ð3:17Þ

u is the velocity at inlet radiator which is evaluated from volumetric flowrate ð _VÞ
and the cross-sectional area of tube ðAcrossÞ as:

u ¼
_V

nAcross
ð3:18Þ

The friction factor (f) can be calculated depending pressure drop (∙P) reading
from manometer as:

Fig. 8 Digital clipper
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DP ¼ S� g� H ð3:19Þ

f ¼ 2� DP
L
D � q� u2

ð3:20Þ

3.1.4 Uncertainty Analysis

The uncertainty analysis has been performed by calculating the measurement error
as shown in detail in Appendix B. According to uncertainty analysis described, the
error measurement of the parameters is summarized in Table 2. Furthermore, to
check the reproducibility of the experiments, some runs were repeated later which
proved to be excellent.

4 Result and Discussion

4.1 Outlet Temperature

The outlet temperature after the heat transfer across the radiator has been measured
by connecting a thermocouple sensor at the exit point of the test rig as outlined in
Chapter 3. In order to consider the influence of the temperature on heat transfer of

Table 2 Uncertainty
analysis for data measured

Quantity Uncertainty Unit

Tube length �1:5712 mm

Hydraulic diameter �0:0072 mm

Surface area �0:7669 mm2

Cross-sectional area �0:055 mm2

Temperature �0:1 oC

Pressure �0:133416 N/m2

Density �2:0 kg/m3

Specific heat capacity �4:0 J/kg.oC

Thermal conductivity �0:05 W/m.oC

Viscosity �0:0004 N. s/m2

Velocity �0:0087 m/s

Flowrate �0:5 m3/s

Power �0:51 W

Coolant heat transfer �1:3323 W

Heat transfer rejected �1:3433 W

Heat transfer coefficient �5:4225 W/m2. °C

Nusselt number �0:22 _

Reynolds number �3:456 _
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the car radiator, different inlet temperatures of the nanofluids have been applied. It
is important to mention that from a practical viewpoint for every cooling system, at
equal mass flowrate the more reduction in working fluid temperature indicates a
better thermal performance of the cooling system Peyghambarzadeh et al. (2011).
Figure 9 shows the outlet temperature at the volume flowrate range (1–5) LPM with
the range of the inlet temperature (60, 70, and 80 °C). It seems the outlet tem-
perature increases with the increasing of the volume flowrate. Figure 9a indicates
the outlet temperature increases by 17 % for TiO2 suspended to water with increase
of volume flowrate at different inlet temperatures. On the other side, at fixed
flowrate the outlet temperature decreases by 8 % when the volume fraction
increases from 1 to 4 %. Likewise, the pure water appears high outlet temperature
as compared to the nanofluid. This behavior refers to the increase of heat transfer
across the system when adding solid nanoparticles to the liquid. Figure 9b shows
also the outlet temperature increases by 17 % for SiO2 dispersed to water with
increase of volume flowrate at different inlet temperature. It seems the outlet
temperature values of SiO2 nanofluid are lower than the values of TiO2 nanofluid.

It should be said the SiO2 nanofluid is better than TiO2 nanofluid for heat
transfer enhancement. Figure 10a illustrates the outlet temperature increases by
11 % for TiO2 suspended to EG with increase of the volume flowrate from 2 LPM
to 12 LPM at different inlet temperatures. Furthermore, at fixed flowrate the outlet
temperature decreases by 6 % when the volume fraction increases from 1 % to 4 %.
Likewise, the pure EG gives high outlet temperature as compared to the nanofluid.
Figure 10b indicates also the outlet temperature increases by 11 % for SiO2 dis-
persed to EG with increase of volume flowrate at different inlet temperatures. It
observes the outlet temperature values of SiO2 nanofluid are lower than the values
of TiO2 nanofluid. In the same manner should be said the SiO2 nanofluid is better
than TiO2 nanofluid for heat transfer enhancement. Figure 11a demonstrates the
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Fig. 9 Outlet temperature at different flowrate for nanoparticles suspended to water as a base fluid
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outlet temperature increases by 10 % for TiO2 suspended to 10 %EG + 90 %W
with increase of the volume flowrate at different inlet temperature. Furthermore, at
fixed flowrate the outlet temperature decreases by 6 % when the volume fraction
increases from 1 to 4 %. Likewise, the pure 10 %EG + 90 %W gives high outlet
temperature as compared to the nanofluid. Figure 11b indicates also the outlet
temperature increases by 11 % for SiO2 dispersed to 10 %EG + 90 %W with
increase of volume flowrate at different inlet temperatures. It observes the outlet
temperature values of SiO2 nanofluid are lower than the values of TiO2 nanofluid.
In the same manner should be said the SiO2 nanofluid is better than TiO2 nanofluid
for heat transfer enhancement.

Figure 12a illustrates the outlet temperature increases by 7 % for TiO2 sus-
pended to 20 %EG + 80 %W with increase of the volume flowrate at different inlet
temperatures. Furthermore, at fixed flowrate the outlet temperature decreases by
7 % when the volume fraction increases from 1 to 4 %. Likewise, the pure 20 %
EG + 80 %W gives high outlet temperature as compared to the nanofluid.
Figure 12b indicates also the outlet temperature increases by 11 % for SiO2 dis-
persed to 20 %EG + 80 %W with increase of volume flowrate at different inlet
temperatures. It observes the outlet temperature values of SiO2 nanofluid are lower
than the values of TiO2 nanofluid. In the same manner should be said the SiO2

nanofluid is better than TiO2 nanofluid for heat transfer enhancement.

4.2 Heat Transfer

The heat transfer inside the flat tube of the radiator is represented the coolant heat
transfer which is plotted in Fig. 13.
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The coolant heat transfer at the range of the volume flowrate from 1 LPM to 5
LPM for TiO2 suspended to water is indicated in Fig. 13a. It can be observed the
coolant heat transfer increases from 53 to 178 W and 62 to 218 W for 1 and 4 % of
TiO2-water at 60 °C. It can be seen, at 1 LPM volume flowrate the coolant heat
transfer increases from 53 W at 60 °C to 89 W at 80 °C. On the other hand, at 5
LPM volume flowrate the coolant heat transfer increases from 178 W at 60 °C to
384 W at 80 °C for 1 % TiO2-water. This means the increasing percentage of the
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coolant heat transfer is 13 % and 75 % at the volume flowrate from 1 LPM to 5
LPM, respectively. Figure 13b shows the coolant heat transfer increases from 56 to
205 W for 1 % SiO2 suspended in water at 60 °C. However, the increasing of the
cooling heat transfer is from 66 to 249 W for 4 % volume fraction of SiO2-water.
Likewise, at 80 °C the coolant heat transfer increases from 93 to 361 W. Figure 14a
shows the coolant heat transfer at the range of the volume flowrate from 3 LPM to
12 LPM for TiO2 suspended to EG. It can be seen the coolant heat transfer increases
from 52 to 128 W and 70 to 160 W for 1 % and 4 % of TiO2-water at 60 °C. It can
be noted at 3 LPM volume flowrate the coolant heat transfer increases from 52 W at
60 °C to 75 W at 80 °C.

On the other hand, at 12 LPM volume flowrate the coolant heat transfer increases
from 128 W at 60 °C to 175 W at 80 °C for 1 % TiO2-water. This means the
increasing percentage of the coolant heat transfer is 13 and 75 % at the volume
flowrate from 1 LPM to 5 LPM, respectively. Figure 14b shows the coolant heat
transfer increases from 62 to 159 W for 1 % SiO2 suspended in water at 60 °C.
However, the increasing of the cooling heat transfer is from 75 to 214 W for 4 %
volume fraction of SiO2-water. Likewise, at 80 °C the coolant heat transfer
increases from 88 to 211 W. Figure 15a shows the coolant heat transfer at the range
of the volume flowrate from 3 LPM to 12 LPM for TiO2 suspended 10 %
EG + 90 %W. It can be seen the coolant heat transfer increases from 143 to 366 W
and 165 to 450 W for 1 % and 4 % of TiO2-10 %EG + 90 %W at 60 °C.

It can be noted at 3 LPM volume flowrate the coolant heat transfer increases
from 143 W at 60 °C to 194 W at 80 °C. On the other hand, at 12 LPM volume
flowrate the coolant heat transfer increases from 366 W at 60 °C to 518 W at 80 °C
for 1 % TiO2-10 %EG + 90 %W. This means the increasing percentage of the
coolant heat transfer is 25 and 40 % at the volume flowrate from 3 LPM to 12 LPM,
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respectively. Figure 15b shows the coolant heat transfer increases from 158 to
413 W for 1 % SiO2 suspended in 10 %EG + 90 %W at 60 °C. However, the
increasing of the cooling heat transfer is from 183 to 507 W for 4 % volume
fraction of SiO2-10 %EG + 90 %W. Likewise, at 80 °C the coolant heat transfer
increases from 218 to 574 W.

Figure 16a indicates the coolant heat transfer at the range of the volume flowrate
from 3 LPM to 12 LPM for TiO2 suspended to 20 %EG + 80 %W. It can be seen
the coolant heat transfer increases from 143 to 365 W and 167 to 455 W for 1 %
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and 4 % of TiO2-20 %EG + 80 %W at 60 °C. It can be noted at 3 LPM volume
flowrate the coolant heat transfer increases from 143 W at 60 °C to 179 W at
80 °C. On the other hand, at 12 LPM volume flowrate the coolant heat transfer
increases from 365 W at 60 °C to 462 W at 80 °C for 1 % TiO2-20 %EG + 80 %
W. This means the increasing percentage of the coolant heat transfer is 51 and 57 %
at the volume flowrate from 3 LPM to 12 LPM, respectively.

Figure 16b shows the coolant heat transfer increases from 159 to 416 W for 1 %
SiO2 suspended in 20 %EG + 80 %W at 60 °C. However, the increasing of the
cooling heat transfer is from 182 to 506 W for 4 % volume fraction of SiO2-20 %
EG + 80 %W. Likewise, at 80 °C the coolant heat transfer increases from 199 to
521 W.

4.3 Heat Rejected

The heat leaved the radiator from the air side is now the heat rejected. Figures 17,
18, 19, and 20 show the heat rejected from the system at different volume flowrate.
It can be seen the effect of the volume concentration and the inlet temperature on
the heat rejected. Figure 17a indicates the heat rejected decreases from 646 W and
637 W to 521 W and 480 w for both 1 % and 4 % TiO2-water from 1 LPM to 5
LPM at 60 °C. It seems the increasing in the inlet temperature caused to decrease in
the heat rejected by 32 %. However, the increase in the volume fraction is due to
decrease in the heat rejected by 4 %. Figure 17b shows the heat rejected decreases
from 620 W and 598 W to 493 W and 450 W for both 1 and 4 % SiO2-water from
1 LPM to 5 LPM at 60 °C. It seems the increasing in the inlet temperature caused to
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decrease in the heat rejected by 31 %. However, the increase in the volume fraction
is due to decrease in the heat rejected by 3 %.

Figure 18a illustrates the heat rejected decreases from 647 W and 35 W to
571 W and 522 W for both 1 and 4 % TiO2-EG from 3 LPM to 12 LPM at 60 °C.
It seems the increasing in the inlet temperature caused to decrease in the heat
rejected by 31 %. However, the increase in the volume fraction is due to decrease in
the heat rejected by 3 %. Figure 18b shows the heat rejected decreases from 612 W
and 598 W to 518 W and 465 w for both 1 and 4 % SiO2-EG from 3 LPM to 12
LPM at 60 °C. It seems the increasing in the inlet temperature due to decrease in the
heat rejected by 32 %. However, the increase in the volume fraction is due to
decrease in the heat rejected by 4 %. Figure 19a indicates the heat rejected
decreases from 556 W and 534 W to 333 W and 249 w for both 1 and 4 % TiO2

suspended to 10 %EG + 90 %W from 3 LPM to 12 LPM at 60 °C. It seems the
increasing in the inlet temperature caused to decrease in the heat rejected by
32.5 %. However, the increase in the volume fraction is due to decrease in the heat
rejected by 4 %.

Figure 19b indicates the heat rejected decreases from 538 W and 508 W to
300 W and 209 w for both 1 and 4 % SiO2 suspended to 10 %EG + 90 %W from
3 LPM to 12 LPM at 60 °C. It seems the increasing in the inlet temperature caused
to decrease in the heat rejected by 33.5 %. However, the increase in the volume
fraction is due to decrease in the heat rejected by 5 %.

Figure 20a indicates the heat rejected decreases from 556 W and 532 W to
334 W and 244 w for both 1 and 4 % TiO2 dispersed to 20 %EG + 80 %W from 3
LPM to 12 LPM at 60 °C. It appears the increasing in the inlet temperature caused
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Fig. 17 Heat rejected at different flowrate for the nanoparticles suspended to water
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to decrease in the heat rejected by 35 %. However, the increase in the volume
fraction is due to decrease in the heat rejected by 5 %. Figure 20b indicates the heat
rejected decreases from 537 and 509 W to 297 and 220 W for both 1 and 4 % SiO2

dispersed to 20 %EG + 80 %W from 3 LPM to 12 LPM at 60 °C. It appears the
increasing in the inlet temperature caused to decrease in the heat rejected by 33 %.
However, the increase in the volume fraction is due to decrease in the heat rejected
by 4 %.
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Fig. 18 Heat rejected at different flowrate for the nanoparticles suspended to EG
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4.4 Heat Transfer Enhancement

The percentage of heat transfer enhancement depending on nanofluid volume
concentration and inlet temperature to the radiator has been calculated by Eq (4.10).
Figures 21 and 22 show the heat transfer enhancement depending on the nanofluid
volume fraction and the inlet temperature, respectively.

It seems that the heat transfer enhancement increases with increasing of nano-
fluid volume concentration and inlet temperature, respectively. The values of heat
transfer enhancement are from 12 to 31 % for TiO2 nanofluid volume concentration
from 1 to 4 % while the values of heat transfer enhancement are from 18 to 42 %
for SiO2 nanofluid volume concentration from 1 to 4 %. Likewise, the values of
heat transfer enhancement are from 8 to 20 % for TiO2 nanofluid at the inlet
temperature from 60 to 80 °C, whereas the values of heat transfer enhancement are
from 12 to 22 % for TiO2 nanofluid at the inlet temperature from 60 °C to 80 °C.
This refers to the nanofluid volume concentration affected more than the inlet
temperature on the heat transfer enhancement, but significantly of using all of them.
It can be seen the comparison of Nusselt number among nanofluids and base fluids
at laminar flow. It appears that the nanofluid has higher values of the heat transfer
enhancement than base fluid. It seems that the heat transfer enhancement for SiO2

nanofluid is better than TiO2 nanofluid by 80 %. In addition, the base fluid (20 %
EG + 80 %W) has given higher values of the heat transfer than water by 60 %. On
the other hand, the nanoparticles suspended to the base fluid (20 %EG + 80 %W)
is the best type of the nanofluids due to the highest values of the heat transfer
enhancement followed by 10 %EG + 90 %W then EG and finally water.

(a) TiO2-20%EG+80%W (b) SiO2-20%EG+80%W
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Fig. 20 Heat rejected at different flowrate for the nanoparticles suspended to 20 %EG + 80 %W
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5 Conclusions and Recommendations

This chapter focuses on the conclusions derived from the results of the experiment
and recommends further procedure and experiments which could have been done if
limitations in experimental instruments and time were not a factor to conduct this
research. In addition, CFD simulations have been successfully applied to solve the
steady, laminar flow of a Newtonian fluid in the automotive cooling system. The
results of this study have led to draw the following conclusions.

1. The density and specific heat capacity of the nanofluids and base fluids are
studied. It seems significant increasing of the density with the increasing of
volume fraction and decreasing of the temperature. On the other hand, there are
significant decreasing of the specific heat capacity with the increasing of vol-
ume fraction and decreasing of the temperature.

2. There is a significant enhancement of the thermal conductivity measurement
data with increase of both the volume fraction and the temperature.

(a) TiO2 nanofluid

(b) SiO2 nanofluid

Fig. 21 Effect of nanofluid
volume fraction on the heat
transfer enhancement
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3. The viscosity data measured decrease with the increasing of both the volume
fraction and the temperature.

4. The friction factor decreases with the increase of Reynolds number and
increases with the increase of the inlet temperature.

5. The heat transfer coefficient increases with the increase of both the volume
fraction and the inlet temperature.

6. The outlet temperature increases with the increasing of the volume flowrate and
the inlet temperature but decreases with the increase of the volume fraction.

7. The coolant heat transfer inside the flat tube increases with the increasing of the
volume flowrate, the volume fraction, and the inlet temperature.

8. The heat rejected outside the cooling system decreases with the increasing of
the volume flowrate and the volume fraction but increases with the increase of
the inlet temperature.

9. Empirical correlations of the friction factor as a function of Reynolds number,
Prandtl number, and the volume fraction for the nanofluids under the laminar

(a) TiO2 nanofluid

(b) SiO2 nanofluid

Fig. 22 Effect of the inlet
temperature on the heat
transfer enhancement
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flow have been developed based on the experimental data. The deviations
between correlations and the experimental data are not more than 3 %.

10. Empirical correlations of the Nusselt number as a function of Reynolds number,
Prandtl number, and the volume fraction for the nanofluids under the laminar
flow have been developed based on the experimental data. The deviations
between correlations and the experimental data are not more than 6 %.

11. The aim of this thesis has been met to fabricate and build equipment that could
be used to the nanoparticles suspended to base fluid replacement heat transfer
water for automotive cooling system.
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Transparent Carbon Nanotubes (CNTs)
as Antireflection and Self-cleaning Solar
Cell Coating

Morteza Khalaji Assadi and Hengameh Hanaei

Abstract Carbon nanotubes have fascinating chemical and physical properties as
indicated by graphite and diamond characteristics, and the reason is their individual
atomic structure. They have acquired critical achievements in various fields such as
materials, electronic devices, energy storage, separation, and sensors. Recently,
antireflective coatings with self-cleaning properties attract critical consideration for
their theoretical characteristics and their wide-ranging applications. In this chapter,
the benefits of using CNTs as an antireflection and self-cleaning thin coating layer
have been discussed to improve mechanical and electrical behavior of solar cells.
Transfer-matrix method (TMM) and finite-difference time-domain (FDTD) method
were studied as most suitable technique for thin films.

Keywords Solar cells � Carbon nanotube � Antireflection

1 Introduction

Solar energy plays an important role as a vital type of renewable energy, owing to
its inexhaustible nature, environmental friendliness, and the potential for power
conversion efficiency of solar energy harvesting devices (Hyo Jin Gwon et al. 2014;
Dincer 2000). Enhancing the power conversion efficiency is an essential research
subject in the manufacture of photovoltaic (PV) advances, as it makes them more
cost-competitive compare to traditional sources of energy (Hyo Jin Gwon et al.
2014; Ye et al. 2013; Raut et al. 2011).

Solar cells with heterojunction arrangements incorporating carbon materials
have generated a lot of enthusiasm in experimental essentials and great applications
in different innovative optoelectronic devices, e.g., photovoltaic solar cells
(Zhu et al. 2009).
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There are many reports that have investigated to improve efficiency of solar cells
with different contents, especially transparent conductive films (TCFs) such as
CNTs, graphene, and semiconducting polymers that can be conveniently deposited
on commercial Si wafers (Shi et al. 2012). Numerous experiments predicted to new
advances were related to photovoltaic cells with the intention of expanding the
enthusiastic yields of such environmentally friendly energy generation tools.

However, there is a need to produce economical optical coatings to permit the
maximum solar emission to achieve semiconductor intersection. Applying an
antireflective layer, with an advanced refractive index and thickness to cover
device, can mostly eliminate this issue (Mathew et al. 2014; Benzekkour et al.
2009). Mostly, the current coatings have problem for stability in water, and they
have higher adsorption of contaminants from the outdoor environment; therefore,
problem in light trapping will be created by decreasing of efficiency in solar cells
(Faustini et al. 2010).

To solve the issues and increase efficiency, thin-film coating should be used with
wide spectrum of light trapping ranging from visible to near-infrared wavelengths;
the existence of reachable pores in the nanometer range helped for the adsorption of
contaminations from the environment. This is one of the important issues, and it
leads to higher antireflection layer refractive index. Water uptake can be signifi-
cantly decreased by making the thin film’s pores, hydrophobic (Faustini et al. 2010;
Garnett and Yang 2010).

Because of the incredible mechanical, electrical, and thermal properties and
substance steadiness of CNTs, they have been involved in much research through
the previous decades (Li et al. 2013a). In the solar energy area, it is conceivable to
utilize CNT films as transparent electronic materials and to utilize nanotube com-
posites for solar cell applications. In addition, carbon nanomaterials could be used
to deliver conductive ink for printed solar cells. As a rule, an alternate application in
the energy division is coatings for wind turbine razor sharp edges (Ralph Seitz et al.
2012). CNTs are a promising novel of innovative materials. Carbon is known as the
most fascinating element that exists in nature as it has a wide range of properties
due to how its particles are organized (Wei et al. 2008).

Figure 1 shows a macrograph of CNTs in the laboratory. The structure of CNTs
is different with graphite or diamond, and CNTs have metallic or semiconductor
arrangement (Kamat 2006). CNTs are an allotrope of carbon with appearance in the
form of hollow cylinders composed of rolled-up sheets of graphene. The strong
interatomic bonds will increase the mechanical properties of a solid. The covalent
bonding of carbon–carbon sp2 is an exceptionally solid bonding. As an aftereffect
of this bond, carbon nanotubes grow high stiffness. Similarly, carbon nanotubes
have the most astounding Young’s modulus, tensile strength, and axial strength
(Donaldson et al. 2006; Chee Howe See 2007; Chee Howe See et al. 2008; Seung
Yong Son et al. 2008; Belin and Epron 2005).

Researcher’s reports showed that mechanical properties of CNTs are divided
into two groups, and this is related to the diameter of carbon nanotubes. CNTs can
be single-walled nanotubes (SWNTs) or multiwalled nanotubes (MWNTs) Fig. 2.
In SWNTs, it is anticipated that the Young’s modulus is free of tube chirality.
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A smaller diameter brings a smaller Young’s modulus. A few studies reported that
the Young’s modulus of MWNTs is higher than SWNTs (Danafar et al. 2009,
2011). Electrical properties of carbon nanotubes have been fascinating researchers
for many years. Theoretical and experimental results show that carbon nanotubes
can create an electric current maximum 1000 times higher than that of copper wires.
Contingent upon diameter and chirality of CNTs, nanotubes have conducting or
semiconducting behavior (Philip and Collins 2000; Avouris 2002). The high aspect
ratio and small dimension of CNTs make them suitable for electronic properties.
The armchair structure of CNTs is metallic, but the other two configurations, chiral
and zigzag CNTs, can be either metallic or semiconducting (Popov 2004).

Fig. 1 Macrograph of CNTs (Hengameh Hanaei et al. 2013)

Fig. 2 Example of schematic micrographs for SWNT (left) and MWNT (right)
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2 Photovoltaic Properties of Carbon Nanotubes

The CNTs’ extraordinary properties, such as its lightweight, excellent mechanical
strength, three-dimensional flexibility, and outstanding electrocatalytic property,
can improve the performance of solar cells (Yan et al. 2013; Angmo et al. 2012).
One of the recent photovoltaic solar cells that have been introduced to use carbon
nanotubes in photocurrent generation is nanotube–silicon heterojunction (NSH). It
is similar to a single intersection crystalline silicon solar cell, but the emitter layer is
replaced by a thin film of SWNTs or MWNT. This is especially demanding for
SWNT as opposed to MWNT, meanwhile SWCNTs are significantly more sensi-
tive to catalyst structure and carbon loading than the MWCNTs. Sometimes,
compound adjustment of the nanotube surface has been discovered to be essential
to achieve a surface with stable superhydrophobicity. Therefore, many researchers
have emphasized that MWNT appoints to the fascinating possibility of
hydrophobicity when fluctuating parameters such as ionic strength, nature of the
electrolyte, or pH of the water droplet. Additionally, it was observed that the
droplet’s behavior can be changed from superhydrophobic to hydrophilic by uti-
lization of an electric field. It will show significant changes in the hydrophobicity of
SWCNT microstructures of various structures (Kamat 2006).

The unprecedented inherent properties of a SWNT have been the subject of
broad considerations. SWCNTs possess excellent electrical properties (SWCNTs
are naturally p-type), and we mix it with n-type semiconductor like silicon, and
then, we can create a P-N junction solar cells. SWCNT is suitable for solar
application due to its chemical stability, hydrophobicity and strongly absorption
(visible and near-infrared) spectrum of sunlight. In numerous applications, the
organization of SWCNT at the microscale is the variable that decides the execution
of the nanotube-based devices, such as nanosensors, nanocontrol, and microfluidic
gadgets. Extensive efforts have been devoted to creating synthesized routines for
developing SWCNT specifically on substrates with particular arrangements, such as
vertically oriented forests (Li et al. 2013a, b; Cui et al. 2014).

3 Antireflection and Self-cleaning Coatings

Transparent surface coatings with suitable optical properties can suppress the
reflection of substrates. Such coatings are typically called antireflective coatings
(ARCs). There exist numerous antireflective surfaces in nature. Antireflection
innovation has been generally utilized as a part of high-accuracy optical segments,
solar cells, flat-panel displays, and light radiating diode lighting to expand the
transmittance of incident light (Verma et al. 2011; Wan et al. 2010; Zhang and
Yang 2010). For solar cells, because of the reflection at the air/glass interface of the
bundling glass and dissipation due to accumulated dust on outdoor panels, some
pieces of episode vitality on solar-powered modules are lost. On the one hand, ARC
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on the glass can help ease reflection in systems; on the other hand, the self-cleaning
properties can, to some extent, solve the dust accumulation problem (Verma et al.
2011). Roughness is important to minimize reflection on surfaces.

Nowadays, it is demonstrated that the efficiency of silicon wafers can be
increased with high-power conversion efficiency using CNTs, graphene, or con-
ducting polymers (Shi et al. 2012). Besides these excellent optical properties, the
ARC arrays also exhibit self-cleaning capability because of the high fraction of air
trapped between arrays (Sun et al. 2005; Li and Yang 2010). It is a common
knowledge that smooth surfaces shine more than rough ones. It contains the very
basic idea of antireflection that roughness is necessary to reduce reflection of sur-
faces. Therefore, many materials with micro-/nanostructure are perspective to
fabricate ARC, including silicon, silica, titania, zirconia, zinc oxide, cobalt oxide,
tin oxide, carbon, and polyethylene terephthalate (PET), polystyrene (PS), and
gallium nitride (Xiong et al. 2010; Yongjin Wang et al. 2010; Liu et al. 2008; Zhu
et al. 2006; Li et al. 2009; Yao and He 2014).

Wettability is an important property of a solid surface, and contact angle (θ) has
been commonly used to characterize the surface wettability. Young’s equation has
predicted the suitable contact angle of solution for optimizing the smooth and
homogeneous surface. Theoretical works for contact angle of a realistic solid sur-
face were done by Wenzel and Cassie–Baxter (Yao and He 2014; Cai and Qi
2015), in addition Wenzel’s equation (Cai and Qi 2015) developed by Wenzel. The
next equation is Cassie–Baxter equation (Yao and He 2014; Cai and Qi 2015). The
Cassie–Baxter state considers that under some roughness conditions, air bubbles
may be trapped when θ > 90. In this case, the liquid–surface interface actually
consists of two phases, i.e., the liquid–solid interface and the liquid–vapor interface,
respectively. Therefore, the apparent contact angle can be calculated by total
amount of all the elements in various phases.

4 Modeling and Simulation Approach for Nanolayer

In this paper, the modeling of antireflective coating using nanomaterial will be
reviewed. For the modeling of antireflective nanostructure, researchers have
reported several methods; however, the most attractive and common methods which
are suitable for thin films are transfer-matrix method (TMM) and finite-difference
time-domain (FDTD) method. Each of these methods has their own advantages and
drawbacks. Maxwell’s equation and its mathematical explanation have so many
advantages; for instance, time-based solution such as FDTD computes reflectance
for numerous wavelengths of incident light. Diagnostic methodology answers for
Maxwell’s equation such as TMM are suitable for extremely basic thin films. One
approach to make a cost-effective solar cell is diminishing light reflection at surface
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and interfaces. It is reported that TMM is fitted out for representing the geometry of
subwavelength structures.

In solar cells, optimizing and improving optical properties of material can be
achieved with the optimum thickness of thin film.

4.1 Finite-Difference Time-Domain (FDTD) Method

Finite‐difference time‐domain (FDTD) method solves Maxwell’s equations in the
time domain using finite‐difference approximations. Being a time‐domain method,
FDTD is more intuitive than other techniques and works by creating a “movie” of the
fields flowing through a device. The benefits of FDTD method (such as its excellent
large-scale simulations, easily parallelized, excellent broadband and transient sim-
ulations, accurate, robust, and its maturity) make it an incredible method.

In addition, sources of error are well understood and it is a proven method in
many fields. The Faraday’s and Ampere’s laws are used for FDTD method, and
also, electric field (E), the electric displacement field (D), the magnetic field (B),
and the auxiliary magnetic field (H) are used. These four equations are used to
derive Maxwell’s curl equations as shown in Fig. 3a the position of each field
H and E. Figure 3b also shows the arrangement to approximate Maxwell’s curl
equations.

Fig. 3 a The position of each field component within the grid cells and b elegant arrangement to
approximate Maxwell’s curl equations
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4.1.1 Theory of FDTD

The FDTD is common solution which has been used for electromagnetic problems.
The FDTD method discretizes Maxwell’s equations by replacing derivatives with
their finite-difference approximations, directly in the time domain (Gizem Toroğlu
2014). In this chapter, we are talking about simple one-dimensional method.
Maxwell’s equations in such an environment are characterized with three param-
eters [the permittivity (ε), permeability (μ), and conductivity (σ)]. Maxwell’s
equations can be written as follows:
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The FDTD equations can be derived from (1) and (2) which is obtained from
finite‐difference approximations:
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Update equations which derived from (3) and (4):
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These equations can be directly implemented in a computer code.
These are the final form of Maxwell’s equations from which we will formulate

the FDTD method.
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For the basic example of FDTD code in MATLAB, you can refer to our ref-
erences (The Finite-Difference Time-Domain Method (FDTD) 2012; Lesina et al.
2015; Ta 2014; Vaccari et al. 2014; Lesina et al. 2015; Saravanan et al. 2015;
Duche et al. 2009; Deinega et al. 2013). The FDTD technique has much attention
due to its accuracy and simplicity for modeling of antireflection coating layer. In
spite of the fact that it is computationally serious, the FDTD technique handles any
arbitrarily shaped model structure actually utilizing an unequivocal numerical
solution for Maxwell’s curl equations. In 2004, Yang et al. (2004) initially utilized
the FDTD technique to model a 3D nanoporous structure. The presentation of
exponentially expanding processing assets in the 2000s invested the EM modeling
group to use FDTD to its most prominent point of preference; analysts were at long
last ready to demonstrate the conduct of light at an interface of any composition,
size, or shape, regardless of its regularity, with just the information of mass material
properties. Computations in the time area maintain problem of the single wave-
length restriction of other methods. However, structured grid does not efficiently
represent curved surfaces during this method, and it is slow for small devices and
very inefficient for highly resonant devices.

4.2 Transfer-Matrix Method (TMM)

One of the most attractive models for thin film is TMM method, and it is a simple
way to deal with modeling sunlight going through layered media. This method
utilizes coherence border situations through different interfaces of material and
wavelength comparisons to depict the transmittance, absorbance, and reflectance for
each layer. Congruity obliges that the electric and magnetic fields (EMFs) at the
border between two materials are same in every substantial. At that point, if the
electric field is known at the beginning of the layer, a transfer matrix based on the
wave equation can be utilized to focus the electric field at the flip side of the layer.
Both reflected and transmitted waves are considered to compute the general electric
fields. As shown in Fig. 4 a beam of light with its associated EMFs undergoes an
external reflection at (R) and transmitted portion at (T).
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The mathematical derivation of TMM is summarized as below, and we consider
an external environment refractive index n0 and N thin layers Cn. The refractive
indexes of these layers are as follows: ni, ni + 1,…,ni + n. The refractive index of a
substrate S is ns. Here, we demonstrate the characteristic matrix of one layer. As
mentioned earlier, the matrix relates tangential components of the electric E(z) and
magnetic H(z) fields at the layer boundaries z = 0 and z = s. The TMM method is
shortly presented below (Sahouane and Zerga 2014).

E 0ð Þ
H 0ð Þ

� �
¼ M

E sð Þ
H sð Þ

� �
ð13Þ

The matrix itself is obtained which relates the fields at two adjacent boundaries
(González-Ramírez et al. 2009)

M ¼ cos ; j sin ;=nc
jnc sin ; sin ;

� �
ð14Þ

The characteristic matrix of a multilayer is a product of corresponding
single-layer matrix. If i is the number of layers, then the field at the first (z = z0) and
the last (z = zi) boundaries are related as follows:

Mi ¼
YN
i¼1

cos ;i j sin ;i=ni
jni sin ;i cos ;i

� �
ð15Þ

With j2 = −1, ni, the refractive index of the its layer, Φi is dephasing between the
reflected waves of layers i and i + 1

;i ¼ 2p
k
nidi cos h ð16Þ

Fig. 4 Schematic diagram of TMM model
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ϕ θ is the angle of wave propagation in the layer. The detailed derivation of
amplitude reflection (r) and transmission (t) coefficients is given and the resulting
expressions are shown in Eqs. 6 and 7.

r ¼ n0M11 þ n0nsM12 þM21 � nsM22

n0M11 þ n0nsM12 þM21 þ nsM22
ð17Þ

t ¼ 2n0
n0M11 þ n0nsM12 þM21 þ nsM22

ð18Þ

Mij are the elements of the characteristic matrix of the multilayer. The energy
coefficients (reflectivity, transmissivity, and absorptance) are given by

R ¼ rj j2 ð19Þ

T ¼ ns
n0

tj j2 ð20Þ

A ¼ 1� Rð Þ 1� ReðnsÞ
Re ðM11 þ nsM12ÞðM21 þ nsM22Þ½ �

� �
ð21Þ

With Re the real part, ns and n0 are refractive index of the silicon and vacuum,
respectively.

Rþ T þA ¼ 1 ð22Þ

Note that this technique talks about the solution of mathematical equations in a
manner that predict back wavelength also; one wavelength starts with the sunlight
transmitted through every one of the layers and afterward back-computes to get the
data light power. This is obliged to represent the combined impacts of light reflected
at every interface. In the utilization of measuring reflectivity for thin-film ARCs, the
TMM strategy is a quick and straightforward demonstrating modeling technique.
TMM has an ability to compute reflectance and transmittance and can deal with
numerous wavelengths, scattering, and different angles of incidence. This strategy
can likewise handle retention by means of complex refractive records (Sahouane
and Zerga 2014; Zhan et al. 2014; Kosarian and Jelodarian 2011; Katsidis and
Siapkas 2002).

However, the TMM-based optical modeling of solar cells is still lacking in some
points. The matrix method for the analysis of the optical response of coherent
multilayers has been generalized to take into account partially coherent and inco-
herent reflected or transmitted light. This approach is also integrated to include
models for refractive index depth profiling. Its applicability was demonstrated
concerning the optical characterization of ion-implanted materials as well as mul-
tilayers with a thick substrate in an arbitrary position within their structure and
multilayers of conducting or insulating layers with rough surface and interfaces.
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Generalized transfer-matrix method (GTMM) has been suggested to examine the
reflection and transmission of optical multilayers with rational. The GTMM has
been utilized to compute the efficiency of absorption inside an indistinct silicon
flimsy film solar cell with reasonable and incomprehensible multilayers. In any
case, optical modeling of the GTMM has not yet been connected to the solar cells.
Moreover, the itemized detail of optical absorption structure of the solar cells
together with the unintelligible glass substrate has not been analyzed as far as the
interior optical power (Katsidis and Siapkas 2002; Jung et al. 2011).

5 Conclusions

Several conclusions can be drawn from this research:

1. The large carrier density and high mobility of CNTs ensure much enhanced
current density and power efficiency of solar cells compared with extensively
studied polymer composite structures.

2. There are still a few difficulties in the manufacture of the AR coatings. First and
foremost, the improvement of the cost-effective and substantial scale creation
techniques for the perfect AR structures. Second, the antireflection coatings
must have special properties such as thermal and mechanical steadiness for
long-term use in different situations. Based on this chapter and our research,
CNTs improved multifunctional materials which helped to increase antireflec-
tion and self-cleaning performance, and they involved into the component of
cells to provide high-power conversion and reduce the cost as well.

3. Its high strength and tough surface made CNTs a suitable materials for
antireflection and self-cleaning which in the future will encouraged industries to
use them to improve the mechanical strength.

4. The present modeling approaches are capable of predicting antireflection
properties of thin films such as CNT film for different thicknesses in all
wavelength. Finally, for predicting the solar properties of our model, we can use
solar simulator such as Atlas software and Silvaco.

In conclusion, the findings of application of CNTs in solar cells in the future
research are crucial factor to improve a simple, cost-effective solar cell with high
efficiency and it might provide new concepts and ideas for the development of
high-performance antireflective and self-cleaning surface.
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Nanofluids for Enhanced Solar Thermal
Energy Conversion

Vivek Sreenivasan, Y. Raja Sekhar and K.V. Sharma

Abstract Over the recent years, addressing solar energy utilization for different
applications has grabbed attention of many research groups around the world. From
the past few decades, scientists had made progress in innovating new devices and
methods for harnessing solar energy. In this respect, they developed new materials to
improve energy efficiency as one of themajor focal domain. During twentieth century,
scientists engineered the application of nanotechnology in various domains including
solar thermal conversion devices. Nanofluids, a homogeneous dispersion and stable
suspension of nanoparticles in the base fluids, havemade possible progress to achieve
higher thermal properties at the smallest possible concentrations. This chapter intends
to summarize the research done on the nanofluid applications in different solar thermal
conversion systems. This chapter includes comprehensive information about ther-
mophysical properties of nanofluids, the design of solar thermal system at optimum
conditions, and the applications of solar collector with nanofluid.Also, challenges and
opportunities for future research are identified and reported as well.
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1 Introduction

Utilization of different energy resources is done in a poor manner, i.e., to satisfy
critical domestic and industrial needs, and harnessing energy in a clean and efficient
way is still a continuing quest. In more practical terms, sustainable energy is the
need for the day, especially for the industrial sector. Rapid industrialization led to a
tremendous impact on the environment that resulted in the rise of global surface
temperatures. Energy generation through fossil fuels has been identified as one of
the primary reasons for environmental pollution. Since the production of electrical
power form fossil fuel resources is in the verge of extinct and the global population
growth rate is exponential, the solar thermal conversion is acquiring worldwide
attention and undoubtedly an alternative source which is entirely eco-friendly.
Hence, to combat climate change, clean and sustainable energy resources need to be
developed to meet the current and future energy demands. In this aspect, solar
thermal energy is a better alternative in spite of its higher capital cost.

At early twentieth century, the first installation of solar thermal energy conversion
devices happened in the Sahara desert where sunlight operated a steam engine. Solar
thermal conversion system suffers from low efficiency; hence, harvesting solar
energy with high efficiency is primary conquering quest. In this paper, applications
of nanotechnology in terms of nanofluid (nanoparticle) analysis in solar thermal
conversion and devices have been carried both experimentally and numerically.

Nanotechnology in the broad term is used to describe materials and phenomenon
at the nanoscale, i.e., 1 � 10−9 m. The benefits of exploiting nanotechnology are
going into depth of theoretical understanding of storage and conversion phenomena
at the nanoscale. Improvements in the nanoscale characterization of electronic
properties and developments enable economical nanomanufacturing of robust
devices. Nanotechnology leads to the application of nanofluid and nanomaterial in
an innovative form of heat transfer in solar thermal conversion devices.
Nanotechnology finds its applications in various fields of solar energy such as in
direct solar absorber systems—flat plate collectors, concentrating collectors—solar
cells, photovoltaic thermal devices, and desalination. It has the potential to reduce
the impact of energy usage during production, storage, and other processes sig-
nificantly. The applications of nanotechnology aim for improvement in power,
efficiency, and reduction of costs and are found in process industries with the aim of
both increasing and decreasing the temperature working fluid (Norton and Brian
2013). Most of the conventional fluid such as water, ethylene glycol, or oil has
lower thermal conductivity, and alternate methods to improve the properties for
effective utilization in thermal conversion devices are necessary. Many experi-
mental investigations in the field of solar energy using nanofluids have were per-
formed (Mahian et al. 2013). Theoretical and experimental studies lead to enhanced
solar energy generation, high performance in terms of improved lifetime, power,
and large storage capacity, respectively, using nanotechnology.
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1.1 Nanofluids

Nanofluid is a fluid containing a particle of nanometer- sized, called nanoparticles
with various volume concentrations and size used in heat transfer applications. They
provide better efficiency compared to the conventional fluid employed in the present
scenario and are also environmentally friendly. These fluids are colloidal suspen-
sions of nanoparticles in a base fluid. The various nanoparticles used in nanofluids
are typically made up of metals, oxides, carbides, or carbon nanotubes (CNTs),
graphene nanoflakes, and ceramic particles that combined with base fluids such as
water, ethylene glycol, and oil (Dharmalingama et al. 2014). The enhanced thermal
conductivity and the convective heat transfer coefficient were first investigated by
Choi et al. in (1995) using nanofluid. Their rheological behavior of nanofluids is
found to be very critical in deciding their suitability for convective heat transfer
applications. It led to enormous potential in heat transfer rate in various domains of
the area such as in industry, thermal generation, transportation, and microelectronics.

Nanofluids are synthesized by two methods, i.e., one-step and two-step methods.
The most extensively used method for mass production of nanofluid is two-step
technique. Nanoparticles, nanofibers, nanotubes, or other nanomaterials were uti-
lized in this process. Initial method for preparation was dry powders by chemical or
physical methods. One-step method is used to minimize the agglomeration of
nanoparticles, and the stability offluid is increased (Li et al. 2009). The nanoparticles
prepared by this method exhibit morphological shapes such as a needle, polygonal,
square, and circular. This method avoids the undesired particle aggregation; in
addition, they cannot manufacture nanofluids in large scale, and the cost is also high.

Many researchers, for the past two decades, have investigated the heat transfer
enhancement using nanofluids both experimentally and theoretically. Wong and De
Leon (2009) carried out a review of research detailing the current and future
applications of nanofluids. Lee et al. (1999) reported that the addition of nanopar-
ticles such as Cu, Al2O3, and CuO to base fluids of water and ethylene glycol
resulted in an increase of thermal conductivity. The thermal conductivity of CNT–
water nanofluid was higher than conventional liquid studied by Choi and Eastman in
(2004). Due to the properties of the base fluid, the geometry of CNT, and volume
fraction, a wide range of enhancement has been reported in the literature. For
example, with 1 % volumetric fraction of multi-walled carbon nanotubes
(MWCNTs) into the base fluid, the thermal conductivity of the medium was
enhanced by *40 %. Keblinski et al. (2002) observed an enhancement of thermal
conductivity of about 60 % for water-based nanofluid. Many experimental obser-
vations on the characteristics of nanofluids such as nucleate pool boiling and critical
heat flux (CHF) have been carried out. Das et al. (2003) presented the pool boiling
characteristics of Al2O3–water nanofluid on smooth and roughened heating surface
for different particle concentrations. It showed that nanoparticle degraded the boiling
performance with an increase in particle concentration. Wen and Ding (2005)
demonstrated that alumina nanofluids of particle size 10–15 nm can significantly
enhance boiling heat transfer. Their studies have shown an enhancement in boiling
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heat transfer coefficient with increasing particle concentrations by 40 %, at a loading
rate of 1.25 % by weight.

The effect of nanoparticle size and volume fraction also plays a role in the
enhancement of the heat transfer characteristics (Xuan et al. 2000). Arun et al.
(2015) conducted study upon nanofluids such as CeO2/water, Al2O3/water, TiO2/
water, and SiO2/water with volume concentrations of 0.75, 1, 0.75, and 1.25 % for
a flow rate of 3 L/min. It was reported that a maximum heat transfer enhancement
of about 35.9, 26.3, 24.1, and 13.9 % was observed, respectively. Wongcharee
et al. (2011) studied about CuO–water nanofluid with volume fractions of 0.3, 0.5,
and 0.7 % for a laminar regime. They reported an improvement in Nusselt number
as nanofluid concentration rose. Kulkarni et al. (2008) investigated heat transfer and
fluid dynamic performance of nanofluids. Silicon dioxide (SiO2) nanoparticles
suspended in ethylene glycol and water (EG/water) mixture in 60:40 % by weight
were used. They observed an enhancement in heat transfer coefficient due to
nanofluids for different volume concentrations and pressure drop obtained with
increasing nanoparticle volume concentration in the base fluid. Sharma et al. (2009)
experimentally studied the heat transfer coefficient and friction factor for transi-
tional flow in a tube with twisted tape inserts using Al2O3 nanofluid. They reported
that by using twisted tape in the flow path gives higher heat transfer rates compared
to flow in a plain tube, and the heat transfer coefficient with 0.1 % volume con-
centration was 23.7 % higher compared with water.

Nanofluid is used as a coolant in many conversion devices. Jang and Choi
(2006) designed a new cooler, combined microchannel heat sink with nanofluid.
They obtained higher cooling performance when compared to the instrument using
pure water as working medium. It reduces both the thermal resistance and the
temperature difference between the heated microchannel wall and the coolant. In
another experiment (Selvakumar and Suresh 2012) on CuO–water nanofluid in an
electronic heat sink, the result exhibited an improvement in thermal conductivity
compared to base fluid.

2 Solar Collector

Solar collectors are devices that convert the absorbed incident solar radiation to heat.
The working fluid converts the generated heat for different applications. Solar col-
lectors were classified into two types, non-concentrating and concentrating collectors
(Kalogirou 2004). Non-concentrating solar collectors are usually used for low- and
medium-temperature applications such as space heating/cooling, water heating, and
desalination, whereas concentrating solar collectors are exploited in high-temperature
applications such as electricity generation. Therefore, these systems are acquiring
more and more attention, prevailing to low efficiency which is still a major concern.
These nanofluids have the ability for enhancing the efficiency of solar systems. In this
paper, the research over employing nanofluid in solar collectors is reported.
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2.1 Flat Plate Solar Collector

Yousefi et al. (2012) experimentally investigated the efficiency of a flat plate solar
collector with Al2O3/water nanofluid used as working fluid as shown in Fig. 1. The
effectiveness of Al2O3 nanofluid used as working fluid with and without surfactant
on the solar collector has studied. They considered nanoparticles of diameter 15 nm
having two different weight fractions of 0.2 and 0.4 % for preparation of the
nanofluid. The effect of mass flow rate 1, 2, 3 L/min on efficiency is also considered
for experimentation. With 0.2 % weight fraction of Al2O3 nanofluid, the efficiency
of the solar collector was 28.3 % higher compared with the water. Efficiency of
collector was observed to change with surfactant Triton X-100. The ASHRAE
standard was used to calculate the efficiency. They reported enhancement in effi-
ciency of collector with nanofluids as a working fluid, compared to water as the
absorption medium. Also, addition of surfactant has shown increase in heat transfer.
The maximum enhanced efficiency was 15.63 % in the presence of the surfactant.

Yousefi et al. (2012) also demonstrated experimentally the effect of efficiency of
the flat plate collector when water–MWCNT nanofluid was used as working fluid. In
this study also, they used Triton X-100 as surfactant and prepared working fluid
samples with and without surfactant. The effect of different weight fractions of
nanoparticles in the nanofluid having particle diameter range from 10 to 30 nm, and

Fig. 1 Experimental setup
(Yousefi et al. 2012)
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the impact of mass flow rate was also taken into consideration. An increase in the
efficiency was observed by increasing the weight fraction from 0.2 to 0.4 % and also
by the addition of surfactants. The rise in the efficiency of collector depends on the
ratio of temperature difference between inlet and ambient to the input solar flux.
However, the collector efficiencywhen 0.4 wt%MWCNTnanofluidwithout addition
of surfactant is used as working fluid is higher as shown in Fig. 2. It was reported that
the efficiency can be also increased by increasing the mass flow rate for subtle values
of reduced temperature difference parameter, and beyond these small values, the
efficiency exhibits a reversed trend.

In another similar kind experiment conducted by Yousefi et al. (2012), they
verified the effect of pH for MWCNT–H2O nanofluid on the efficiency of a flat plate
solar collector. The experimental work was carried out by 0.2 % weight fraction
under different pH values from acidic to base range, i.e., 3.5, 6.5, and 9.5. They
again considered Triton X-100 as surfactant and undertaken the study at a mass
flow rate of 0.0333 kg/s. They observed that the efficiency for pH = 3.5 was greater
than that for pH = 9.5, if the temperature differences were higher than the mean

Fig. 2 Efficiency of solar
collector for MWCNT
nanofluid without surfactant
and for water in the same
mass flow rate (Yousefi et al.
2012)
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temperature difference. Larger differences between the pH of nanofluids to that of
isoelectric point (pH = 7.5) increase the efficiency of the collector as shown in
Fig. 3. Therefore, the positive effect of nanofluids on the efficiency of flat plate solar
collector becomes higher as the nanofluids become more acidic than basic.

Chougule et al. (2012) fabricated the experimental set up of flat plate collectors
using heat pipes. The effects of nanofluids as working fluid using the solar tracker
on solar heat pipe collector were analyzed. In this three identical wickless copper,
heat pipes with a length of 620 mm and an outer diameter of 18 mm were fabri-
cated. The nanoparticles used were CNTs 10–12 nm in diameter, and the con-
centration of nanoparticles used in the preparation of nanofluid was 0.15 % by
volume. Nanofluids increase the average efficiency of the solar heat pipe collector
irrespective of change in tilt angle. Nanofluids with solar heat pipe collector gives
better performance at a higher tilt angle. This solar tracking system provides an
add-on advantage to improve the efficiency in both water and nanoworking fluid
solar heat pipe collector at each tilt angles for the solar heat pipe collector. They

Fig. 3 Efficiency of the flat
plate solar collector with
MWCNT nanofluid as base
fluid at three pH values
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show better performance during winter; that is, solar heat pipe collector should be
used in cold climatic conditions. They concluded that at 50° tilt angle working fluid
gave better performance as compared to standard average angle in both conditions,
i.e., fixed and tracking. Nasrin et al. (2013) numerically studied the influence of
Prandtl (Pr) number on free convection in a solar collector filled with nanofluid.
Here, the working fluid used is water–Al2O3 nanofluid. By using finite element
method, the governing differential equations are solved numerically. The influence
of Pr number was taken into consideration for the temperature and flow fields as
well as the radiative and convective heat transfer rates, while Rayleigh number
(Ra), volume fraction (Ø), and emissivity (e) are fixed at 104, 5 %, and 0.9,
respectively. They observed that the structure of the fluid streamlines and isotherms
within the solar collector is found to dependent upon the Pr number. They found
that the Al2O3 nanoparticles with the highest Pr were found to be most effective in
increasing the performance of heat transfer rate than base fluid. Average heat
transfer is obtained higher for convection than radiation. Mean temperature
diminishes for both fluids with rising mentioned parameter. Average velocity field
increases due to falling Pr. They concluded that analysis highlighted the operating
range in which water–Al2O3 nanofluid can effectively utilized for high level of heat
transfer augmentation. Faizal et al. (2013) presented a comprehensive overview of
the energy and economic and environmental analysis of metal oxides nanofluid for
a flat plate solar collector. For a solar thermal conversion system, increasing the
heat transfer area can lead to increasing the output temperature of the system. So
this study is focussed on potential size reduction and its associated energy saving of
flat plate solar collectors when applying Al2O3, SiO2, TiO2, and CuO nanofluid that
can produce the same desired output temperature. They found out that the higher
density and lower specific heat of nanoparticles lead to greater thermal efficiency
and CuO nanofluids have the highest value compared to other three nanofluids.
25.6, 21.6, 22.1, and 21.5 % solar collector area reduction has been achieved using
CuO, SiO2, TiO2, and Al2O3, respectively. It is estimated that 10,239, 8625, 8857,
and 8618 kg total weight for 1000 units of solar collector can be saved using CuO,
SiO2, TiO2, and Al2O3 nanofluid. The payback period and emissions of the
nanofluid-based solar collector is 2.4 years and 170 kg less CO2 emissions com-
pared to the conventional solar collector. Environmental damage cost is lower with
the nanofluid-based solar collector.

Said et al. (2013) experimentally investigated the effect of density, thermal
conductivity, and viscosity of alumina nanofluid (0.05 % < / < 0.1 %) using
water and EG/water mixture (60:40 by mass). They studied the effect of pressure
drop and pumping power for a flat plate solar collector at a temperature ranging
from 25 to 80 °C. It was observed that nanofluid containing nanoparticles had
enhanced thermal conductivity compared to that of base fluid. Here, the viscosity of
nanofluids increases with increase in nanoparticle volume concentration. Also, the
viscosity of alumina nanofluids decreases exponentially with a rise in temperature.
Water-based alumina nanofluid of 0.05 % volume concentration exhibits
Newtonian behavior at below 40 °C temperature, whereas it behaves as
non-Newtonian fluid for all other higher concentration at any temperature. The

122 V. Sreenivasan et al.



effect of pumping power and pressure drop noticed for low concentration nanofluids
is found to have negligible effect. Raja Sekhar et al. (2013) conducted an experi-
mental simulation of convective heat transfer analysis for a horizontal circular pipe
with fluid in mixed laminar flow range under constant heat flux. Here, the variation
of heat transfer coefficient and pressure drop in the pipe flow for water and
water-based Al2O3 nanofluids at a different volume concentration and twisted tapes
was studied and compared. They found that with the increase in heat transfer
coefficient in a plain tube with the use of nanofluids is 8–12 % greater compared to
the flow of water in the plain tube. The nanofluid of 0.5 % particle concentration
has higher friction factor compared to water. Friction factor and Nusselt number
increase with the rise of particle concentration. They reported that the use of twisted
tape in heat flow of pipes and the energy gained in the heat exchanger was more
than energy spent on pumping power. From the results, it was concluded that the
heat transfer enhancement in a horizontal tube increases with Reynolds number of
flow and nanoparticle concentration. Tiwari et al. (2013) presented a comprehensive
overview of the thermal performance of solar flat plate collector for water heating
using different nanofluids. The effect of using the Al2O3 nanofluid as an absorbing
medium in a flat plate solar collector was investigated. The impact of mass flow rate
and particle volume fraction on the efficiency of the collector was studied. They
reported that by using an optimum particle volume fraction of 1.5 % Al2O3

nanoparticles, increase in thermal efficiency was 31.64 % as well as saving in kg of
CO2 emissions per unit kWh energy generated by solar collector. Chaji et al. (2013)
experimentally investigated the thermal efficiency of flat plate solar collector
(FPSC) using TiO2/water nanofluid. They evaluated the effect of nanofluid on solar
collector efficiency for different mass flow rates and with three levels of nanopar-
ticles concentrations without using a surfactant. They observed an increase of mass
flow rates of base fluid inside the solar collector that enhanced the index of total
collector efficiency area curve up to 15.7 %. Also, adding the nanoparticles to water
improved the ratio of collector efficiency area under the curve between 2.6 and 7 %
about base fluid at the same flow rate. Amirhossein et al. (2014) experimental
investigated the performance effect of Cu nanoparticle on the efficiency of a flat
plate solar collector. The nanoparticles having an average diameter of 10 nm, with a
weight fraction of 0.2 and 0.3 % of the nanofluid, were used. A one-step method
was used to prepare copper nanofluid with ethylene glycol as the base fluid. The
experiments were performed at different volume flow rates of the nanofluid from
0.016 to 0.050 kg/s, and the ASHRAE 93 standard was used to test the solar
collector’s performance. From experiment, solar collector efficiency decreased with
decreasing the volume flow rate, and the highest FR(Ϯἀ)n value was obtained for
1 L/min. They found that by increasing the nanoparticle weight fraction, the
improved efficiency of the collector had observed. Optimum point for solar col-
lector efficiency is observed for 0.3 wt% Cu/EG nanofluid at 1.5 L/min. Said et al.
(2014) theoretically examined the entropy generated, heat transfer enhancement
capabilities, and pressure drop for a flat plate solar collector operated with
single-walled carbon nanotube (SWCNT)-based nanofluids as an absorbing med-
ium. Specific heat (Cp) and density of nanofluid were measured using a
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PerkinElmer DSC 4000 and density meter. They found out that SWCNT-based
nanofluids have better thermal properties, and this consequently leads to better
thermal and exegetic efficiencies compared to the metal oxide nanofluids.
Analytical outcomes also revealed that SWCNT nanofluid could reduce the entropy
generation and enhance heat transfer coefficient by 4.34 and 15.33 % theoretically
compared to water as an absorbing fluid. Moghadam et al. (2014) experimentally
investigated the efficiency of a flat plate solar collector using CuO–H2O nanofluid
as a working fluid. The efficiency of two working fluids was compared. The volume
fraction of nanoparticle was taken as 0.4 %, the mean particle dimension is kept
constant at 40 nm, and the mass flow rate is varied from 1 to 3 kg/min. They found
out that under optimum mass flow rate, solar collector efficiency increases by
16.7 % with that of water. They also observed that highest heat absorption by
collector occurred at a different mass flow rate for water and nanofluid, and opti-
mum mass flow rate depends on the working fluid thermal characteristics. Omid
et al. (2014) have done a comprehensive investigation on heat transfer and entropy
generation of Al2O3/water nanofluids in a flat plate solar collector. They considered
the effects of tube roughness and nanoparticle size where the mass flow rather is
deemed to be constant ranging from 0.1 to 0.8 kg/s. The impact of different ther-
mophysical models, solar radiation, and ambient temperature on entropy generation
was evaluated for the turbulent flow regime. There finding shows that with an
increase in the volume fraction of nanofluid, the outlet temperature increases, while
with increasing in nanoparticle size, very insignificant decrease had observed in the
outlet temperature. They found that change in the outlet temperature was exactly
opposite to Nusselt number trend. The effect is more visible at high mass flow rates,
and the impact of uncertainties in thermophysical models on entropy generation is
not significant in any of volume fraction and mass flow rate. They observed the
effect of roughness on entropy generation was more important when the solar
radiation and ambient temperature decrease.

Rehena et al. (2014) numerically investigated the impact of forced convection
flow by four different nanofluids inside a flat plate solar collector. They examined
the temperature, heat function, the rate of heat transfer, mean temperature, the
percentage of collector efficiency, and temperature of fluid along the mid-height of
the rise pipe. They found out that equation of the temperature and heat function
through the riser is found to be significantly dependent upon the performance of
nanofluid. The Ag nanoparticle with 5 % solid volume fraction has the highest rate
of heat transfer. They found that collector efficiency improved from 65 to 85 %
using Cu–water nanofluid. It was reported that as the volume fraction increased
from 0 to 5 %, the temperature of water–Cu nanofluid increases steadily while
passing through the pipe. Omid et al. (2014) experimentally and numerically
evaluate the first- and second-law analyses of a flat plate mini channel-based solar
collector. The effect of nanoparticle shape, the impact of tube material on the heat
transfer, and entropy generated are evaluated using boehmite alumina nanoparticles
in a mixture of water and ethylene glycol. Volume concentrations up to 4 % in
turbulent flow conditions are utilized in this study. Four different shapes of
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nanoparticles included are platelets, blades, cylinders, and brick, and tube and
absorber plate are made up of copper and steel. They found that the platelet-shaped
nanoparticles showed the lowest heat transfer coefficient and the brick displayed the
highest heat transfer coefficient at the maximum volume fraction, i.e., 4 %. They
concluded that the entropy generation rate of copper was minimized by using
brick-shaped particles with the volume fraction of 2 %, while using steel tubes,
minimum entropy generation is achieved by using blade-shaped particles. And also
reported that when the mass flow rate is 0.5 kg, the entropy generation rate for steel
tubes is found to be 11 % higher than that of copper tubes. Omid et al. (2014)
analytically analyzed the performance of four different nanofluids including
Cu/water, Al2O3/water, TiO2/water, and SiO2/water in a mini channel flat plate
solar collector. Pressure drop was also taken into account for the entropy generation
analysis. The analysis of the first law of thermodynamics shows that Al2O3/water
nanofluids have the highest heat transfer coefficient, while the lowest value belongs
to SiO2/water nanofluids. The higher outlet temperature was provided by Cu/water
nanofluids followed by TiO2/water, Al2O3/water, and SiO2/water nanofluids. The
results of second-law analysis determine that Cu/water nanofluid produces the
lowest entropy generated among the nanofluids. The Nusselt number is also lowest
for Cu/water nanofluid, while SiO2/water nanofluid provides the highest value of
Nusselt number. They reported that the pressure drop of nanofluids decreases with
volume fraction, expect for SiO2/water nanofluids in low mass flow rate. For SiO2/
water nanofluids, it was found that when the mass flow rate is 0.1 kg/s, the entropy
generation increases because SiO2 nanoparticles have the lowest density of
nanoparticles. Goudarzi et al. (2014) experimentally investigated the effect of the
pH variation on the efficiency of a new cylindrical solar collector using two dif-
ferent nanofluids, Al2O3–H2O and CuO–H2O. The experimental setup consists of a
cylindrical glass tube with the helical pipe as the receiver of the solar energy. The
experiments were performed using 0.1 wt% CuO and 0.2 wt% Al2O3 nanofluid
with different pH values and tested based on ASHRAE standard. They found that
the differences between the pH of nanofluid and the pH of isoelectric point
(IEP) caused an increase in the thermal efficiency of the solar collector. It was also
observed that for the acidic condition (pH = 3), of CuO nanofluid (pHIEP = 9.5),
the efficiency increased by 52 % compared to nanofluid at pH 10.5. For Al2O3

nanofluid (pHIEP = 7.4) at basic condition (pH = 10.5), the efficiency of the col-
lector is obtained to be 64.5 % greater than that of the nanofluid at pH = 9.2. They
concluded that the effectiveness of the solar collector with Al2O3 nanofluid at the
primary condition and far from the isoelectric point was higher than that with CuO
nanofluid. Saleh et al. (2015) experimentally investigated the thermal efficiency and
performance characteristics of a flat plate solar collector using SiO2/ethylene glycol
(EG)–water nanofluids. Volume fractions up to 1 % and mass flow rate between
0.0018 and 0.0045 kg/s were considered for the study. They reported that when
there is an increase in nanofluid concentration from 0 to 1 %, then it results in an
efficiency enhancement approximately between 4 and 8 %. It was observed that the
thermal efficiencies associated with concentrations of 0.75 and 1 % were very close.
The experimental data demonstrated that energy parameter decreases with an
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increase in the mass flow rate of nanofluid. Said et al. (2015) executed the energy
and exergy efficiency analysis of a flat plate solar collector using controlled pH for
Al2O3–H2O nanofluid both theoretically and experimentally. The effect of mass
flow rate, nanoparticle volume fraction, and the effect pH on the exergy and energy
efficiency of the collector were examined. Stability of nanofluid was obtained by
controlling the pH of the solution over a period of 30 days. It shows that in contrast
with water as the working medium, nanofluid efficiency was enhanced up to 83.5 %
for the first law for 0.3 % v/v and 1.5 kg/min. The second-law efficiency had
enhanced up to 20.3 % for 0.1 % v/v and 1 kg/min. They noted that the increased
volume flow rate can strengthen the effectiveness of the system, but the exergy
efficiency decreases. The thermal efficiency of the system was found to be more
than 50 % compared to the existing system. Eshan et al. (2015) experimentally and
numerically investigated the optimization of exergy efficiency of a nanofluid-based
solar collector using Al2O3 nanoparticles in water as a base fluid. Collector area and
tilt angle are assumed to be constant. The effect of different parameters such as mass
flow rate of liquid, collector inlet fluid temperature, solar radiation, ambient tem-
perature, and nanoparticle volume concentration on the collector exergy was
investigated. The procedure to determine the optimum value of nanoparticle volume
concentration, mass flow rate of fluid, and collector inlet fluid temperature for
maximum exergy delivery had been developed by applying the interior-point
method for constrained optimization under a given condition. It shows that each of
the parameters can differently affect the collector exergy. Optimization result
indicates that under actual constraints, in both pure water and nanofluid cases of
working fluids on solar collector, efficiency had increased about 0.72 %. The
corresponding optimized values of mass flow rate and collector inlet fluid tem-
perature are decreased about 67.8 and 1.9 %, respectively. Said et al. (2015) ana-
lyzed numerically and experimentally the use of TiO2–water nanofluid as a working
fluid for enhancing the performance of flat plate solar collector. The volume fraction
of nanoparticles of 0.3 and 0.1 % and mass flow rate of nanofluid varied from 0.5 to
1.5 kg/min were studied. They found that thermal conductivity is enhanced up to
6 % with 0.3 vol% of TiO2. They reported that the viscosity increases with particle
loading and reduces with rising temperature. Energy efficiency and exergy effi-
ciency were observed to be 76.6 and 16.9 % for 0.1 vol and 0.5 kg/min, respec-
tively, with respect to water. Using TiO2 nanofluid in the solar collector, it was
found to have higher energy and exergy efficiencies than water.

2.2 Direct Absorption Solar Collector

Otanicar and Golden (2009) determined the environmental and economic effects of
using nanofluids to enhance solar collector efficiency as compared with conven-
tional solar collectors for domestic hot water systems. For the current cost of
nanoparticles, the nanofluid-based solar collector was found out to have slightly
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higher payback period but has the same economic savings as compared to the
conventional solar collector. A nanofluid-based collector has a lower embodied
energy 9 % and approximately 3 % higher levels of pollution offsets than a typical
collector. The solar-weighted absorption coefficient for fluid’s baseline capacity for
absorbing solar energy had investigated. Results showed that water is the best
absorber among the four tested liquids, namely water, EG, propylene glycol, and
therminol VP-1. Tyagi et al. (2009) theoretically studied the capability of using a
non-concentrating direct absorption solar collector (DASC) and investigated its
performance with that of a conventional flat plate collector. In this research, a
nanofluid mixture of water and aluminum nanoparticles was used as the absorbing
medium. According to the results, the efficiency of a DASC using nanofluids as the
working fluid is up to 10 % higher than that of pure water in a flat plate collector.
Otanicar et al. (2010) investigated the use of nanofluid-based in direct absorption
solar collectors. They found that mixing nanoparticles in a liquid dramatically
affects the liquid thermophysical properties, such as thermal conductivity.
Nanoparticles can improve the radiative properties of fluids and increase the effi-
ciency of DASC. The experimental results were obtained from solar collectors
based on the nanofluids from various nanoparticles such as carbon nanotubes,
graphite, and silver. They demonstrate efficiency improvements of up to 5 % in
solar thermal collectors by utilizing nanofluids as the absorption mechanism. The
experimental and numerical evaluation shows that the efficiency increases rapidly
initially with volume fraction and then gets stabilized as the volume fraction con-
tinues to grow. The addition of small amounts of nanoparticles results in a rapid
enhancement in the efficiency from the pure fluid case until a volume fraction of
approximately 0.5 %. With 20-nm silver particles, an efficiency improvement of
5 % can be achieved as shown in Fig. 4. As shown in figure, reducing the particle
size further leads to an even greater enhancement in efficiency through the
dependence of the optical properties on particle size.

Taylor et al. (2011) theoretically and experimentally investigated the optical
property characterization of different nanoparticles such as silver, copper, graphite,
aluminum, and gold suspended in water and therminol VP-1 as the base fluids in
DASC. To determine the optical property of nanofluids, modeling and measurement
techniques was used. For different concentrations of aqueous graphite nanofluids,
extinction coefficients were studied by using experimental and modeling methods.
They obtained a nanofluid that could absorb approximately 95 % sunlight with very
low nanoparticle volume fractions of 10 ppm. So nanofluid could be used to absorb
sunlight with a small amount of viscosity and density. They concluded that energy
absorption for nanoparticles was at shorter wavelengths and for the base fluids at
longer wavelengths. Taylor et al. (2011) reported that power tower solar collectors
could benefit from the potential efficiency improvements that arise from using a
nanofluid as a working fluid. A notional design of this type of nanofluids receiver
was presented. Using their design model, they had shown a 10 % increase in
theoretical nanofluid efficiency compared to that of surface-based collectors when
solar concentration ratios range from 100 to 1000. Experiments on laboratory-scale
nanofluid dish receiver suggest that up to 10 % increase in efficiency is possible
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under optimal operating conditions. Khullar and Tyagi (2012) examined the
potential of the nanofluid-based concentrating solar water heating system to the
existing systems based on fossil fuels. The paper presented a quantitative assess-
ment to assess the potential environmental benefits that could be obtained from the
nanofluid-based concentrating solar water heating system to that obtained using
fossil fuels. Their analysis revealed that considerable emission reductions by
approximately 2.2103 kg of CO2/household/year and fuel savings can be obtained
by using nanofluid-based concentrating solar water heating system. Saidur et al.
(2012) analyzed the effect of using nanofluids as working fluid on the DASC. The
extinction coefficients of water-based aluminum nanofluids were evaluated under
different nanoparticle sizes and volume fractions. Aluminum nanoparticles showed
the highest extinction coefficient at a short wavelength and a peak of 0.3 mm, and at
the visible and shorter wavelength region, these nanoparticles can be used to
increase the light absorption ability of water. Particle size shows minimal influence
on the optical properties of nanofluids, whereas extinction coefficient is linearly
proportionate to volume fraction. Although the extinction coefficient of nanofluids
was independent of the nanoparticle size, they should be controlled to below
20 nm. The transmissivity of light is valued between nanofluids and pure
water-based fluid. The improvement was promising only with 1.0 % volume

Fig. 4 Collector efficiency as
a function of silver
nanoparticle diameter—
squares bulk properties;
circles size-dependent
properties—and volume
fraction (Otanicar et al. 2010)
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fraction; the nanofluids were almost opaque to a light wave to the rest of volume
fraction. A volume fraction of 1.0 % shows satisfactory improvement to solar
absorption; therefore, they concluded that the aluminum nanofluids were meant to
be a real solution for direct solar collector compared with the others.

Kundan and Sharma (2013) performed experimental work on performance
evaluation of a DASC using CuO–H2O nanofluid. They found that by using CuO
nanofluids in DASC efficiency enhancement was of the order of 4–6 %. With
0.005 % volume fraction possess 2–2.5 % of efficiency improvement than 0.05 %
volume fraction, when compared to water. Enhancement of effectiveness is due to a
subtle particle size that enhances the absorption capacity of nanofluids. He et al.
(2013) prepared Cu–H2O nanofluids through a two-step method. The transmittance
of nanofluids is over the solar spectrum (250–2500 nm). Factors—such as particle
size, mass fraction, and optical path—influencing transmittance of nanofluids were
investigated. The extinction coefficients were measured experimentally compared
with that of theoretically calculated value. The photothermal properties of nano-
fluids were studied. The transmittance of Cu–H2O nanofluids is considerably less
than that of deionized water. Also, it decreases with increasing nanoparticle size,
mass fraction, and optical depth. The highest temperature of Cu–H2O nanofluids
(0.1 wt%) can be up to 25.3 % compared with deionized water. The good
absorption ability of Cu–H2O nanofluids for solar energy indicates that it is suitable
for direct absorption solar thermal energy systems. Ladjevardi et al. (2013)
experimentally and numerically studied the performance of DASC by using dif-
ferent diameter and volume fraction of graphite nanoparticles. Here for every case,
the efficiency of solar receivers in the absorption of solar energy, irradiation
spectrum distribution, impacts on the harvested solar energy, and irradiation energy
level versus the depth of flow have been studied and compared. They used
numerical code to solve radiative transfer equation along with momentum, and
mass and energy equations are solved together for simulating the operating char-
acteristics of direct absorption solar collector. It is seen that increase in graphite
nanoparticle diameters from 50 to 300 nm enhances the extinction coefficient from
around 0.4–10 in UV and visible ranges. It states that increase in nanoparticle
concentrations increases collector output temperature and volume fraction around
0.00025 %. The rises in the outlet temperature from 0.27 to 0.915 was compared to
pure water that lead to an increase in cost around 0.045$/L. Verma and Kundan
(2013) investigated the effect of Al2O3–H2O-based nanofluids experimentally as an
absorbing medium in DASC as shown in Fig. 5. The volume fractions of Al2O3

nanoparticles used were 0.005 and 0.05 %, respectively. They calculated the effi-
ciency of the collector for different mass flow rates (60, 80, and 100 ml/h) of the
nanofluid. They found that the collector efficiency increased by 3–5 % when the
nanofluid used was compared to mere water. They also concluded that the collector
efficiency depended on the size, shape, and the volume fraction of nanoparticles.

Parvin et al. (2013) numerically investigated the heat transfer performance and
entropy generation of forced convection through a DASC using Cu–water nanofluid
as working fluid. Various Reynolds number (Re) and solid volume fraction (Ø) was
considered for the temperature and heat flux fields as well as heat transfer rate. The
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percentage of collector efficiency, mean entropy generation, and Bejan number of
the fluids through the collector was analyzed. It had found that the structure of
isotherms and heatlines through the solar collector depends upon Re and Ø. The Cu
nanoparticle with highest Re and Ø = 3 % is established to be most effective in
enhancing the performance of heat transfer rate, and it enhances with a variation of
Re and Ø. Collector efficiency increases more than two times with two times for
increasing Reynolds number and volume fraction. Bejan number approaches to 1
for Reynolds number variation. Hordy et al. (2014) quantitatively examined both
the long-term and high-temperature stability of plasma-functionalized MWCNT
nanofluids for wide concentration dispersed in water, ethylene glycol, propylene
glycol, and therminol VP-1 for use in direct solar absorption. They reported
long-term room temperature stability currently tested up to 8 months had been
demonstrated for glycol-based nanofluids, while gradual MWCNT agglomeration
had observed with water-based nanofluid because of polar nature of oxygen
functionalities. It was reported from the high-temperature test that no agglomeration
was found to occur at a temperature range from 85 to 170 °C for both the nano-
fluids. MWCNTs show 100 % solar energy absorption even at low concentrations
and small collection volume for various optical characterization of nanofluid.

Fig. 5 Direct absorption
solar collector (Verma and
Kundan (2013)
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Bandarra Filho et al. (2014) experimentally investigated the potential of silver
nanoparticles as direct sunlight absorbers for solar thermal applications under direct
sunlight without focusing, for 10 h. The result showed that thermal energy is
increased by 52, 93, and 144 % for silver particle concentrations of 1.62, 3.25, and
6.5 ppm, respectively, at peak temperature. They reported that nearly constant
specific absorption rate (SAR) *0.6 KW/g was obtained for the initial heating
period for nanofluid up to 6.5 ppm, but significantly decreases at higher concen-
trations. Luo et al. (2014) numerically investigated the performance improvement
of a DASC with nanofluids. A simulation model was designed by combining the
radiative heat transfer in particulate media with conduction and convection heat
transfer in the DASC collector to predict the photothermal efficiency. TiO2, AL2O3,

Ag, Cu, SiO2, graphite nanoparticles, and carbon nanotubes were dispersed into
base medium and used as nanofluids. It shows that nanofluid improved outlet
temperature and effectiveness by 30–100 K and by 2–25 % than the base fluid. The
photothermal efficiency of nanofluid with 0.01 % graphite and 0.5 % Al2O3 is
found to be 122.7 and 117.5 % to that of the coating absorbing collector. The low
loading can efficiently enhance the absorption of radiation from 200 to 2000 nm.
Zhang et al. (2014) studied the radiation properties of nanofluids systematically for
the first time by experimental and theoretical methods by varying particle material,
volume fraction, and optical path length. The extinction coefficients of the nano-
fluids have been obtained based on theoretical predictions and experimental
investigations. They found that at the volume fraction of 10 ppm, the extinction
coefficient of the nanofluid containing the Ni nanoparticles with an average size of
40 nm is higher than that containing the Cu nanoparticles. Nanofluid containing the
carbon-coated Ni (Ni/C) nanoparticles exhibits lower transmittance and higher
extinction coefficient, compared with the one containing the Ni nanoparticles with
the similar average size. The radiative properties of this Ni/C nanofluids increase
with the volume fraction of the nanoparticles. As the volume fraction rises to
40 ppm, the absorbed energy fraction by the Ni/C nanofluid reaches up to almost
100 % after that incident light only penetrates 1 cm.

Sadique and Verma (2014) performed an experimental study on the effect of the
nanofluid on the performance of a direct solar thermal collector. Three different
groups of nanofluids with water were considered—graphite sphere of 30 nm
diameter, carbon nanotube of 6–20 nm diameter, and silver sphere of 20 and 40 nm
diameters. They concluded that nanofluids could be used to absorb sunlight with a
negligible amount of viscosity and density increase. Liu et al. (2015) experimen-
tally and numerically studied high-temperature direct solar thermal collector using
graphene/ionic liquid, i.e., 1-hexyl-3-methylimidazolium tetrafluoroborate
([HMIM]BF4) nanofluids as the absorbers. A model was used to predict the tem-
perature of graphene/ionic liquid with various geometrical parameters and operating
conditions such as graphene concentration, heat transfer fluid (HTF) height, and
solar concentration. Based on the model, it was shown that the receiver efficiency
increases with receiver height and solar concentration but decreases with the gra-
phene concentration. An experimental setup was used to measure temperature
profiles of 0.0005 and 0.001 wt% of graphene in 1-hexyl-3-methylimidazolium
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tetrafluoroborate ([HMIM]BF4). For corresponding fluid height 7.5 cm and 3.8 cm,
the experimental results show good agreement with the numerical results. Gupta
et al. (2015) experimentally studied the effect of Al2O3–H2O nanofluid on the
efficiency of a DASC flowing as a thin film over the glass absorber plate as a direct
absorbing medium under outdoor condition. Three different nanofluid flow rates,
i.e., 1.5, 2, and 2.5 L/min at a volume fraction of 0.005 %, were considered.
The DASC efficiency and performance were compared with base fluid distilled
water. They found that collector efficiency enhancement of 8.1 and 4.2 % increased
with nanofluid at a mass flow rate of 1.5 and 2 L/min. In this study, optimum mass
flow rate of 2.5 L/min for water and 2 L/min for nanofluid leads to maximum
collector efficiency. Chen et al. (2015) performed experimental simulation of
photothermal conversion efficiency and specific absorption rate using ZnO, TiO2,

and Ag nanofluid at different concentrations. Under simulated sunlight, the effi-
ciency of silver nanofluid is 84.61 % after 5-min irradiation with a mass level of
80.94 ppm that was twice than water and much higher than the rest of nanofluid.
They found that after 5 min of irradiance time, both temperature and specific
absorption rate (SAR) decreased which show the effect of nanofluid as working
fluid was excellent from the start. The highest value of SAR reached is 827 W/g at
20.24 ppm of concentration during increasing period of irradiance time. Moradi
et al. (2015) investigated the utilization of carbon nanohorn-based nanofluids for a
DASC used in the civil applications numerically. In their work, a three-dimensional
model of the absorption phenomena in nanofluids within a cylindrical tube was
coupled with a CFD analysis of the flow and temperature fields were studied. They
also computed the heat losses due to the conduction, convection, and radiation at
the boundaries.

Cregan and Myers (2015) presented an approximate analytical solution to the
steady-state two-dimensional model for the efficiency of an inclined
nanofluid-based DASC. The model consists of a system of two differential equa-
tions. A radiative transport equation is describing the propagation of solar radiation
through the nanofluid and an energy equation for analytical progress. They intro-
duced an approximate power law function for the radiative flux. By using the
method of separation of variables, the resulting solution is used to investigate the
efficiency of the collector subject to variation in model parameters. In their study,
they included the wavelength-dependent absorption parameter and scattering due to
both the base fluid and nanoparticles. An approximation for reflectance and
absorptance due to the collector and its associated surfaces are computed. Gorji
et al. (2015) characterized optical properties of chemically functionalized SWCNT
aqueous suspensions in the application of DASC. Dispersion of functionalized CNT
nanofluids in deionized water was prepared by two methods, by treating it with
nitric and hydrochloric acid in the first method and nitric and sulfuric acid in the
second method. Their optical properties at room and elevated temperature were
measured and compared with the pristine carbon nanotube. Due to their increased
polarity, carboxyl-functionalized SWCNTs show better solubility than pristine
SWCNTs in water. They can bind hydrogen bonding with a polar solvent, and this
effect is more evident in the second method compared to the first method of treated

132 V. Sreenivasan et al.



SWCNTs. Optical characterization shows that functionalized carbon nanotube
nanofluids show remarkable stability for being left at room temperature for three
months and after undergoing thermal cycling. They concluded that compared with
pristine SWCNT nanofluids, functionalized SWCNT aqueous suspensions can
remarkably enhance radiation absorption of the spectrum without causing signifi-
cant agglomeration and particle settling.

2.3 Evacuated Tube Solar Collector

Lu et al. (2011) designed a unique open thermosyphon device utilized in
high-temperature evacuated tubular solar collectors. They investigated the thermal
performance of the open thermosyphon using water-based CuO nanofluids and
deionized water as working liquid using an indoor experimental setup. The effects
of base fluid type, mass flow rate, nanoparticle concentration, and temperature on
the effect of evaporating heat transfer characteristics in the open thermosyphon are
investigated and discussed. Substituting water-based CuO nanofluids for water as
the working fluid can significantly increase the thermal performance of the evap-
orator. Approximately 30 % increase in the evaporating heat transfer coefficients
compared with those of deionized water was observed. The mass concentration of
CuO nanoparticles has made a remarkable influence on the heat transfer coefficient
in the evaporation section. Also, the mass concentration of 1.2 % corresponds to the
optimal heat transfer enhancement shown in Fig. 6.

Liu et al. (2013) designed a novel evacuated tubular solar air collector integrated
with a simplified compound parabolic concentrator (CPC) and special open ther-
mosyphon using water-based CuO nanofluid as working fluid to provide air at
different temperature range. The maximum value and the mean value of the col-
lector efficiency with open thermosyphon by adopting nanofluids can increase by
6.6 and 12.4 %, respectively, as shown in Fig. 7. The maximum temperature of air
at outlet is about 170 °C for a volume flow rate of 7.6 m3/h in winter as shown in
Fig. 8. They concluded that solar collector integrated with open thermosyphon had
greater collecting performance than that incorporated with the conventional con-
centric tube.

Tong et al. (2015) analytically and experimentally evaluated the thermal per-
formance of the enclosed-type evacuated U-tube solar collector (EEUSC) with a
broad range of operating conditions. A MWCNT nanofluid was used as a working
fluid to increase the heat transfer efficiency in U-tube over the thermal resistance
offered by the air gap. The influence of the thickness of the air gap between the
copper fin and the absorber filled with filling liquid on the heat transfer efficiency
was also evaluated. They reported a 4 % increase in the ability of the EEUSC with
the use of the MWCNT nanofluid with 0.24 vol% concentration. Heat transfer
coefficient was about 8 % higher than that of water, mainly influenced by the air
gap. The conductance of filing material was found to be larger than 0.17 W/(m K).
They neither corrode the copper tube nor increase the cost. From the environmental
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and economic point of concern, they concluded that the performance of collector
can significantly contribute to the mitigation of greenhouse effects. Thus, enabling
significant cost saving of 615 kg of coal yearly contributes to 1600 kg of CO2 and
5.3 kg of SO2, i.e., equivalent to the use of 50 solar collectors.

2.4 Parabolic Trough Collector

Risi et al. (2013) mathematically optimized and modeled the transparent parabolic
trough collector (TPTC) based on gas-phase nanofluids. A new method of solar
transparent parabolic trough collector (TPTC) which directly absorbs solar energy
using gas-based nanofluid as heat transfer medium was suggested and examined.
Also, a current composition of CuO and Ni (0.25 % CuO and 0.05 % Ni)
nanoparticles has been designed for complete absorption of the solar energy within
the receiver tube. Figure 9 shows the solar-to-thermal efficiency as a function of
nanofluid mass flow rate. Result shows that the maximum solar-to-thermal effi-
ciency increases up to a maximum value (62.5 %) with the rise in mass flow rate
and gradually decreases up to a value of 2.5 kg/s. Simulation showed that TPTC

Fig. 6 Effect of filling ratio
on evaporating
high-temperature collector
(Lu et al. 2011)
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solar-to-thermal efficiency is 62.5 % at 650 °C outlet temperature and 0.3 %
nanoparticle volume concentration.

Sokhansefat et al. (2014) investigated the effect of Al2O3 nanoparticle concen-
tration in the synthetic oil on the rate of heat transfer from the absorber tube in
parabolic trough collector (PTC) under turbulent-mixed convection flow. Here,
numerical study is validated with standard experimental cases. Studies were per-
formed to determine the heat transfer coefficient for various nanoparticle concen-
trations (<5 % in volume) at the operational temperatures of 300 and 400 K
presented along axial and circumferential directions. They found out that the pres-
ence of nanoparticle enhanced their heat transfer coefficient, and it increases with
increases in the concentration of nanoparticles in base fluid. For a given Reynolds
number, heat transfer coefficient decreased as the operational temperature of the
absorber tube is increased. The maximum heat transfer coefficients obtained at the
left and right sides of the tube, i.e., h = 310 and 210. They concluded that the use of a
nanofluid in PTC could minimize the environment impact and improve heat transfer,
which directly reduces the need for the heat exchanger and heat transfer area of tubes.

Kasaeian et al. (2014) experimentally designed and manufactured solar trough
collector for global collector efficiency, using multi-walled carbon nanotube

Fig. 7 Solar collecting
efficiency under different
operating temperatures (Liu
et al. 2013)
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oil-based nanofluid as a working medium. Here, the time constant and optical and
thermal efficiency of four different kinds of receiver tubes with different coating are
used. They are black painted vacuumed steel tube, copper tube with black chrome
coating, a vacuumed copper tube with black chrome coating, and a glass encircled
non-evacuated copper tube with black chrome coating has been analysed and
compared. All the operating conditions were tested according to ASHRAE stan-
dard. Results showed that the copper absorber tube coated with black chrome has
the highest absorptivity 0.98 and thermal conductivity, and their global efficiency is
11 % greater than standard absorber tube. Their optical and thermal efficiencies are
0.61 and 0.68, respectively, for vacuumed copper absorber tube. With 0.2 and
0.3 %, MWCNT/mineral oil nanofluid efficiency was enhanced by 4–5 and 5–7 %.
They concluded that using MWCNT/mineral oil nanofluid effectively increased the
performance of high flux solar collector.

Sunil et al. (2014) experimentally studied the performance of a parabolic solar
collector using SiO2–H2O-based nanofluid. Experiments were conducted for nano-
fluid concentration of 0.01 and 0.05 %, and at different volume flow rates of 20, 40,
and 60 L/h. Here, the surfactants are not used; here, they use an ultrabath sonicator to
enhance the stability and dispersion of nanoparticles in water. They found at a

Fig. 8 Evaporating HTC of
water in thermosyphon under
different operating
temperatures (Liu et al. 2013)
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particular volume concentration of 0.05 % and volume flow rate of 20, 40, and 60 L/h
the performance was high. The maximum temperature rises, and maximum overall
thermal efficiency is found to be 63.9, 63.2, and 65.4 °C and 7.4, 7.73, and 7.83 %,
respectively at volume concentration of 0.05 %.

Jafar and Sivaraman (2014) experimentally studied the heat transfer, friction
factor, and pressure drop characteristics of Al2O3/water nanofluids. Nanofluid
passed through the receiver with nail twisted tape of two different twist ratios of
y = 2.0 and 3.0, at a particle volume concentration of 0.1 and 0.3 % under laminar
flow condition. The use of nanofluid enhances the heat transfer coefficient with no
significant pressure drop compared to water. Twisted tape inserts result in pressure
drop due to the increase of the disturbance in the laminar layer of the boundary
layer. They found that the maximum Nusselt number was observed to be around
16 % when nanofluid is 0.3 % of volume concentration in a plain tube. The highest
enhancement in Nusselt number is about 20 % when nanofluid with 0.3 % volume
concentration is used with nail twisted tape tube.

Mwesigye et al. (2015) numerically investigated the thermal and thermodynamic
performance of a parabolic trough receiver with a rim angle of 80° and concen-
tration ratio of 86 using synthetic oil–Al2O3 nanofluid with the entropy generation
minimization method. Here, nanoparticle volume fractions vary from 0 to 8 %, and
Reynolds number varies from 3,560 to 1,151,000. They reported that using

Fig. 9 Solar-to-thermal
efficiency as a function of
nanofluid mass flow rate (Risi
et al. 2013)
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nanofluid improves the thermal efficiency of the receiver by up to 7.6 % at lowest
temperature and flow rate considered. Use of nanofluid enhanced the heat transfer
by up to 76, 54, and 35 % as volume fraction increases from 0 to 8 %, 0 to 6 %,
and 0 to 4 %, respectively. From the analysis, it is concluded that optimal Reynolds
number was obtained for which entropy generation at receiver is minimum, and it
decreases as volume fraction increases. From observations, there is Reynolds
number beyond which the use of nanofluids makes no thermodynamic sense.

2.5 Concentrated–Parabolic Solar Collector

Khullar et al. (2010) performed theoretical and numerical investigation on the
application of nanofluids as the working fluid in concentrating parabolic solar
collectors using Al–water-based nanofluid as the working medium. The study was
conducted to solve the equations numerically using finite difference method tech-
nique. To achieve the desired output temperature, the effect of various operating
criteria such as receiver length, fluid velocity, concentration ratio, and the volume
fraction of nanoparticles is taken into consideration. It showed that in terms of
higher outlet temperatures, optical and thermal efficiency under similar working
conditions, using nanofluid as a working fluid, showed better performance as
compared to the conventional collector. They concluded that the inclusion of alu-
minum nanoparticles into the base fluid (water) significantly improves its absorp-
tion characteristics.

Vishwakarma et al. (2012) modeled the novel vapor absorption air-conditioning
system (VACS). They studied the concept of nanofluid-based DASC for space
cooling application for approximately 100 tons of refrigeration for both hourly
variation in sunlight and seasonal changes for temperate climate conditions. Five
types of nanoparticle volume fractions were used, i.e., 0.04, 0.03, 0.01, 0.005, and
0.001 %, respectively, and three nanoparticle sizes are 5, 15, and 40 nm. They
found that nanofluids-based concentrated parabolic solar collector (NCPSC) was
having higher efficiency compared to conventional parabolic trough solar collector.
They concluded that the COP of the VACS kept on increasing with increase in
collector outlet temperature as shown in Fig. 10. The NCPSC had the potential to
offer high temperature, while maintaining greater efficiency, and hence, potentially
can provide a sustainable and alternative way of providing air-conditioning.

Lenert et al. (2012) integrated a model and experimentally studied to optimize
the efficiency of liquid-based solar receivers seeded with carbon-coated absorbing
nanoparticles. They experimentally investigated a cylindrical nanofluid volumetric
receiver. The efficiency was observed to be increasing with increase in solar con-
centration and nanofluid height and was a good agreement with varying optical
thickness of the nanofluids with the model. Receiver-side efficiencies were pre-
dicted to exceed 35 % when nanofluid volumetric receivers are attached to their
power cycle. These side efficiencies were optimized with respect to their solar
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exposure time and optical thickness. Their study provides an important aspect of
using nanofluids as volumetric receivers in concentrated solar applications.

Khullar et al. (2013) examined the nanofluid-based concentrating parabolic solar
collector (NSPSC). The results of the model obtained were compared to that of
experimental results of conventional parabolic solar collectors operating under same
operating conditions. Aluminum nanoparticle with 0.05 volume fraction suspended
in therminol VP-1 as a base fluid was used for analysis. While maintaining same
external conditions, the thermal efficiency of NCPSC compared to a conventional
collector is about 5–10 % higher under the same weather conditions. It indicated that
the nanofluid-based concentrating parabolic solar collector has the potential to utilize
solar radiant energy in a more efficient manner to that of the conventional parabolic
trough. They observed that for getting the desired output in terms of thermal effi-
ciency and maximum outlet fluid temperatures, shape, size, and material need to be
optimized. They concluded that harvesting solar radiant energy into a commercial
reality mathematical analysis needs to be validated by experimentation.

Fig. 10 Graph between COP
and collector outlet
temperature (Vishwakarma
et al. 2012)
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2.6 PV/T Collectors

Kabeel and Said (2013) modeled an integrated system using flashing desalination
technique coupled with nanofluid-based collector as a heat source to investigate the
effect of different operating modes. They also studied the variation of functioning
parameter and weather condition on freshwater production. Thermal properties of
the collector are improved by using different concentrated nanoparticles, and eco-
nomic analysis is also conducted to determine the final cost of water production.
Schematic setup of the commercial multi-stage flashing (MSF) shown in Fig. 11
can be applicable for daily freshwater productivity up to 7.7 L/m2/day. They
analyzed the cost of potable water to be about 11.68US $/m3. Freshwater pro-
duction cost decreases with increase in solar collecting area and optimum solar
water heater collecting area that gives higher productivity and low cost equal about
3.54 m2. They concluded that increase in collecting the area of solar water heater
could reduce the water production cost by 63.3 % with an increase in the fixed
capital cost of 87 %.

Fig. 11 Schematic diagram
of small-scale single-stage
flash (SSF) system (Kabeel
and Said 2013)
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Michael and Iniyan (2015) experimentally studied the performance of novel
photovoltaic–thermal (PV\T) collector, constructed by laminating copper sheet
directly to silicon cell. By this process, they reduce the heat resistance and its
performance was further improved by using copper oxide–water nanofluid. Various
characterizations were performed using CuO/water nanofluid at a small concen-
tration of 0.05 % compared to that of water at a fixed mass flow rate of 0.01 kg/s.
The analysis shows the effect of higher thermal conductivity of nanofluid on the
electrical performance and thermal performance of the PV/T collector. The lower
electrical performance was observed in the PV/T collector using nanofluid when
compared to water due to higher temperature of the PV/T collector as shown in
Figs. 12 and 13. They attributed the reason as higher thermal conductivity of
nanofluid and higher outlet temperature of CuO/water nanofluid are partly attri-
butable to the slightly lower Reynolds number and higher viscosity compared to
water. They found that nanofluid had enhanced the thermal efficiency up to
45.76 % to that of pure water. They concluded that PV/T collector can improve if
the heat exchanger is redesigned for the new nanofluid.

Fig. 12 Electrical power
output of the PV/T collector
(Michael and Iniyan 2015)

Nanofluids for Enhanced Solar Thermal Energy Conversion 141



3 Challenges of Utilizing Nanofluids

There are many challenges that engineers and researchers currently encounter in
terms of increasing overall performance of systems including sustainable increase
in efficiency, reliability, durability, safety for different operating parameters, and
decrease in the overall costs, size, and weight. From the hypothetical perspective,
using nanofluid is definitely beneficial with respect to improvement in rate of heat
transfer of the system. However, on the contrary, it has some disadvantages when
compared to base fluid as reported in the literature on nanofluids. The problems
include increased pressure drop and pumping power due to viscosity factor, lower
specific heat (Said et al. 2015), and decreased stability of nanoparticles suspension
with time (Saidur et al. 2011). Also, the method and cost involved in the preparation
of nanofluids is an area of concern where advanced and sophisticated equipment is
required for characterization.

Fig. 13 Top glass layer
temperature of the PV/T
collector (Michael and Iniyan
2015)
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4 Future Directions

To account for the use of nanotechnology to overcome future energy challenges,
there are several practical issues that need to be solved such as particle migration,
Brownian motion of particle, varied thermophysical properties with temperature,
particle agglomeration, and change of nanofluid properties with the addition of
surfactants (Saidur et al. 2011). Studies on the physical and chemical surface
interactions between the nanoparticles and base fluid molecules to understand the
mechanisms of enhanced flow and thermal behavior of nanofluids are incomplete.
Development of new experimental methods for characterizing and understanding
nanofluid behavior in the laboratory scale is scarce. Development of collector with
different fluid flow geometries utilizing nanofluid as a working fluid was not yet
reported. Lack of studies on optical properties of nanofluid in the solar collector to
use a direct absorber and other features needs attention expect that much infor-
mation is available only on the determination of thermal conductivity. Improving
the theoretical understanding of the behavior of complex nanofluids has even
broader impact in this field of research.

5 Conclusions

Application of nanotechnology has a high potential for solar energy conversion and
highly suitable for domestic hot water and process heating systems. Because
properties of nanofluids are unique, due to a smaller size and larger surface area,
they make a massive evolution in different thermochemical and photocatalytic
applications. Therefore, nanotechnology shows higher potential for engineering
applications related to heat transfer by increasing the energy performance and
decreasing energy losses. In specific to solar thermal conversion devices, nan-
otechnology can be used in coatings, fluid dispersions, and storage media. They
provide alternative ways for engineers to develop highly efficient green devices.
Despite the fact that optical properties of nanofluid change with an increase in
concentration, these fluids had a considerable impact on the performance of
non-direct collector. Indirect absorber solar collector due to change in optical
properties of base fluid such as transmittance and extinction coefficient leads to a
significant improvement in the energy collection per unit area. The critical chal-
lenges for the use of nanofluids in solar systems comprise high cost of production,
agglomeration problems, instability, increased pumping power, and erosion that had
reported in the literature. Such type of issues would eventually be overcome shortly
with the development of nanotechnology. Optimization and modeling of
nanotechnology-based thermochemical and photocatalytic applications with dif-
ferent materials are still scared.
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Thin Film Hydrodynamic Bearing
Analysis Using Nanoparticle Additive
Lubricants

T.V.V.L.N. Rao, A.M.A. Rani, S. Sufian and N.M. Mohamed

Abstract Analysis of thin film lubrication of (i) nanoparticle additive three-layered
journal bearing lubricated with Newtonian fluid, (ii) nanoparticle additive three-
layered journal bearing lubricated with couple stress fluid, (iii) Newtonian fluid
lubricated partial slip slider bearing with electric double layer, and
(iv) porous-layered carbon nanotubes (CNTs) additive Newtonian fluid lubricated
slider bearing with electric double layer are presented. The analysis of three-layered
journal bearing with nanoparticle additives incorporates Reynolds boundary con-
ditions to predict load capacity parameter and coefficient of friction. The load
capacity parameter increases for thick, high-viscosity fluid film layers and
nanoparticle additive fluid film. Coefficient of friction is reduced for high viscosity
surface adjoining layer. Stokes microcontinuum theory is used in the analysis of
couple stress fluids in a three-layered journal bearing lubricated with nanoparticle
additives. A three-layered journal bearing using couple stresses fluids with
nanoparticle additives increases nondimensional load capacity and decreases
coefficient of friction. A slider bearing with partial boundary slip and electric double
layer leads to an increase in apparent viscosity of lubricant and hence load carrying
capacity in thin film lubrication. A parallel slider bearing with partial slip on
bearing and electric double layer increases the bearing load capacity. The flow of
lubricant with CNT additives in a slider bearing in thin film and porous layers with
electric double layer is governed by Stokes and Brinkman equations, respectively,
including electrokinetic force. The nondimensional load capacity of slider bearing
increases with decrease in permeability and increase in thickness of porous layer as
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well as increase in both electro-viscosity and CNT additives volume fraction. A thin
film slider bearing using CNT additive lubricants with porous and electric double
layer provides higher load capacity.

Keywords Slider and journal bearing � Load capacity � Coefficient of friction �
Couple stress fluids � Porouslayer � Electric double layer � CNT additive lubricants

Nomenclature
aa, a Radii of aggregate and primary CNT
ah Nondimensional slider bearing slope parameter; ah ¼ 1� h2
A Nondimensional slip coefficient
cwf Load capacity parameter, friction coefficient parameter
Cf Friction coefficient
C Journal bearing radial clearance, m
D Fractal index of nanoparticles
f Friction force in journal bearing, N; F ¼ fC=lf ujRL
h Film thickness, m; H ¼ h=h1 for slider bearing, H ¼ h=C for journal

bearing
h1; h2; h0 Film thickness at inlet and outlet of slider bearing and reference film

thickness, m
k Permeability of the porous layer, m2; K ¼ k=h21
Ls Slider bearing length, m
L Slider bearing width, journal bearing length, m
p Pressure distribution, N/m2; P ¼ ph21=lf ujL for slider bearing,

P ¼ pC2=lf ujR for journal bearing
r Aspect ratio of CNT
R Journal radius, m
uj Shaft speed, m/s; uj ¼ xR
w Static load, N; W ¼ wh21=lf ujL

2Ls for slider bearing,
W ¼ wC2=lf ujR

2L for journal bearing
We;W/ Nondimensional load capacity for journal bearing in radial and

tangential directions
x Coordinate along sliding (x) direction, m; X ¼ x=L for slider bearing,

h ¼ x=R for journal bearing
Xs Nondimensional slip length in slider bearing
y Coordinate along radial direction, m; Y ¼ y=h for slider bearing,

Y ¼ y=C for journal bearing

Greek letters
α Slip coefficient; A ¼ alf =h1
ba; be0; be Nondimensional apparent viscosity, electro-viscosity, and reference

electro-viscosity, respectively; ba ¼ la=lf , be0 ¼ f2e2de
2
0

lf kih
2
0
, be ¼ be0

ho
h1

� �2
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Βnf, βsc Nano to base fluid and surface to core layer dynamic viscosity ratios,
respectively; bn ¼ ln=lf , bsc ¼ ls=lc

βd Nondimensional constant charge density; bd ¼ qdh
2
1=fedeo

γ Journal/bearing surface fluid film layer thickness ratio; c ¼ hs
h

Δ Journal/bearing surface adsorbent fluid film layer thickness; D ¼ d
C

δ Porous layer thickness, m; Δ = δ/C
ε Eccentricity ratio of journal bearing
ed Dielectric permittivity
e0 Vacuum permittivity, F/m
f Zeta potential on the surface, V
la; le Apparent viscosity and electro-viscosity, respectively, Ns/m2

ln; lf Nano and base fluid viscosity, Ns/m2

ls; lc Surface and core layer viscosity, Ns/m2

g Couple stress material constant, kg m/s
ji Inverse Debye length, 1/m; Ki ¼ jih1
ρd Constant charge density, C/m3

λ Couple stress parameter; k ¼ ffiffiffiffiffiffiffiffi
g=l

p� �
=C

ki Specific conductance, S/m
ϕ Nanoparticles volume fraction
ϕa, ϕm Aggregate and maximum volume fraction of nanoparticles
h Coordinate in angular direction measured from maximum film thick-

ness in journal bearing
hr Extent of film rupture measured in angular direction for journal bearing
s Shear stress in journal bearing, N/m2; P ¼ sC=lf U
x Journal bearing angular velocity, rad/s

1 Three-Layered Journal Bearing Analysis Using
Nanoparticle Additive Lubricants

Analysis of journal bearing with three-layered film using nanoparticle additive
lubricants is presented. The three fluid film layers in journal bearing are assumed to
be Newtonian. The analysis of three-layered journal bearing is presented based on
the theory of composite-film bearings and takes into account of fluid film layer’s
thickness and viscosity of nanoparticle additive fluid. Nondimensional pressure
distribution is obtained from integration of modified Reynolds equation using
Reynolds boundary conditions. Load capacity parameter and coefficient of friction
are analyzed with surface absorbent layer’s thickness ratio (γ), dynamic viscosity
ratio of surface layer to core layer (βsc), and volume fraction of nanoparticles (ϕ).
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1.1 Thin Film Lubrication

Fluid film properties and structure significantly influence thin film hydrodynamic
lubrication. In thin film lubrication (TFL), effective viscosity of adsorbed layer at
the surfaces under relative motion is much greater than the bulk Newtonian vis-
cosity. The adsorbed molecular layer thickness and viscosity are the most critical
factors in thin film lubrication. Tichy (1995) and Qingwen et al. (1998) studied the
effect of lubricant molecular structure and developed thin film model of solid
surfaces adhered high viscosity layer. Based on thin film lubrication analysis, as
viscosity and thickness of adsorbed layer at solid surfaces increases, results indicate
increase in load capacity and decrease in coefficient of friction. Meurisse and
Espejel (2008) also presented a generalized Reynolds equation for a three-layered
film model.

Analysis of journal bearing load capacity and friction coefficient in three-layered
film is influenced by dynamic viscosity of fluid film. Szeri (2010) investigated
composite film configuration for increase in load capacity (high viscosity lubricant)
and decrease in friction (low viscosity lubricant). The composite film journal
bearing consists of higher and lower viscosity fluid layers adjacent to bearing
surface and journal surface, respectively. Nabhan et al. (1997) also investigated
binary fluid film (oil-in-water) lubricated hydrodynamic journal bearing.

1.2 Nanoparticle Additive Lubricants

Nanoparticle additive lubricants increase the load capacity of fluid film bearings due
to increase in lubricant viscosity. Shenoy et al. (2012) presented the influence of
API-SF engine oil with nanoparticle additives on the characteristics of an externally
adjustable statically loaded fluid film bearing. Nair et al. (2009) presented char-
acteristics of statically loaded journal bearing operating lubricants with nanoparticle
additives. Babu et al. (2012) presented the effect lubricants with nanoparticle
additives on static and dynamic characteristics of journal bearing. The commercial
lubricant with copper oxide, cerium oxide, and aluminum oxide nanoparticles is
used in the analysis. Viscosity models for nanoparticle additive lubricants were
developed using the available experimental data.

Theory on viscosity of nanofluids suggested by Einstein (1906) based on dilute
suspended spherical particles in viscous fluids. Einstein’s pioneering formula is
valid for spherical particles with low nanoparticle volume fraction. Brinkman
(1952) contributed to extend the Einstein equation considering the effect of mod-
erate spherical nanoparticle suspensions in viscous fluids. Batchelor (1977) pro-
posed second order formula for the viscosity of nanofluids considering Brownian
motion effect of spherical nanoparticle additives and their interactions. Both these
models (Brinkman 1952; Batchelor 1977) predict viscosity of nanoparticle sus-
pensions from the base fluid viscosity and volume fraction of nanoparticles. Krieger
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and Dougherty (1959) derived the shear viscosity equation considering particle
concentrations. Chen et al. (2007) derived Modified Krieger and Dougherty
equation to predict high shear viscosity of nanofluids based on aggregate
nanoparticle structure considering the effects of variable packing fraction. Chen
et al. (2007) presented classification of nanofluids into (i) dilute (0 < ϕ ≤ 0.001),
(ii) semi-dilute (0.001 < ϕ ≤ 0.05), (iii) semi-concentrated (0.05 < ϕ ≤ 0.1), and
(iv) concentrated (ϕ ≥ 0.1) depending on nanoparticle concentration and structure.
Duangthongsuk and Wongwises (2009) proposed correlations for thermal con-
ductivity and viscosity of nanofluids based on experimental results. The viscosity of
nanofluids (i) decreases significantly with increasing temperature and (ii) increases
with increasing particle volume concentration. Hosseini et al. (2010) presented an
empirical model of viscosity of nanoparticle suspensions based on dimensionless
groups. The empirical model of viscosity of nanofluid was derived from viscosity of
the base liquid, particle volume fraction, particle size, properties of the surfactant
layer, and temperature. Hosseini et al. (2011) reviewed formulae and correlations
about thermal conductivity, viscosity, density, and specific heat of nanofluids.
Mahbubul et al. (2012) presented review of theoretical models of viscosity for
suspensions and described viscosity correlations for volume concentrations, tem-
perature, and particle diameter of nanofluids.

1.3 Nondimensional Pressure in Three-Layered
Journal Bearing

The journal bearing with three-layered configuration is shown in Fig. 1. The
adsorbent layer viscosity at surfaces in three-layered journal bearing is higher
than core layer. The bearing surface, core, and journal surface layers are modeled
using Newtonian fluids. A nanoparticle additive three-layered journal bearing
one-dimensional analysis is reported.

ω

Journal 
surface layer 

Journal 
Bearing 

Bearing 
Surface layer

εCore layer

WFig. 1 Three-layered journal
bearing
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The fluid dynamic viscosity of nanoparticle additives increases with increase in
volume fraction of nanoparticles. The dynamic viscosity ratio of spherical-shaped
nanoparticle additive lubricant based on Batchelor (1977) model is

bnf ¼
ln
lf

¼ 1þ 2:5/þ 6:5/2� � ð1Þ

The nondimensional pressure in nanoparticle additive three-layered journal
bearing for surface layer of higher dynamic viscosity than the core layer (bsc ¼ ls

lc
and lc ¼ ln) is

P 0� h� hrð Þ ¼ bnf
Dp

6
Zh

0

1
H2 dh� 12c0

Zh

0

1
H3 dh

0
@

1
A ð2Þ

where

Dp ¼
2c3 þ bsc 1� 2cð Þ3 þ 6c 1� cð Þ2
h i

bsc
ð3Þ

1.4 Three-Layered Journal Bearing Analysis

The parameters used in the analysis of three-layered journal bearing with
nanoparticle additive lubricant are as follows: eccentricity ratio (ε) = 0.2; surface to
core layer dynamic viscosity ratio (βsc = 2, 5, 10); journal or bearing surface
adjoining fluid layer thickness ratio (γ = 0.0001–0.4999); and volume fraction of
nanoparticles (ϕ = 0.0, 0.04). Results of load capacity parameter (cwf ) and coeffi-
cient of friction (Cf) are computed for different values of surface to core layer
dynamic viscosity ratio (βsc = 10, 100) and volume fraction of nanoparticles
(ϕ = 0.0, 0.04).

1.4.1 Load Capacity Parameter

The nondimensional load capacity is

W ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
W2

e þW2
/

q
ð4Þ
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where

We ¼ �
Zhr
0

P cos hdh and W/ ¼
Zhr
0

P sin hdh ð5Þ

The load capacity parameter (cwf ¼ bnf
Dp
) is expressed as the ratio of the nondi-

mensional load capacity of three-layered nanoparticle additive film to the base fluid
(uniform viscosity film without nanoparticle additives).

Figure 2a, b show the effect of journal or bearing surface adjoining fluid film layer
thickness ratio (γ = 0.0001–0.4999) on load capacity parameter (cwf ) for journal
bearing of three-layered film with nanoparticle additive lubricants. The influence of
surface layer of higher dynamic viscosity than core layer (βsc) on the load capacity
parameter is in the range of γ = 0.01–0.499 as shown in Fig. 2a. The surface film layer
thickness ratio (γ) and surface to core fluid film dynamic viscosity ratio (βsc) are
significant on the load capacity parameter. The load capacity parameter (cwf ) increases
with increase in surface to core fluid film (βsc = 10) dynamic viscosity ratio. From
Fig. 2b, it is observed that the load capacity parameter increases with nanoparticle
additive volume fraction (ϕ) by the magnitude of βnf given in Eq. (1).

1.4.2 Coefficient of Friction

The nondimensional shear stress for surface layer of higher dynamic viscosity than
the core layer (βsc) is expressed as follows:

Fig. 2 Load capacity parameter
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P ¼ bnf
Dp

3
H
� 6c0

H2

� �
þ bnf

bsc
2cþ bsc 1� 2cð Þ½ �

1
H

ð6Þ

The coefficient of friction is calculated as follows:

Cf ¼ R
C

� �
f
w
¼ F

W
ð7Þ

where the nondimensional friction force is expressed as follows:

F ¼
Zhr
0

Pdh ð8Þ

The variation of friction coefficient (Cf) with fluid surface layer thickness ratio
(γ) for a journal bearing of three-layered film with eccentricity ratio (ε) = 0.2 is
shown in Fig. 3a, b. The friction coefficient (Cf) is significantly decreased by
increase in surface to core fluid film dynamic viscosity ratio (βsc). The coefficient of
friction (Cf) decreases for a journal bearing with three-layered film in the range of
γ = 0.01–0.3 for journal/bearing surface layer of higher dynamic viscosity than the
core layer (βsc) = 10 as shown in Fig. 3a, b for eccentricity ratio ε = 0.2 and
ε = 0.4, respectively. Both nondimensional load capacity (W) and nondimensional
friction force (F) increase with nanoparticle additive volume fraction (ϕ) by the
magnitude of βnf given in Eq. (1). The friction coefficient (Cf) for a journal bearing
with three-layered film is not affected by addition of nanoparticles.

(a) ε=0.2 (b) ε=0.4

Fig. 3 Coefficient of friction
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2 Three-Layered Journal Bearing Analysis Using
Nanoparticle Additive Couple Stress Fluids

An analysis of load support and friction coefficient in a couple stress fluid lubricated
nanoparticle additive journal bearing with three-layered film is presented. The
nondimensional pressure and shear stress are presented. Modified Reynolds equa-
tion is solved using Reynolds boundary conditions to determine nondimensional
pressure distribution. The nondimensional bearing load capacity and friction
coefficient are analyzed for (i) journal/bearing surface adsorbent layer thickness (Δ);
(ii) surface to core dynamic viscosity ratio (βsc); (iii) volume fraction of nanopar-
ticles (ϕ); and (iv) couple stress parameter (λ).

2.1 Couple Stress Fluids

Lubricants with additives improve characteristics of hydrodynamic bearing. The
couple stress fluid theory is used to analyze the improvement in bearing perfor-
mance characteristics considering the effect of lubricant additives. Surface adsor-
bent layer with effective viscosity of adsorbed layer at the surfaces under relative
motion much greater than the bulk Newtonian viscosity improves the characteristics
of hydrodynamic bearing. Both adsorbent layer at journal/bearing surfaces and
lubricant additive effects (based on couple stress fluid model) have significant
influence in the analysis of hydrodynamic lubrication. Stokes (1966) derived couple
stress theory of fluids based on microcontinuum theory. Lin (1997) analyzed finite
journal bearing characteristics considering couple stress fluid theory. Mokhiamer
et al. (1999) computed the performance of couple stress fluid-lubricated compliant
finite journal bearings considering elastic deformation of liner. Li and Chu (2004)
carried out analysis of hydrodynamic journal bearing taking into account porous
layer and couple stress fluid models.

2.2 Nondimensional Pressure in Couple Stress Fluid
Lubricated Nanoparticle Additive Three-Layered
Journal Bearing

Rao et al. (2012) conducted investigations on the role of nanoparticle additive
couple stress fluids on the bearing load capacity and friction coefficient of a journal
bearing with three-layered film. Stokes microcontinuum theory is used in the
analysis of couple stresses effects. The nondimensional pressure profile in couple
stress fluid lubricated journal bearing with three-layered film along with nanopar-
ticle additives is given as follows:
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P ¼ bn

Zh

0

G1

G2
dh� Q

Zh

0

1
G2

dh

0
@

1
A ð9Þ

where

G1 ¼ 1
2
Dþ 1

2
F1 þF3ð Þ H � Dð Þ ¼ 1

2
H;

G2 ¼ 1
2

F2 þF4ð Þ H � Dð Þþ 1
12bsc

2D3 þ bs H � 2Dð Þ3
h i

� 1
bsc

2k2sDþ bsck
2
n H � 2Dð Þ	 
þ 2

bsc
2k3sH

�
1 þ bsck

3
nH

�
2

	 

;

F1 ¼ �E12E231

E11E22 � E12E21
; F2 ¼ E22E13 � E12E232

E11E22 � E12E21
;

F3 ¼ E11E231

E11E22 � E12E21
; F4 ¼ �E21E13 þE11E232

E11E22 � E12E21
;

E11 ¼ E22 ¼ bsc
D

þ 1
H � 2Dð Þ ; E12 ¼ E21 ¼ � 1

H � 2Dð Þ ;

E13 ¼ �ksH�
1 � knH�

2 þ
1
2

H � Dð Þ; E231 ¼ bsc
D

; E232 ¼ E13;

H�
1 ¼ coth

D
ks

� �
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D
ks

� �� �
; H�
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H � 2D

kn

� �
� csch

H � 2D
kn

� �� �
;

ks ¼ kffiffiffiffiffiffiffiffiffiffiffi
bscbn

p ; kn ¼ kffiffiffiffiffi
bn

p ; H ¼ 1þ e cos h ð10Þ

2.3 Couple Stress Fluid Lubricated Nanoparticle Additive
Three-Layered Journal Bearing Analysis

The parameters used in the analysis of a couple stress fluid lubricated journal
bearing with three-layered film and nanoparticle additives are as follows: eccen-
tricity ratio (ε) = 0.2; surface to core layer dynamic viscosity ratio (βsc = 2, 5, 10);
journal/bearing adsorbent layer thickness (Δ = 0.001–0.1); couple stress parameter
(λ = 0.01, 0.1); and nanoparticles volume fraction (ϕ = 0.0–0.04). The influence of
journal/bearing adsorbent layer thickness (Δ) and nanoparticles volume fraction (ϕ)
on the nondimensional bearing load capacity and friction coefficient is investigated.
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2.3.1 Load Capacity

The nondimensional load capacity is calculated using Eq. (4). The variation of
nondimensional load capacity (W) of nanoparticle additive couple stress fluid
lubricated three-layered journal bearing is shown in Fig. 4a, b. The nondimensional
load capacity (W) is presented with variation in journal and bearing surface
adsorbent fluid film layer thickness (Δ) (Fig. 4a) and volume fraction of nanopar-
ticles (ϕ) (Fig. 4b). As shown in Fig. 4a, it is observed that the nondimensional load
capacity significantly increases with increase in journal/bearing adsorbent layer
thickness (Δ = 0.01–0.1). It is shown that with lower journal/bearing adsorbent
layer thickness (Δ < 0.01) configuration, nondimensional load capacity
(W) remains constant. The couple stress parameter (λ = 0.1) enhances nondimen-
sional load capacity under the influence of increase in both surface to core layer
dynamic viscosity ratio (βsc = 2–10) and volume fraction of nanoparticles (ϕ = 0.0–
0.04). The nondimensional bearing load capacity (W) increases with increase in
volume fraction of nanoparticles (ϕ = 0.0–0.04) as shown in Fig. 4b. The
journal/bearing adsorbent layer (Δ = 0.1) enhances the nondimensional load
capacity under the influence of increase in both surface to core layer dynamic
viscosity ratio (βsc = 2–10) and couple stress parameter (λ = 0.01–0.1).

2.3.2 Coefficient of Friction

The journal bearing shear stress in nondimensional form is expressed as follows:

(a) =0.1 (b) =0.1

Fig. 4 Load capacity (ε = 0.2)
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Equation (7) is used in the calculation of friction coefficient. The friction coef-
ficient (Cf) of couple stress fluid lubricated journal bearing with three-layered film
and nanoparticle additives is shown in Fig. 5a, b. It is observed from Fig. 5a that
friction coefficient (Cf) decreases with increase in both surface adsorbent fluid layer
thickness (Δ) and surface to core layer dynamic viscosity ratio (βs) for the
parameters considered in the study. Furthermore, the coefficient of friction (Cf)
decreases significantly with increase in journal/bearing adsorbent layer thickness
(Δ = 0.01–0.1) as shown in Fig. 5a. For a given couple stress parameter (λ = 0.1),
it is observed that coefficient of friction (Cf) reduces with increase in both surface to
core layer dynamic viscosity ratio (βsc = 2–10) and volume fraction of nanoparti-
cles (ϕ = 0.0–0.04). However, as shown in Fig. 5b, the coefficient of friction (Cf)
remains constant with increase in volume fraction of nanoparticles (ϕ = 0.0–0.04).
It is seen that the journal/bearing adsorbent layer (Δ = 0.1) reduces significantly the
coefficient of friction (Cf) with increase in both surface to core layer dynamic
viscosity ratio (βsc = 2–10) and couple stress parameter (λ = 0.01–0.1).

(a) =0.1 (b) =0.1

Fig. 5 Coefficient of friction (ε = 0.2). a λ = 0.1, b Δ = 0.1
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3 Partial Slip Thin Film Lubrication
with Electric Double Layer

The slider bearing load capacity under the effect of both partial slip and electric
double layer (EDL) configuration is investigated. Charge migration at the interface
between solid and subsequent liquid within electric double layer induces an
electro-viscous force to retard fluid flow which reveals as an enhanced fluid
dynamic viscosity. Hydrodynamic lubrication effects are improved with EDL and
partial slip on bearing surface. Nondimensional pressure and nondimensional load
capacity in one-dimensional slider bearing are presented considering partial slip and
EDL on the bearing surface. The parameters considered in the analysis are as
follows: slope parameter (ah), slip region extent on the bearing surface (XS),
nondimensional slip coefficient (A), and nondimensional reference electro-viscosity
(βe0).

3.1 Electric Double Layer

The surface phenomenon in solid/lubricant interfaces in a lubrication system is
referred as electric double layer (EDL). Both boundary slip and electric double
layer (EDL) at the bearing surface enhance thin film hydrodynamic lubrication
conditions. Bike and Prieve (1990) studied the effect of electric double layer
(EDL) in lubrication under thin film conditions. Zhang and Umehara (1998) derived
modified Reynolds equation for hydrodynamic lubrication of ceramics considering
the influence of zeta potential in EDL. Li (2005) presented flow factors considering
coupled effects of EDL and surface roughness in slider bearing analysis. The load
capacity of slider bearing was determined based on the flow factors derived using
apparent viscosity with EDL effects. The bearing load capacity increases with EDL
and surface roughness effects. Bai et al. (2006) developed mathematical model of
electro-viscosity and carried out numerical analysis of thin film lubrication con-
sidering EDL effects. Electric double layer induces electro-viscosity for thin films
with thickness below 100 nm. The electro-viscosity in the thin film regime leads to
a significant increase in the apparent viscosity of lubricant and film thickness. The
influence of boundary slip and EDL on the apparent viscosity was analyzed by Li
and Jin (2008) for load capacity evaluation of slider bearing. Zuo et al. (2012)
presented a mathematical model of asymmetrical EDL effects on thin film lubri-
cation. The analyses of variation in apparent viscosity were conducted to examine
the combined influence of asymmetrical EDLs on the elastohydrodynamic and
hydrodynamic lubrication properties.
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3.2 Slip in Fluid Film Bearing

Boundary conditions of fluid flow largely govern the hydrodynamic behavior of
lubricated contacts. Recently slip surfaces have received great deal of attention and
can occur with specially engineered surfaces such as molecularly smooth surfaces
and surfaces with few microscale patterns. The fluid flow in the hydrodynamic
bearing can be altered by heterogeneous surface enhancement (in which slip occurs
in certain regions and is absent in others) to improve load support and reduce
friction. Craig et al. (2001), Zhu and Granick (2001, 2002), and Spikes (2003) have
experimentally observed slip using engineered surfaces and presented critical shear
stress model for surface slip. Spikes (2003a, b) investigated half-wetted bearing
hydrodynamic properties based on critical shear stress model and investigated
potential of slip surfaces with application to hydrodynamic lubrication. Salant and
Fortier (2004) and Fortier and Salant (2005) introduced artificial slip/no-slip con-
cept and conducted numerical analysis of both slider and journal bearings that gives
high load support and low friction. Wu et al. (2006) studied the hydrodynamic load
support of slider bearing with artificial slip surface using different (convergent,
parallel, and divergent) configurations. Ma et al. (2007) investigated journal bearing
for high load support and low friction under the influence of surface slip. Wang
et al. (2012) derived a generalized Reynolds equation based on modified slip length
model for a journal bearing. Tauviqirrahman et al. (2013) analyzed slip in texture
region of slider bearing for increased load capacity and decreased friction. Rao et al.
(2014) examined the effects of load capacity and friction coefficient in journal
bearing considering partial slip on bearing surface with two-layered film configu-
ration. The two-layered film consists of different Newtonian viscosities, and the
partial slip configuration on bearing surface is analyzed using Navier slip boundary
conditions.

3.3 Nondimensional Pressure for Partial Slip Slider Bearing
with Electric Double Layer

Rao et al. (2013) presented slider bearing one-dimensional analysis with effects of
slip on partial bearing surface and electric double layer (EDL) on thin film lubri-
cation. The apparent viscosity of thin fluid film in slider bearing with partial slip
and EDL is derived. The derived apparent viscosity is a combination of the
electro-viscosity, the bulk fluid viscosity, and slip length. Partial slip surface with
EDL guides to an increase in thin film apparent viscosity and consequently load
bearing capacity of slider. The configuration of slider bearing with EDL and partial
slip on pad surface is shown in Fig. 6.

The slip on partial pad surface and no-slip exit region nondimensional pressure
profile is
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3.4 Partial Slip Slider Bearing Nondimensional Load
Capacity with Electric Double Layer

The parameters used in the investigation of slider bearing with partial slip surface
and EDL are as follows: slider bearing slope parameter (ah) = 0.0–0.3; nondi-
mensional surface slip coefficient (A) = 0.01, 0.1, 1, 10; slip region extent on the

Pad 

xs

L

x
U

y Fluid film region 

Slider

EDL

Slip region
No-slip region 

Fig. 6 Partial slip slider
bearing with electric double
layer (EDL)
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bearing surface (XS) = 0.1–0.5; nondimensional reference electro-viscosity
(βe0) = 0.00001–0.01; nondimensional inverse reference Debye length
(κih0) = 10; and nondimensional inverse Debye length (Ki) = 10.

The nondimensional slider bearing load capacity is expressed as follows:

W ¼
Z1

0

PdX ð15Þ

Figure 7a shows the effect of nondimensional surface slip coefficient (A) on the
nondimensional bearing load capacity (W). The nondimensional bearing load
capacity (W) increases as both nondimensional slip coefficient (A = 0.01–10) and
nondimensional reference electro-viscosity (βe0 = 0.001–0.01) increase for bearing
slope parameters (ah) of 0.0, 0.1, and 0.2. It can be noticed that nondimensional
bearing load capacity (W) is significantly increased at higher values of both
nondimensional values of slip coefficient (A = 10) and nondimensional values of
reference electro-viscosity (βe0 = 0.01). Figure 7b shows the effect of angular
extent of slip on the partial bearing surface (XS) on the nondimensional bearing load
capacity (W). Nondimensional bearing load capacity (W) is enhanced in the case of
partial bearing surface slip (A = 0.1, 1.0, 10) with EDL effects (βe0 = 0.001, 0.01).
The nondimensional bearing load capacity (W) is enhanced for increase in angular
extent of slip region on the bearing surface (XS = 0.1–0.5). For variation in the
bearing slope parameter (ah) from 0.0 to 0.4 in Fig. 7c, an increase in both
nondimensional surface slip coefficient (A = 0.1, 1.0, 10) and nondimensional
reference electro-viscosity (βe0 = 0.001–0.01) shows an increase in nondimensional
load capacity (W). Figure 7d shows the influence of nondimensional reference
electro-viscosity (βe0) on the nondimensional bearing load capacity (W).
Nondimensional one-dimensional slider bearing load capacity is influenced by EDL
effects for values of nondimensional reference electro-viscosity (βe0) greater than
0.001. The nondimensional load capacity (W) is found to increase at higher
nondimensional surface slip coefficients (A = 1.0–10) for variation in nondimen-
sional reference electro-viscosity (βe0) from 0.001 to 0.01.

4 Thin Film Lubrication with Porous and Electric Double
Layer Using CNT Additives

The investigation of load generation of carbon nanotubes (CNTs) additive lubricant
in a porous-layered slider bearing with electric double layer (EDL) is presented.
The nondimensional pressure gradient expression presented is based on the effects
of EDL, porous layer, and CNT additives.
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4.1 Porous-Layered Thin Film Lubrication

A porous-layered thin film lubrication steady state performance considering the
lubricant additives effects (Li and Chu 2004; Elsharkawy 2005) are presented.
A thin porous film attached to bearing surfaces is modeled as microstructure of
boundary layer due to additives. Li and Chu (2004) and Elsharkawy (2005)

(a) =0.5 (b) =0.1

(c) =0.5 (d) =0.5

Fig. 7 Nondimensional load capacity (Κ = 10, κh0 = 10). a Xs = 0.5, b ah = 0.1, c Xs = 0.5,
d Xs = 0.5
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developed porous layer and couple stress fluid models for porous and fluid film
regions, respectively. Li (2009) developed lubrication theory that includes electric
double layer (EDL) effects in porous media for modeling the microstructure on
lubricating surfaces. The apparent viscosity is determined for EDL effects with
porous layer attached to the lubricating surfaces. The apparent viscosity increases as
permeability decreases and electro-viscosity increases.

4.2 CNT Additive Fluids

Brenner and Condiff (1974) introduced intrinsic viscosity equation for shape effects
of nonspherical nanoparticles. Aladag et al. (2012) have experimentally investi-
gated shearing time and temperature on viscosity of alumina and CNT nanofluids at
low temperatures and concentrations. Experiments showed that alumina
water-based nanofluids are nonNewtonian while CNT water-based nanofluids are
Newtonian at high shear rate. Song (2006) characterized the rheological behavior of
polyethylene oxide nanocomposites embedded with CNTs and evaluated shear
viscosity under the effect of CNT loading using the Krieger–Dougherty equation.
The shear viscosity of nanocomposites increased drastically with an increase in the
content of carbon nanotubes (CNTs). Vakili-Nezhaad and Doranyb (2012) exper-
imentally investigated the effect of the temperature and the SWCNT concentration
on the viscosity index of nanofluids. Their results indicated the increase in kine-
matics viscosity of nanofluids with increase in SWCNT concentration and decrease
in temperature. Lim and Norani (2012) and Lim et al. (2012) investigated the effects
of type of catalyst and pretreatment duration on the diameter of CNTs.

4.3 Nondimensional Pressure for Slider Bearing
with Porous and Electric Double Layer

Rao et al. (2015) presented one-dimensional analysis of porous-layered thin film
lubrication of slider bearing including the effects of electric double layer (EDL) and
carbon nanotubes (CNTs) additive lubricant. Stokes and Brinkman equations
including electrokinetic force govern the CNTs additive lubricant flow in porous
media and thin film layers, respectively. The apparent viscosity and nondimensional
pressure expression are derived considering the effects of EDL, porous layer, and
CNT additives. Figure 8 shows slider bearing configuration with EDL and porous
layer. The CNTs additive lubricant viscosity in porous layer is assumed to be same
as that in film region.
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The viscosity of fluid with CNT additives increases with aggregate volume
fraction and intrinsic viscosity. The ratio of dynamic viscosity of nano to base fluid
in Eq. (16) is based on modified Krieger and Dougherty equation.

bn ¼ 1� /a=/mð Þ�g/m ð16Þ

where

/a ¼ / aa=að Þ3�D ð17Þ

The aggregate volume fraction increases with CNTs particle volume fraction and
ratio of aggregate to particle radius.

The intrinsic viscosity increases with aspect ratio of CNT. The intrinsic viscosity
for nonspherical nanoparticles (Brenner and Condiff 1974; Aladag et al. 2012) is
expressed as follows:

g ¼ 0:312r
ln 2r � 1:5

þ 2� 0:5
ln 2r � 1:5

� 1:872
r

ð18Þ

The nondimensional pressure for slider bearing with porous and electric double
layer profile is obtained as follows:
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4.4 Nondimensional Load Capacity of Slider Bearing
with Porous and Electric Double Layer

Analysis of CNTs additive porous-layered thin film lubrication of slider bearing
with EDL is presented. The parameters used in the analysis are as follows:
ah = 0.1–0.4; βe0 = 0.00001–0.01; Ki = 10; κih0 = 10; βd = 10; K = 10−2, 10−3,
10−4; Δ = 0.05–0.2; a = 15 nm; aa = 50 nm; D = 1.8; φm = 0.6; r = 100; and
φ = 0.01–0.04.

Figure 9a–d depict the nondimensional load capacity (W) variation with (i) slope
parameter (ah), (ii) nondimensional thickness of porous layer (Δ), (iii) CNTs vol-
ume fraction (φ = 0.01–0.04), and (iv) nondimensional reference electro-viscosity
(βe0). Figure 9a shows increase in nondimensional load capacity (W) with decrease
in nondimensional permeability of porous layer (K = 10−2–10−4). The nondimen-
sional load capacity (W) increases with decrease in nondimensional permeability of
porous layer due to increase in resistance to flow in porous layer. Figure 9b shows
nondimensional load capacity (W) increases with increase in nondimensional
thickness of porous layer (Δ). The increase in nondimensional load capacity (W) is
primarily attributed to low nondimensional permeability of surface porous layer
(K = 10−4) and high nondimensional reference electro-viscosity (βe0). Figure 9c
shows that the nondimensional slider bearing load capacity (W) increases signifi-
cantly with increase in volume fraction of CNTs (φ = 0.01–0.04) as slope param-
eter (ah) increases from 0.1 to 0.3. The nondimensional slider bearing load capacity
(W) increases significantly with increase in both CNTs volume fraction (φ = 0.01–
0.04) and slope parameter (ah = 0.1–0.3). The nondimensional load capacity (W) is
plotted as function of nondimensional reference electro-viscosity (βe0 = 0.001–
0.01) in Fig. 9d. It is shown that increase in nondimensional reference
electro-viscosity (βe0 = 0.001–0.01) increases nondimensional load capacity (W).
The nondimensional load capacity (W) increases with (i) increase in slope param-
eter (ah = 0.1–0.3) and (ii) decrease in nondimensional permeability of porous layer
(K = 10−4) as well as (iii) increase in nondimensional reference electro-viscosity
(βe0 = 0.01).
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5 Conclusions

A three-layered fluid film journal bearing of different dynamic viscosities at the
surface (journal and bearing surface fluid film layers) and core is presented. The
nondimensional pressure presented is based on consideration of surface adjacent

(a) =0.15, =0.02 (b) ah=0.1, =0.02

(c) K=10-2, =0.001 (d) =0.15, =0.02

Fig. 9 Nondimensional load capacity (βd = 10, Κi = 10, κih0 = 10)
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and core fluid film layer’s viscosity and film thickness. Higher nondimensional
bearing load capacity (W) for a journal bearing with three-layered film and
nanoparticle additives is obtained with higher dynamic viscosity of fluid film layers.
The friction coefficient (Cf) decreases as journal/bearing surface layer dynamic
viscosity of fluid film increases.

A three-layered journal bearing lubricated with nanoparticle additive couple
stress fluid is presented. Load capacity improvement and in coefficient of friction
reduction are investigated. The pressure and shear stress in nondimensional form
are derived using Reynolds boundary conditions. Results show that the nondi-
mensional bearing load capacity (W) significantly increases with increase in
journal/bearing surface fluid film layer thickness (Δ), ratio of dynamic viscosity of
journal/bearing surface to core layer (βs), and volume fraction of nanoparticles (ϕ).
It is also seen that considering the effect of couple stress parameter (λ) with increase
in journal/bearing adsorbent fluid film surface layer thickness (Δ) results increase in
nondimensional load capacity (W). Results show that the friction coefficient (Cf)
significantly decreases with increase in journal/bearing adsorbent fluid film surface
layer thickness (Δ) and surface to core layer viscosity ratio (βs). A journal bearing
with three-layered film lubricated with nanoparticle additive couple stress fluid has
a prospective to increase the bearing load capacity but has no improvement in the
friction coefficient (Cf).

The improvement in load capacity considering EDL effects and partial slip
configuration for a slider bearing is presented. The slider bearing pressure
expression in nondimensional form is presented and the EDL effects with slip on
partial boundary of bearing surface on load capacity are analyzed. The nondi-
mensional slider bearing load capacity (W) (ah = 0.0–0.3) increases with EDL
(βe0 = 0.001–0.01) under the influence of slip on partial bearing surface
(SA = 0.01–10). The nondimensional slider bearing load capacity (W) increases as
the angular extent of slip region on partial bearing surface (Xs = 0.1–0.5) increases.

The influence of EDL effects and porous-layered film on CNTs additive thin film
lubricated slider bearing is investigated. The nondimensional pressure gradient
expression is presented and the EDL effects with porous layer on load capacity are
analyzed. Results show increase in nondimensional slider bearing load capacity
(W) under the influence of porous layer configuration (K = 10−2, 10−3, 10−4 and
Δ = 0.05–0.2) on the slider bearing (ah = 0.0–0.3) with EDL effects (βe0 = 0.001–
0.01). The nondimensional bearing load capacity (W) increases for values of higher
nondimensional reference electro-viscosity (βe0 = 0.01) as well as for lower
nondimensional porous layer permeability (K = 10−4). The nondimensional bearing
load capacity (W) significantly increases with increase in both volume fraction of
CNTs (ϕ = 0.01–0.04) and bearing slope parameter (ah = 0.1–0.3).
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Mechanism of Heat Transfer
with Nanofluids for the Application in Oil
Wells

A.H. Bhat, Imran Khan, Irshad Ul Haq Bhat, H. Soleimani and
Mohd Amil Usmani

Abstract Nanofluid plays an important role in a drilling process which includes the
removal of cuttings, lubricating, and cooling the drill bits. Nonetheless, production
increases from the reservoirs which are non-conventional, and the stability and per-
formance of conventional drilling fluids under high-temperature and high-pressure
(HTHP) environment have apprehensiveness. Both water- and oil-based drilling fluids
are likely to experience a number of degenerations such as degradation of weighting
materials, gelation, and disintegration of polymeric additives under HTHP conditions.
Lately, nanotechnology has shown a lot of promise in the oil and gas sectors, including
nanoparticle-based drilling fluids. This chapter is focused on to explore the influence of
nanoparticles on the heat transfer efficiency of drilling fluids to make the drilling
phenomena smooth and cost effective. The chapter begins with explaining the impor-
tance of drilling fluid during the drilling process with a historical assessment of drilling
fluid industry development. It is followed by definitions, uses, and types of drillingfluid
as well as the additives that are appended to enhance drilling fluid performance.
Moreover, the progress of the oil production industry from unconventional wells has
been discussed after which the limitations and degradation of the traditional drilling
fluid have been taken up. Finally, this chapter discusses the great potential of nan-
otechnology in solving drilling problems in addition to the technical and the economic
benefits of using nanomaterials in drilling fluids before offering a brief conclusion.
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Keywords Nanofluid � Heat Transfer � Drilling
Nomenclature

ODA Octadecylamine
GONs Graphene oxide nanosheets
PVP Polyvinylpyrrolidone
Csf Empirical coefficient
q″ Heat flux
Pe Peclet number
Re Reynolds number
(x/D) Larger axial distance/pipe diameter
Nu Nusselt number
HTHP High temperature and high pressure
OBM Oil-based mud
WBM Water-based mud

1 Introduction

The operation of drilling has three operational components that work simultane-
ously in the boring hole: a rotating system which rotates the drill bit, a lifting
system that raises and lowers the drill string into the hole, and a circulating system
which performs the function of moving a fluid around from the drill stem, out of the
drill bit and up again to the hole at the surface, and this fluid is referred as drilling
fluid (Van Dyke 1998). Drilling fluids are important for the success of the process
as they enhance oil recovery and decreases the time required to achieve first oil
(Nasser et al. 2013). The drilling fluids in the drilling process can be compared with
the blood in the human physical body.

The mud pump can be related to the heart; the transfer of the cuttings from the
borehole by the drilling fluid represents the unwanted materials that are cleaned
from the human body by blood, and the mud cleaning system represents the kidney
and lungs. Latest investigations have demonstrated that nanofluids have additional
features for applications where heat transfer, drag reduction, binding ability for sand
consolidation, gel formation, wettability alteration, and corrosive control are of
great interest.

The synthesis of nanofluids is a simple process of addition of nanoparticles in
low volumetric quantities to a fluid. The nanoparticles improve the fluid’s
mechanical, rheological, optical, and thermal characteristics. The nanoparticles may
provide the following supports to the fluids: (i) improved stability against sedi-
mentation since surface forces easily balance the gravitational force, (ii) thermal,
mechanical, optical, rheological, electrical, and magnetic properties of nanoparticles
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depend notably on the size and shape, can be fabricated during the manufacturing,
and are often more advanced to the base material.

The important parameters for the drilling fluid to be germane are
high-temperature transfer and flow properties. Furthermore, it must be ecofriendly
in order to perform the functions in an efficient and responsible manner (Wawrzos
and Weintritt 2007). Lately, these specifications have been achieved, with some
constraints by water-based and oil-based muds. Both water-based and oil-based
muds contain bentonite clay and some of the chemical additives (Shah et al. 2010).
These chemical additives may amend density, reduce corrosion rate, change vis-
cosity, and ceases bacterial growth. Nonetheless, for the deep well drilling, the
conditions of temperatures and pressures are challenging, and the heat transfer
demand on the drilling fluid are nearly impossible to meet (Oakley et al. 2000).

Thus, to design a drilling fluid in this situation which has a potential to work
efficiently, it is required to notably improve the fluid’s thermal properties.

Nanotechnology presents a light, strong, and corrosion-resistant material
required for the stake holders in the drilling fluid (Salem and Noah 2014). The
application of nanoparticles in the drilling fluids will facilitate the drilling engineers
to maintain the rheology of the drilling fluid by modifying the type, composition, or
size distribution of nanoparticles in drilling fluid to conform any special situation
(Abdo and Haneef 2013). The materials manufactured from nanoparticles are dif-
ferent from those prepared using their larger equivalents. Nanomaterials are
stronger and more interactive than other materials and also conduct heat efficiently
(Singh et al. 2010). The reason behind that is the increased surface area. For a given
amount of material, there are a larger number of particles on account of their size
reduction and there is more aspect ratio to bear the heat (Shah et al. 2010).

The nanotechnology has transformed the field of science and engineering due to
its incredible range of applications. The oil industries like many industries can be
greatly benefited from nanotechnology (Abdo and Haneef 2013). The most
encouraging prospect among them is the use of nanoparticles in drilling muds so as
to have a better operational performance, stability, and suitability. These features
make drilling fluids adopt comprehensively under operating conditions by slight
changes in composition and sizes (Ibid). Amanullah and Al-Tahini (2009) define
drilling fluids loaded with nanomaterials as mud containing additives with particle
sizes between 1 and 100 nm; nanofluids were also classified into simple and
advanced nanofluids based on the concentration of the nanoparticles in drilling
fluids. Nanoparticles in drilling fluids can play a distinctive role in fixing the most
common issues during drilling like wellbore instability, lost circulation, pipe
sticking, toxic gases, high torque, and drag.

This chapter discusses the preparatory methods of nanofluids and also throws
light on the type of heat transfer capabilities in nanofluids along with mechanism.
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2 Nanofluid Preparation

2.1 Two-Step Method

This method is commonly used method for preparing nanofluids. In the very first
step, chemical or physical methods are generally applied to produce dry powders of
nanoparticles, nanofibers, nanotubes, or other nanomaterials. Next step involves the
nanosized powder being dispersed into a fluid with the aid of intensive ultrasonic
agitation, magnetic force agitation, high-shear mixing, ball milling, and homoge-
nizing. The two-step method is the most economic method to develop nanofluids in
large scale, because nanopowder synthesis techniques have already been scaled up
to industrial production levels. On account of high surface area and surface activity,
nanoparticles have the proneness to aggregate. To ameliorate the stability of
nanoparticles in fluids, use of surfactants is an important technique. However, for
high-temperature applications, the functionality of the surfactants under high tem-
perature is a big concern. The disadvantage of two-step method is the preparation of
stable nanofluids, and to overcome this difficulty, many advanced techniques are
developed to produce nanofluids, including one-step method which is given in
detail below.

2.2 One-Step Method

Eastman et al. (2001) introduced a one-step physical vapor condensation method to
prepare Cu/ethylene glycol nanofluids in order to minimize the agglomeration of
nanoparticles. In this method, preparing and dispersing the particles in the fluid
takes place simultaneously. The processes of drying, storage, transportation, and
dispersion of nanoparticles are ignored in this method, so the agglomeration of
nanoparticles is reduced and the stability of fluids is increased (Li et al. 2009). The
preparation of uniformly dispersed and the stably suspended nanoparticles in the
base fluid can be easily achieved by this method. Another efficient method to
prepare nanofluids using different dielectric liquids is the vacuum-SANSS (sub-
merged arc nanoparticle synthesis system) (Lo et al. 2005a, b). Various thermal
conductivity properties of the dielectric liquids can alter and determine the different
morphologies of the liquid. Many morphological shapes such as needle, polygonal,
square, and circular are exhibited by the prepared nanoparticles in this method. The
method avoids the unwanted particle aggregation adequately well.

The synthesis of large-scale nanofluids is not possible by one-step physical
method and also the cost is too high, so the one-step chemical method is developing
briskly. Novel one-step chemical method was presented by Zhu et al. for preparing
copper nanofluids by reducing CuSO4 � 5H2O with NaH2PO2 � H2O in a solvent
ethylene glycol under the influence of microwave irradiation (Zhu et al. 2004). The
uniformly dispersed and stably suspended copper nanofluids were achieved. The
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same method was used to prepare mineral oil-based nanofluids having silver
nanoparticles with a narrow-size distribution (Bönnemann et al. 2005). The parti-
cles could be stabilized by Korantin, which coordinated to the silver particle sur-
faces through two oxygen atoms forming a dense layer around the particles. The
silver nanoparticle-based nanofluids were stable for about one month. Also, the
microwave-assisted one-step method was used to prepare stable ethanol-based
nanofluids containing silver nanoparticles (Singh and Raykar 2008).
Polyvinylpyrrolidone (PVP) was employed as the stabilizer of colloidal silver and
reducing agent for silver in solution in the method. For the synthesis of silver
colloids, the cationic surfactant octadecylamine (ODA) is also an efficient
phase-transfer agent (Kumar et al. 2003). The phase transfer of the silver
nanoparticles emerges on account of coupling of the silver nanoparticles with the
ODA molecules contained in organic phase via either weak covalent interaction or
coordination bond formation. For the preparation of homogeneous and stable
graphene oxide colloids, phase-transfer method has been developed. Graphene
oxide nanosheets (GONs) were favorably transferred from water to n-octane after
treatment by oleylamine (Yu et al. 2011). However, there are some drawbacks for
one-step method. The most critical one is that the residual reactants are left in the
nanofluids because of incomplete reaction or stabilization. It is difficult to clear up
the nanoparticle effect without eliminating this impurity effect.

2.3 Other Novel Methods

The continuous flow microfluidic microreactor to prepare nanofluids of copper was
developed by Wei et al. This method can be used to prepare continuously copper
nanofluids, and by adjusting certain factors such as concentration of the reactant,
flow rate, and additive, the microstructure and properties of the nanofluid can be
changed. A unique precursor transformation method with the aid of ultrasonic and
microwave irradiation can prepare CuO nanofluids with high solid volumetric
percentage (*10 vol%) (Zhu et al. 2007). The precursor Cu(OH)2 is converted to
CuO nanoparticle in water under the influence of microwave irradiation. The
addition of ammonium citrate helps in the prevention of agglomeration and
nucleation of nanoparticles, thereby stabilizing CuO nanofluid with enhanced
thermal conductivity as compared to the other methods of dispersion. In order to
prepare monodisperse colloids of noble metal, phase-transfer method is simply an
effortless way to prepare (Chen and Wang 2008). The phase-transfer method was
adopted by Feng et al. for synthesizing gold, silver, and platinum nanoparticles on
account of the decline of the dissolution of polyvinyl pyrrolidone in water with the
increase in the temperature (Feng et al. 2006). The kerosene-based Fe3O4 nano-
fluids is withal prepared by phase-transfer method. The grafting of oleic acid on the
surface of ferric oxide nanoparticles has been successfully carried out by the process
of chemisorption, thereby rendering ferric oxide nanoparticles to have good con-
sonance with the kerosene (Feng et al. 2006). Since, it was reported earlier that
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thermal conductivity is a function of time while the same was not found in case of
Fe3O4 nanofluids synthesized by phase-transfer method. One of the main problem
of nanofluids synthesizes is to prepare them with controllable microstructure. The
nanofluids characteristics very much depend on the shape and structure of
nanoparticles. The latest findings proves that nanofluids prepared by chemical
solution method show great deal of enhancement in conductivity and stability as
compared to the rest of the methods (Yu et al. 2010). The controllability is the best
virtue of this method. Various factors of synthesis such as temperature, acidity,
ultrasonic, and microwave irradiation can be controlled.

3 Heat Transfer in Nanofluids

3.1 Thermal and Heat Transfer Characteristics

Thermal conductivity is one of the important characteristic of nanofluids due to its
immense theoretical and practical interests to researchers and technical personnel.
Various methods has been described by Wu et al. (2009) and Paul et al. (2010) for
analyzing the thermal conductivity of nanofluids such as transient hot-wire method
(Kostic and Simham 2009; Vadasz 2010; Hong et al. 2011), steady-state parallel
plate method (Shalkevich et al. 2010), temperature oscillation method (Das et al.
2003), and 3-u method (Wang et al. 2007). From these methods, the transient
hot-wire technique has been largely in use. The mechanism of the hot-wire method
relies on the following components: continuous heat generation source, an infinitely
long and thin constant line, and blowing the heat into an illimitable test medium.
Nanofluids being electrically conductive, it is complex to apply the simple transient
hot-wire technique precisely. Nagasaka and Nagashima suggested a modified
hot-wire cell and electrical system (Nagasaka and Nagashima 1981) by painting the
hot wire with an adhesive made of epoxy resin, which has exceptional properties of
electrical insulation and heat conduction. This method is known to be fast and very
much precise method (Kostic and Simham 2009).

The most typical and cost-effective nanoparticles frequently used by scientists in
their experimental designs include alumina (Al2O3) and copper oxide (CuO). These
investigations have established that with the increase in the loading percentage of
nanoparticles up to a volumetric percentage of 5 %, the thermal conductivity of
nanofluids also increases. It is very important to describe here that nanofluids with
low loading percentage of nanoparticles are advantageous in order to achieve better
dispersion stability which is exclusively necessary for studying the characteristics
of nanofluids and their applications (Saidur et al. 2011). In certain cases, the
increment in thermal conductivity has been found to be nonlinear with respect to
their nanoparticle concentration which shows ambiguity with the classical effective
medium theory (EMT) as reported by Singh et al. (2010). The same behavior has
also been described by Choi et al. (2001). The nonlinear behavior was first observed
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in CNTs-based PAO nanocomposites where thermal conductivity increment was
found to be nonlinear with loading percentage of nanoparticles. It was further
proved by Xie et al. (2003), Wen and Ding (2004), and Shaikh et al. (2007) that
CNTs-based nanofluids showed less increment in thermal conductivity as compared
to the data by Choi et al. (2001). Strikingly, the same nonlinear behaviors are
observed in the nanofluids with spherical nanoparticles reported by Murshed et al.
(2005), Hong et al. (2005), and Chopkar et al. (2006).

The research in the last decade proves that the discernible increment in the
thermal conductivity of nanofluids depends on many parameters which include type
of material, concentration, particle size and shape, basefluid, temperature, and
chemical treatments (Eastman et al. 2001; Xie et al. 2002; Liu et al. 2005; Chon
et al. 2005; Ding et al. 2006; Wen and Ding 2006; Yang and Han 2006). Mostly,
the enhancement in thermal conductivities of nanofluids is due to increase in the
loading percentage of nanoparticles (Eastman et al. 2001; Xie et al. 2002; Liu et al.
2005; Chon et al. 2005; Ding et al. 2006), reduced particle size (Xie et al. 2002),
and increased temperature (Wen and Ding 2006). The stability due to the dispersion
of nanofluids mainly is enhanced with chemical additives, which basically alters the
pH values which in turn affects the thermal conductivity (Wen and Ding 2006;
Yang and Han 2006; Wang et al. 2009; Meibodi et al. 2010; Kang et al. 2006;
Chiesa and Das 2009).

However, the issue of nonlinearity is still to be addressed and needs further
attention from the researchers. How to remove the ambiguity between the linear
increment of thermal conductivity and that in nonlinear? How to manage the
agglomeration or flocculation of nanoparticles, which has been found to be the main
contributor for the increased thermal conductivity by some scientists, and to
maintain balance between the thermal conductivity and dispersion stability? How to
optimize the experimental process in order to standardize the optimal conditions to
achieve enhanced thermal conductivity?

3.2 Convective Heat Transfer

The study on the convective and boiling heat transfer of nanofluids as compared to
the thermal conductivity is still limited. The heat transfer coefficient for convective
heat transfer process depends on many characteristics other than thermal conduc-
tivity which includes density, specific heat capacity, and dynamic viscosity of
nanofluids. The properties of density and specific heat capacity at low particle
loading are close to those specifying the base fluid, and the following theoretical
equations were proposed by Pak and Cho (1998) and Xuan and Roetzel (2000),
respectively.
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qnf ¼ qp£þ qnf ð1�£Þ ð1Þ

Cp;nf ¼
£qpCp;p þ 1�£ð Þqbf Cp;bf

qnf
ð2Þ

There is limitation in using Eq. (2) both theoretically and experimentally on
nanofluids (Vajjha and Das 2012). Lately, some of the scientists have determined
the dynamic viscosity of nanofluids. The viscosity of the TiO2-based water nano-
fluids has been determined by Murshed et al. (2008), and the same property has
been compared with previous studies, and it was observed that the nanofluids show
higher viscosities with the increase in the loading percentage of nanoparticles.
Nevertheless, in case of Al2O3-based water nanofluids, viscosity was found to
decrease with the increase in the particle dispersion (Wang et al. 1999). For such
ambiguity, further detailed research is required.

For any fluid, heat transfer coefficient is a function of the Nusselt number. The
experimentally derived interrelation for the Nusselt number for nanofluids was first
reported by Pak and Cho (1998)

Nunf ¼ 0:021Re0:8nf Pr
0:5
nf ð3Þ

The Peclet number effect of copper-based water nanofluid was reported by Xuan
and Li (2003) and Li and Xuan (2002) through the following equations, and this
includes the convective heat transfer interrelations for both laminar and turbulent
flow of the nanofluids.

Nunf ¼ 0:4328 1:0þ 11:285£0:754Pe0:218d

� �
Re0:333nf Pr0:4nf
Laminar flow

ð4Þ

Nunf ¼ 0:0059 1:0þ 7:6286£0:6886Pe0:001d

� �
Re0:9238nf Pr0:4nf
Turbulent flow

ð5Þ

Wen and Ding (2004) reported that Reynolds number in the range of 700–2000
shows an increment in the heat transfer coefficient in case of Al2O3-based water
nanofluids for laminar flow with the increase in the volumetric fraction of particles;
likewise, the thermal conductivity was discussed in the previous section. The same
researcher reported the increment in heat transfer coefficient in case of
MWCNT-based water nanofluid (Ding et al. 2006) for downstream flow with larger
ratio of (axial distance, x, pipe diameter, D). One of the ambiguities with respect to
the graphite in transmission fluids or in synthetic oil mixture with Re less than 110
for laminar flow is that the heat transfer increment is found to decrease with the
increase in the temperature, which is a reverse trend as found in the case of thermal
conductivity. However, this observation is weak as the temperature range is too
low. Further results are required to establish this trend. The heat transfer increment
versus Peclet number in the range of 2000–7000 for laminar flow of Al2O3-based
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water and CuO-based water nanofluids has been reported by Heris et al. (2006). The
Nusselt number ratios increase with the increase in Peclet number in two types of
fluids with the identical volumetric concentrations but different particle size. For
heat transfer increment, it is concluded that particle types and particle size have
little effect it.

However, the available literature in most of the cases reports that the heat
transfer enhancement could be ameliorated with the dispersion of nanoparticles in
the basefluid. The heat transfer increment versus Reynolds number has tendency to
be identical in all three forms of nanofluids. The increment in the heat transfer is
observed to increase with the volumetric concentration of particles, however; there
is no clear influence of Reynolds number on the heat transfer increase. Many
researchers have studied the convective heat transfer in nanofluids under
non-laminar and laminar flows like Daungthongsuk and Wongwises (2008), Yu
et al. (2009), Williams et al. (2008), Rea et al. (2009), He et al. (2007), Sommers
and Yerks (2010), Anoop et al. (2009), Daungthongsuk and Wongwises (2007),
Mohammed et al. (2011), and Sarkar (2011).

Typically, heat transfer equations for nanofluids were revised from the common
equations such as Dittus-Boelter equation (1930) or the Gnielinski equation (1976)
with the added factual parameters.

3.3 Boiling Heat Transfer

The process of boiling is basically a change in the phase of liquid to vapor from a
heated surface or in a superheated liquid layer near to the hot surface. Normally,
pool boiling and forced convective boiling are the two types of boiling process.
Generally, very little advancement has been made on flow boiling heat transfer of
nanofluids, while pool boiling heat transfer has made substantial progress and will
be discussed here in this section. In this kind of process, two main conditions are
included: excess temperature (the difference between wall and the liquid saturation
temperatures at ambient pressure, DT = Tw − Ts) and heat flux (q″) (Murshed et al.
2011). The established research finding reports that the inclusion of solid particles
in the conventional base fluid can escalate its boiling heat transfer efficiency (Wen
and Ding 2005; Prakash et al. 2007; Soltani et al. 2009; Henderson et al. 2010; Das
et al. 2003; Bang and Chang 2005; Rohsenow 1952; Zuber 1959). This is notably
due to the difference in the characteristics of nanofluids such as the effect of particle
materials, their sizes and concentrations, chemophysical characteristics of basefluid,
various types of heaters involved. In the majority of the cases, the inclusion of
nanoparticles to the fluid increases the rate of the heat transfer, and the enhancement
increases with the increase in the nanoparticle concentration. This result is in
complete agreement with the thermal conductivity increment. Further, pool boiling
data for heat transfer of alumina particles in water reported by Pioro (1999) and
Vassallo et al. (2004) showed that the inclusion of nanoparticles to the base fluid
deescalates the rate of heat transfer and the rate decreases further as the particle
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volumetric concentration increases. Two important interrelations which determine
the boiling heat transfer coefficient and critical heat flux include Das et al. (2006)
and Keblinski et al. (2002) correlations:

CpðTw � TsÞ
hfg

¼ Csf
q0

lhfg

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r

gðq� qgÞ
r� �

0:33
Cpl
k

� �
n ð6Þ

The Csf and exponent n values for different surface–fluid mix can be obtained
somewhere (Lee et al. 2010). The CHF correlation proposed from Keblinski et al.
(2002) is shown as:

q0CHF ¼ Kqg1=2hfg½grðq� qgÞ�1=4 ð7Þ

K as a constant is fixed from 0.138 to 0.157. These two reported equations do not
support experimental data well (Sergis and Hardalupas 2011). So, new correlation
is needed in order to replace this classical model.

4 Mechanism of Heat Transfer in Nanofluids

The mechanism of the heat transfer increment has many discrepancies and ambi-
guities in nanofluids, although the experimental studies showed substantial
increase. Hence, it is important to understand various mechanisms which contribute
to the increment in the thermal properties of nanofluids, and the prime discrepancy
has been discussed in this section.

It has been mentioned by Yu et al. (2008) that the vivid increase of heat transfer
in nanofluids could not be clarified clearly by the present theories and it is on
account of this study being spread over different disciplines such as heat transfer,
material science, physics, chemical engineering, and synthetic chemistry.
Chandrasekar and Suresh (2009) presented four different reasons for the divergent
behavior in thermal conductivity of nanofluids:

1. The probable collisions between the nanoparticles which accounts to Brownian
motion of particles within the fluid thereby ameliorating the thermal conduc-
tivity by direct transmission of heat between particles.

2. The layering of the liquid at the molecular level especially at the liquid/particle
interface: The liquid at the solid interface is more regular than bulk of the liquid.
The crystalline materials are expected to possesses enhanced thermal
conductivity.

3. It has been understood that transport of heat in crystalline materials is being
taking place by phonons as a result of vibrations in the crystal lattice. The
nanoparticle agglomeration has a substantial influence on thermal conductivity.
However, large agglomeration will cause sedimentation, which results in the
deescalation of thermal conductivity. It has been proposed that thermal diffusion
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is much higher than the Brownian. Nonetheless, the researchers have only
evaluated the cases of stationary nanofluids.

Mostly, the mechanism of heat transport in nanofluids can be divided into static
and dynamic mechanisms (Wang and Fan 2010). In case of static mechanisms,
nanoparticles are supposed to be without any motion in nanofluids, which contains
nanolayer, clustering and percolation, interface heat resistance, and frontal geom-
etry while mechanism based on motion called as dynamic mechanisms presumed to
have irregular movement of particles in nanofluids, such as Brownian motion and
convection at nanosize level. The statistical theory has explained the controversial
heat transfer modes of nanofluids in order to describe the mechanism of increment
in the heat transport (Sergis and Hardalupas 2011; Yu et al. 2008; Wang and Fan
2010). Finally, it is obvious that more theoretical discussions are required to
decrease the ambiguities and explain the controversies in the increment of heat
transfer in nanofluids.

5 Prospective Performances

5.1 Wellbore Instability

Generally, huge amount of money is being spent on the stability of wellbore which
normally exist due to the incessant exposure of shale to drilling fluid. The wellbore
instability is reported to decrease with the inclusion of nanoparticles (Shah et al.
2010). It has been established that the size of the nanoparticles must be less than the
size of the pore throat. Also, particle size should not be greater than one-third of the
pore throat in order to form a bridge and plug the pores (Suri and Sharma 2004).

5.2 Lost Circulation

Loss of circulation has been categorized as one of the most prominent drilling
problems. Drilling fluids in this case is lost either partially or completely to the
formation fluid. Some of the factors which lead to this loss of circulation include
naturally fractured surface, crevices, and channels. This issue of loss of circulation
leads to the escalation in the expenditure and time needed for drilling to reach the
requisite depth. The same issue creates loss of pressure control and problems of
safety. Hence, excessive time and endeavor have been used to handle circulation
loss with the aid of produced materials or muds. So, on using particles in the range
from micro to macro has not proved to be of any solution to the problem. However,
use of nanoparticles has shown excellent results by decreasing loss of circulation to
a greater extent by enhancing carrying capacity enough to hold the cuttings
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adequately and maintain the density of drilling fluid and pressure at various
operational conditions (Bicerano 2008).

5.3 Pipe Sticking

The sticking of the drill pipe occurs due to the large buildup of the cutting, either by
the halt in the circulation of the drilling fluid or by the loss of the filtrate in the wall
of the bore well (Palaman et al. 2008). This issue has a major effect on the efficiency
of the drilling and well expenditures. Many parameters are affected on the sticking
of the pipe which includes drilling fluid rheology. So rheology change can cause
sticking of the pipe.

To address this issue, nanofluids have been proposed to play a major concern in
recovering the stuck pipe. Nanoparticles-based drilling mud has the potential to
depreciate the sticking property of mud cakes by developing a thin film covering
the drill pipe that lead to cutting down the pipe sticking issue (Amanullah and
Al-Tahini 2009). Further, nanofluids are considered to present distinctive carrying
capacity, thereby decreasing the pipe sticking by preventing the wellbore from
cuttings.

5.4 Reduction Torque and Drag

The interaction between the drill string and the borehole experiences enhancement
in torque and drag difficulties. Less success has been achieved by the use of micro-
and macroparticles-based drilling muds on account of which torque and drag issue
appears (Wasan and Nikolov 2003). However, the use of nanoparticles provides an
appreciable decrease in the friction between the pipe and the borehole. So, nano-
fluids have the feasibility to make slightly lubricating film in the interface of the
wall pipe.

5.5 Toxic Gases

The toxic and corrosive gases such as H2S can be removed from the drilling fluids
by employing nanoparticles. This hydrogen sulfide gas should be removed from the
drilling fluids for reducing environmental contamination as well as to look into the
matter of the health care of drilling staff and get rid of corrosion of drilling
instruments (Singh et al. 2010). It has been observed that the inclusion of 14- to
25-nm ZnO particles into the drilling muds eliminates H2S gas completely while
bulk ZnO eliminates only 2.5 % and is a time-consuming process.
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6 Nanomaterials as Drilling Fluid: Its Challenges

Along with the ameliorated drilling fluid performance, the less expensive charac-
teristics of nanomaterial are an exciting feature. This leads to the low consumption
of the amount of nanomaterials needed for any applications, because of the high
surface area-to-mass ratio of nanoparticles, thereby enhancing their reactivity (Shah
et al. 2010). Further, the utilization of nanoparticles in drilling fluids has technical
and economic dominance.

Technically, nanofluids are applicable to be utilized in new oil production
processes and to transcend tough drilling conditions and operations (Nasser et al.
2013). Economically, the utilization of nanoparticles has three major aspects. The
prime one is the use of nanoparticles instead of expensive additives and that
depreciates the price of drilling fluids. Further, the utilization of nanofluids as
drilling fluids in enhanced oil recovery process by addressing the deep well
challenge formations (Abdo and Haneef 2013). Also, high expenditures can be
prevented by shortening the non-productive time due to the removal of hurdles.

There are some constraints for applying these conventional drilling fluids
instead of the added chemicals in order to improve the drilling fluid efficiency.
The important disadvantage of water-based drilling fluids is the ability of WBM
to solubilize salts which may produce an unwanted increase in density. Moreover,
the WBM is capable of interfering with the flow of gas and oil through porous
media. Further constraints of the WBM include promotion of the delamination
and dispersion of clays and its inability to drill through water-sensitive shale.
Further, the corrosion of iron-based drill pipes by WBM, drill collars and drill
bits is a matter of concern. Like water-based mud, use of oil-based drilling
(OBD) fluids has constraints such as the cost of the OBM along various lines, as
the composition of OBM is very expensive and the high cost of treatment cuttings
and disposal of it. Also, OBM is not ecofriendly because of their disposal
problem and pollution of the water, pollution of land, and the decimation of the
coral reefs. Furthermore; dry gas reservoirs cannot use this type of fluids. Besides,
WBM and OBM having limitations, GBM also likely experience a number of
constraints. High-pressure production leads to the explosive nature of GBM and is
the most common risk as the phase of SBM is a gas. Further, drilling string
corrosion is caused by the same type. Also, the SBM cannot be used through
water-bearing formations because the cuttings will flock together in these for-
mations; therefore, it is not possible to carry out drilling with the aid of air or gas.
Oil well drilling technology has evolved from vertical, horizontal to sub-sea and
deep-sea wells. These specific drilling techniques require specialized drilling
fluids to fix the issues (Shah et al. 2010). The traditional drilling fluids are
suitable for low and medium temperature and pressure conditions.
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7 Conclusion

To conclude, drilling fluids have multipurpose use in the drilling process. However,
there are issues with lost circulation, pipe sticking, wellbore instability, high torque,
and toxic gases, with continuous usage of these fluids with unconventional reser-
voirs. In the last decades of the twentieth century, the researchers discovered
nanotechnology, and nowadays there is pursuit to apply this nanotechnology in the
drilling process.

This chapter has elucidated the drilling fluid types, functions, and the idea of
adding additives. Further, the deterioration of drilling fluids at high-temperature and
high-pressure conditions has been defined. From the literature, it can be implied that
nanoparticles can ameliorate drilling fluids due to their stability of the rheological
properties at high-pressure and high-temperature conditions. The nano-drilling fluid
can bring in great changes in oil and gas drilling industry because it can fulfill the
specific needs of new drilling technologies, and it can be effective deep down the
well in less time.

One of the main drawbacks in this field of research is that it has not looked into
the effect of the sizes and the concentrations of nanoparticles that are generally
loaded in the drilling fluids. Accordingly, each issue within the drilling well would
require the use of specific sizes and concentrations of nanomaterials. Future work
could be borne out in the field of property measurements to establish a better
comparative study. The cost feasibility of using nanoparticles in drilling fluids can
also be explored.
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Novel Nano Copper-Tungsten-Based EDM
Electrode

Ahmad Majdi Abdul Rani, Altidjani Zakaria Mahamat
and Azri Hamim Ab Adzis

Abstract Using electrical discharge machining (EDM), it is possible to machine
material that is difficult to machine by conventional machining technique as long as
it is electrically conductive. The performance of EDM is highly dependent on the
type of electrode being used, the power supply system, and the dielectric system.
Copper–tungsten electrode combines the higher melting point of tungsten with the
good electrical and thermal conductivity of copper, but it is difficult to manufacture
due to the variation in melting point and zero miscibility of copper with tungsten.
Thus, newly modified copper–tungsten–silicon (Cu–WC–Si) electrode was syn-
thesized using ball milling method. The method was used to synthesize the new
electrode material due to the possibility to overcome the problems encountered in
alloying materials which have a large variation in melting temperature or low
miscibility at low temperatures. Taguchi method is the main statistical tool used to
design and analyse ball milling and machining processes. Material removal rate and
electrode wear are the parameters used for comparing the performance between the
existing copper–tungsten and new developed electrode. Milling results show a clear
change in the thickness of crystalline and d-spacing of the milled powder. The
performances of Cu–WC–Si electrode in machining of hardened die steel show an
improvement in MRR and EW compared with that achieved by using Cu–W
electrode when it is milled for less than 10 h.
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1 Electrodischarge Machining

Machining process is among the most important in the manufacturing process
because all the steps after the material selection need material removal process. The
machining process referred to the material removal processes to produce the desired
shape using cutting tool to remove material from a workpiece. Preparation of the
workpiece for machining should pass through several stages such as cutting and
shaping before finally machined to the desired shape. Machining process can be
divided into two main categories, the conventional and non-conventional machin-
ing. In conventional machining, parts of the material are removed mechanically
from the workpiece using physical machining tool to change it to final shape. The
main demand in conventional machining is that the tool must be harder than the
workpiece and must resist all types of mechanical stress. The machining rate and
the quality of the machined surface strongly depend on the relative motion between
the tool and the workpiece. Conventional machining may not be feasible when the
workpiece material is harder than the tool electrode material or when low-rigidity
structures with tight tolerances and fine surface quality are required.
Therefore, there is an urgent need to use non-conventional machining technique to
overcome these limitations.

Electrical discharge machining (EDM) is one of the most applicable
non-conventional machining techniques used for die and tool manufacturing
because no restriction is imposed by the mechanical properties of workpiece
material such as brittleness and toughness as long as it is electrically conductive.
Additionally, it has an advantage when complex shapes with sharp edges, holes and
pocket are required regardless of the workpiece hardness. It is also possible to
machine a very small workpiece because there is no direct contact between tool and
workpiece. Proper selection of EDM variables and the optimal setting of these
variables is the first step to improve the material removal rate, MRR; the electrodes
wear, EW; and the surface roughness, Ra.

The main disadvantage of this technique is that it can only machine conductive
material; low material removal rate, MRR; and the negative effect of electrode
wears, EW, on machining process; and surface quality. The electrode manufac-
turing is a time-consuming process, leading to the high cost of EDM electrode. Heat
concentration can affect the microstructure and may cause cracks, which is unde-
sirable. Machining of large areas is not normally possible and in some cases, the
risk of the direct contact with debris and fine powder is high.

2 EDM Electrodes

EDM electrode is the physical cutting tool. It is important to keep in mind that the
shape of the produced cavity (die) is the negative of the tool electrode shape. Thus,
the electrode wear reduction must be the first consideration during the design of
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electrode. As EDM is a non-contact machining process, the mechanical property is
not the first priority in electrode manufacturing. Since the system converts an
electric energy into heat energy by a series of sparking, the electrode material must
have a high electrical and thermal conductivity. The high electrical conductivity
makes the discharge more easily and reduces the bulk heating. For the same heat
load but at different thermal conductivities, the localized temperature will rise at
different rates due to the differences in heat conduction, leading to a localized
melting of the electrode material, and therefore the tool wear can be reduced with
higher thermal conductivity. The material is removed by fusion and evaporation
mechanism and due to this, it is important to use a high melting point material.
During sparking, both the electrode and the workpiece eroded, and to reduce the
volume wear and as a consequence, less tool wear and less dimensional inaccuracy.
Thus, the electrode material must have high density. Ease of manufacturing and low
price are other important points which should be considered in EDM electrode
industry.

Currently, the commonly used materials as electrodes are copper, copper alloy,
graphite, tungsten and copper–tungsten. Each of these electrodes has its advantages
and drawbacks. Copper is good in electrical and thermal conductivity but very poor
in wear resistance. Tungsten on the other side is the best in wear resistance but
relatively low in conductivity and is very expensive. Graphite electrodes are good
in wear resistance and not expensive. It has low electrical and thermal conductivity
with low oxidation temperature as its main disadvantage.

Copper–tungsten (Cu–W) is one of the most used electrodes in machining of
cemented tungsten carbide. Copper–tungsten electrode shows the highest thermal
wear resistance. The main problems associated with this electrode are the diffi-
culties of manufacturing due to the variation in melting temperature, zero misci-
bility of Cu and W and also the high cost due to the expensive nature of tungsten.
This electrode shows lower material removal rate in comparison with copper due to
lower conductivity. The basic demands during electrode material selection are the
high melting point, good electrical and thermal conductivity, chemical stability,
machinability, burr formation and low price. It is impossible to find a single
material that can offer all these properties. Therefore, the development of new
EDM tool electrode materials has become vital.

This research hypothesized that it is possible to use a new modified Cu–W
electrode to overcome some of these problems. In newly modified electrode, the
tungsten in Cu-80 %W is replaced with tungsten carbide (less than 50 %) and
silicon is introduced, a suitable additive that has a good solubility with copper and
tungsten. Silicon can form silicide with copper and tungsten which is an inter-
metallic compound that has properties which is intermediate between metal and an
alloy. The expected intermetallic bonding of silicon with copper and tungsten are
electrically conductive.
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2.1 Fabrication Techniques

2.1.1 Powder Metallurgy (P/M) Electrodes

Powder metallurgy (P/M) is one of the main techniques used to synthesize and
manufacture EDM electrode. The performance of powder metallurgy electrode on
the quality of the machined component was studied by Kunieda et al. (2004). The
quality of the electrode was controlled over a wide range of properties by adjusting
the compaction and sintering conditions. P/M electrode performance is found to be
more sensitive to the pulse current and pulse duration than that of conventional
solid electrodes. Not only that, electrodes can cause negative material removal rate.
The machined surface contamination caused by the eroded particles from the
electrode is a function of the manufacturing parameters of P/M electrodes. Lower
currents and higher frequencies are responsible for low metal removal. This is, in no
small way, due to the surface structure of P/M electrodes. In contrast to the con-
ventional solid electrodes, P/M electrodes possess more asperities on the working
surface since they have more porous nature.

Various compositions of Cu–ZrB2 and Cu–TiSi P/M EDM electrode are pre-
pared and developed by Zaw et al. (1999) using solid-state sintering and
liquid-phase sintering. The poor bonding strength between ZrB2 and Cu particles
reduces the thermal wear resistance. Prior to melting the material through spark
erosion, the bond strength is easily broken down. EDM electrodes made of TiSi/Cu
compound were unusable because they exhibit high wear rate, and they tend to
damage the surface of the workpiece. Zaw et al. (1999) also mentioned that if
bonding problems could be solved by the addition of some fluxing elements and via
laser melting, then ZrB2 may be an effective contributor to good machinability and
provide increase in wear resistance.

The performance of copper powders containing resin blended with chromium
powders as electrodes was investigated by Tsai and Huang (2003). The electrode
material is bonded in a hot mounting machine at 20 MPa compaction pressure and
200 °C temperature. The effect of mixing ratio and compaction pressure in addition
to the machining variables (such as polarity, peak current and pulse duration) was
used to investigate the machining process in terms of material removal rate (MRR),
electrode wear rate (EWR), surface roughness and thickness of the recast layer. The
experimental results show that under positive electrode polarity, copper powders
containing resin show a higher MRR than the Cu–Cr composite electrodes; but
relatively the EWR is higher. The high electrode wear is responsible for the weak
bonding strength of Cu–Cr composite electrodes because of low sintering pressure
and temperature. Instantaneous drop of Cu and Cr particles out of the electrode
leads to unstable discharge condition during the EDM process. The dropout of Cu
and Cr particles in the discharge gap affects the machining process and the surface
quality whenever the particles stick to the machined surfaces. Tsai and Huang
(2003) suggest that using such composite electrodes as tool electrode may improve
the resistance of workpiece surfaces to corrosion.
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The reviewed papers about powder metallurgy EDM electrodes shows that P/M
technique is a promising simple technique that can be used to develop and fabricate
a new tool electrode material. The main problems with this technique are the low
bonding strength of the components and the difficulties in achieving full density
material.

2.1.2 Rapid Prototyping (R/P) Electrodes

The use of selective laser sintering (SLS) technique to fabricate EDM electrodes
was investigated by Dürr et al. (1999). In this rapid tooling technique, a bronze–
nickel electrode was built layer by layer. Moving speed and the sintering strategy
show a big impact on the quality of the sintered electrodes. Slower scanning speed
gives the higher particle density and lower roughness. On the other hand, a 90°
direction rotation after every layer (called jitter scanning) leads to an increase in
strength and a decrease in porosity compared to the alternate scanning (no rotation).
The electrodes wear and material removal rate have been investigated, and the
results indicate that the wear behaviour leads to an unacceptable change in the
shape of the electrodes in addition to workpiece. The investigation so far conducted
demonstrated that electrodes with lower porosity manifest decreased electrode wear
with higher workpiece removal.

Similar research using selective laser sintering (SLS) technique was conducted
by Zhao et al. (2003). The study involved manufacturing an EDM rapid prototype
electrode. Infiltration was used to improve the density and the mechanical perfor-
mance of selective laser sintering electrode. The results indicate that the electrode
made by SLS can be used as an EDM electrode. The main disadvantages of SLS are
the need for an additional treatment such as infiltration to achieve a full density due
to the high porosity and the surface quality of the product parts influenced by
powder particles. In addition, the scanning rate and scanning strategy are very
important additional variables. The process is time consuming due to the need for
heating up and cooling down process.

The use of rapid prototyping electrode for EDM was also researched by Dimla
and Rothe (2004) using stereo lithography copper-coated models and copper
coating of direct metal laser sintering (DMLS) models. He stated that variability of
copper thickness of the rapid prototyped electrodes is clearly a big concern. Due to
variations in coating thickness, the machining process was found to be unsuitable.
The need for a consistent layer of copper on the SL and EDM electrodes is another
reason that makes these RP electrodes unfit.

New electrical discharge machining electrode was developed and tested by
Monzon et al. (2008). The electrode is manufactured using rapid prototyping fol-
lowed by electroforming technologies. The electrode performance has been tested
in an EDM machine, and the results were compared with conventional electrolytic
copper electrodes. The results show that both the electroformed and the conven-
tional electrodes can operate with the same parameters and conditions, except when
under strong work intensity. In general, the roughness and cavities produced by
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electroformed electrodes are higher than those obtained with conventional elec-
trolytic electrodes.

Another important study about the performance of a newly manufactured
die-sinking EDM electrode was done by Hsu et al. (2008). He used rapid proto-
typing system based on nickel electrolysis plating and copper electroforming. This
method shortens the electrode manufacturability as well as the cost of electrodes.
The electrode prototype using stereo lithography and the electrolysis plating was
then performed. Test results indicate the critical step in pre-treatment engineering
for electrolysis plating is surface roughening but no crack was found on the elec-
trode, and that the electrical discharge machining effects are promising. The most
effective factors are the electroforming current density, the ratio of depth over the
width of the hole in the plating material, the concentration of the plating solution
and the direction of current. It was also established that the machining time is lower
at low machining current, and the electrode wear ratio seems to increase with
current. The advantage of stereo lithography (SL) and electroforming technique is
clear when an electrode with complex 3D geometry is needed. However, the
electrode strength and cost are negatively affected.

Another rapid prototyping technique used to manufacture EDM electrode is
Thermo Jet 3D printing. Ferreira and Artur Alves (2007) studied the application of
indirect rapid tooling technology to manufacture EDM copper electrodes from
investment casting, using prototypes of wax made by Thermo Jet 3D printing. The
results show that there was parity in the machining efficiency exhibited by both
the copper RT electrodes and the conventional-machined solid copper electrodes.
The suitability of these electrodes leans towards roughing or semi-finishing cuts in
die-sinking EDM. The present electrodes show better electrode wear ratio
(EWR) compared with that of electrolytic copper.

2.1.3 Ball Milling of Electrodes

The need for new tool electrode material that can combine high electrical con-
ductivity, thermal conductivity and high melting point for good wear resistance
requires a special technique. Mechanical alloying by ball milling is one of the most
practical and dependable techniques to synthesize alloy from material that are
immiscible at low temperature or when the vibration of melting temperature is very
high such as copper and tungsten (Li et al. 2003).

Copper–tungsten exhibits total absence of solubility in both solid and liquid
states. Mechanical alloying (MA) as a solid-state, non-equilibrium process can be
beneficial to the processing of such an immiscible system with the added features of
refinement of the structure. Raghu et al. (2001) synthesized an ultrafine Cu–W
microcomposite structure by mechanical alloying using ball milling. He affirmed
that the milling behaviour depends on the composition, milling time and milling
atmosphere. Metastable solid solubility in the system was also confirmed, and the
crystal sizes were found in the nanocrystalline region. This result was confirmed by
the lattice parameter analyses of copper and tungsten elements. They report that the
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conversion of milling energy effectively to create deformed surfaces, which resulted
in metastable solid solubility and nanocrystalline structure, was assisted by the
oxygen available in the milling atmosphere. Li et al. (2003) used the
thermo-mechanical approach to produce W–Cu composite powder by using high
temperature oxidation, small amount of time, high-energy milling and reduction.
The outcomes revealed that the oxygen content of W–Cu composite powder
decreases with the increase in milling time, while the specific surface of final
powder increases with the milling time.

3 EDM Theory

In traditional machining, the tools must be harder than the workpiece meanwhile in
many non-traditional machining processes such as EDM, the electrode hardened is
not one of the main required properties. The new techniques provide a techno-
logical and economic advantage over traditional methods. The thermal and elec-
trochemical process uses thermal energy to remove material by melting or
vapourizing the workpiece material. This includes electrodischarge machining
(EDM), plasma beam machining, laser beam and electron beam as well as ion beam
machining. In electrode discharge, machining is sometimes called electrical erosion.
(Lissaman 1996; El-Hofy 2005).

Electrical discharge machining (EDM) is an electrothermal process that can
erode any conductive workpiece by the formation of an electrical spark between an
electrode and the workpiece. As a result, spark erosion, the shape of the electrode
can be reproduced into the workpiece. The main types of EDM include diesinker
EDM (electrical discharge grinding (EDG), multi-electrode and multi-lead
machining), micro-hole EDM drilling and wire-cut EDM (multiple-electrode and
multiple-workpiece machining). All these types are operated based on power
generation, dielectric function and the tool electrode.

A typical EDM machine consists of machine tool, EDM power supply, dielectric
unit, servo control and CNC control. The electrode and workpiece immersed in a
tank filled with a hydrocarbon dielectric (such as oil and kerosene) can ionize in the
presence of high electrical field. The frequencies of the sparks are in the range from
500 to 500,000 sparks per second, and the material removal rate is in the range of
fraction of one to around 3.9 (cm3/min). Since this is non-contact machining pro-
cess, the hardness of the workpiece is no more a source of difficulty.

The main EDM electrode materials include tungsten, tungsten carbide, copper–
tungsten, graphite, copper, brass and zinc alloys. The main disadvantages associ-
ated with copper electrodes are low thermal wear resistance, difficult to machine
and hard to grind off burr formations. Tungsten, due to the combination of its high
density and melting point, is the best choice if wear resistance is the main concern.
Tungsten is seldom used as EDM electrode due to the low cutting speed, high and
very low machinability. Copper–tungsten on the other hand is incomparable for its
high volume and corner wear resistance. The cost of copper–tungsten electrode
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depends on tungsten ration. Reducing the tungsten content would increase the
corner wear, but enables smoother burning in addition to reducing the cost of the
material. It is important to note that copper–tungsten typically cut only half as fast
as copper does (Ostwald and Jairo 1997).

3.1 Electrodes Wear

In electrodischarge machining, tool wear does not depend on the mechanical
properties such as stiffness, young modulus, hardness and yield strength. The tool
wear depends on the thermal properties and also the material removal rate.
Electrode wear occurs as a result of ion bombardments, where the negative elec-
trode is bombarded by positive ions, and the positive electrode is bombarded by
negative ions. The accelerated ions will lose its kinetic energy (1/2*mv2) as heat
when it is crashed onto the surface of the electrode. The heat generated due to this
bombardment is enough to vapourize the electrode material, and a small amount of
electrode material is removed.

The ion mass and volume is much bigger than the electron, but the electron
velocity is much higher than that of the positive ions. Thus, the removal of material
from the electrode surface depends on the electrode polarity. The main types of the
electrode wear are the corner wear, end wear, side wear and volumetric wear. The
number of sparks originating from a point on the electrode surface determines
electrode wear. The corner of the electrode suffers more than the front because it
was exposed to more attacks from the front, sides and edges, due to that more
material is removed from the corner than the flat surface, leading to higher corner
wear (Jameson 2001).

3.2 Material Removal Rates

The EDM process removes material by thermal energy. Once the spark is launched,
the workpiece surface continuously impinged by high-energy ions or electrons,
depending on the workpiece polarity. The accelerated ions and electrons have very
high kinetic energy, and that kinetic energy will be converted into thermal energy
leading to a high temperature on the warped piece. This high temperature on the
workpiece causes a localized melting and evaporation mechanism, and we get
material removal rate. When sparking electricity is turned OFF, the vapour cloud is
cooled to form EDM debris. This process is repeated thousands of times every
second in various points on the workpiece and therefore, the electrode gradually
goes down under the servo system control. Typical removal rates range from 0.1 to
400 mm3/min. The material removal rate depends on not only current and melting
point of the workpiece, but also the other workpiece properties, the tool electrode
material, pulse energy and the dielectric (Lassner 1985).

200 A.M. Abdul Rani et al.



Developing a model can give better understanding about what can happen if the
process parameters changed before going onto the experiment details, supposing
that a single spark can create a single hemispherical crater on the workpiece. If the
radius of this hemispherical is r, then the volume of this hemispherical crater is
Vhs ¼ 2

3 pr
3. The size of this crater in some manner can relate to the spark energy

ES ¼ VIton, where ton is the pulse on-time. Part of this energy that is converted to
heat on the workpiece is proportional to the sparking energy and can be given as
EwaEs. The rest of this energy dissipated in the discharge medium as heating of the
dielectric medium, electromagnetic energy and sound energy, and heating of the
electrode.

Thus, the working energy is Ew ¼ kEs, where k is the proportionality constant.
The volume removal of material from the workpiece by a single spark is propor-
tional to the sparking in energy. Then, we can write the material removal rate as the
volume of the crater created by a singular spark divided by the total time of the
spark, which is the pulse duration (Saha 2008).

MRR ¼ bEw

½ton þ toff � ¼
b

0
VIton

½ton þ toff � ¼
b

0
VI

1þ toff
ton

� �h i ð1Þ

where b and b
0
are the proportional constants. This equation indicates that higher

material removal rate, which is one of the main goals of EDM improvement, can be
achieved with high current I, high potential difference V and also by increasing the
pulse on-time ton and decreasing the pulse off-time toff .

The volumetric material removal rate in (mm3/min) was described by El-Hofy
(2005) as a function of melting point of the workpiece material and the discharge
current as follows:

MRR ¼ ð4� 104Þ:i:T1:23
w ð2Þ

where i is the discharge current and Tw is the melting point of the workpiece
material (°C). Another model is established by Rahman et al. (2010) to give the
relations between the different EDM process parameters and the MRR using is the
response surface methodology (SRM).

Y ¼ C0 þ
Xn
i¼1

Cix
2 þ

Xn
i¼1

CiiX
2
i þ

Xn�1

i¼1

Xn
j¼1

CijXij ð3Þ

where Y is the response (MRR), n in the number of variables, x is the EDM process
variables and i&j are levels of nth variables, and the terms C0;Ci;Cii and Cij are the
second-order regression coefficients. The application of this model shows that the
material removal rate is given as follows:
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MRR ¼ 0:90095þ 0:86652IP þ 0:40632ton � 0:07574toff þ 0:23562I2P
� 0:23825t2on � 0:04123t2off þ 0:23298IPton � 0:02454IPtoff
� 0:04957tontoff

ð4Þ

where IP is the peak current, ton is the pulse on-time and toff is the pulse off-time.

3.3 Surface Roughness

Let us assume that sparking the maximum surface roughness Ra is equal to the
radius of the hemispherical crater. Then, the surface roughness is equal to

r ¼ Ra ¼ 3
2
Vs

� �1=3
¼ 3

2
bEs

� �1=3
¼ 3

2
bVIton

� �1=3
ð5Þ

This equation indicates that surface roughness does not depend on pulse off-time,
toff. In order to reduce surface roughness, the potential difference V , the peak current
I and pulse on-time ton must be decreased. By contrast, reducing any of the three
terms will also reduce the material’s removal rate which is undesirable. Referring to
Eqs. (2) and (5), reducing the surface roughness without reducing the material
removal rate can be achieved by reducing ton and toff simultaneously. However,
there is a limit to reducing toff because if it is reduced too much, then there will be
unstable sparking (Saha 2008).

4 Nanocomposite Cu–WC–Si Electrodes

4.1 Synthesizing the Nanocomposite

When powders of pure metals, intermetallic or pre-alloyed powders are milled
without any material transfer, then the process is called mechanical milling (MM).
If material transfer occurs, then milling process is called mechanical alloying (MA).
In mechanical alloying, the new crystalline structure can be different or can be the
same as the base metal. This new structure can show different mechanical, chemical
or physical properties. Alloying of base metal with one or more chemical element is
normally required to change the bulk or the surface characteristics of the base metal
to make it easier to fabricate or perform better during application. As an example,
the strength of bulk material depends on plastic deformation when the slip of
crystallographic planes occurs along the grains of the metal, and thus it is important
to increase the resistance to slip (Wang et al. 1999). Grain refining, cold work,
solid-solution hardening, hardening, and others can achieve this.
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Since 1980s, mechanical alloying by ball milling is used to synthesize a variety
of stable and metastable phases including supersaturated solid solutions, crystalline,
quasicrystalline intermediate phases and amorphous alloys. In addition, the pro-
cedure can be used to stimulate chemical (displacement) reactions in powder
mixtures at room temperature or at least at much lower temperature than normally
required. Metals, ceramics, polymers and composite materials have benefited from
the use of this technique (Suryanarayana 1999).

4.2 Consolidation Techniques

Figure 1 shows the main steps of synthesizing and characterization of Cu–WC–Si
nanocomposite using high-energy ball mills. The first step prior to synthesizing the
nanocomposite is the selection of milling variables. High-purity copper containing
small amounts of silver or phosphorus melt at 1083 °C, a relatively low melting
temperature. The electrical conductivity of copper at room temperature according to
International Annealed Copper Standard (IACS) is 100 %, while thermal conduc-
tivity of the oxygen-free copper is 391 W/m K, which is the highest thermal
conductivity among the cast copper alloys (Khan 2008). Tungsten is a metallic
transition element characterized by the high melting point and relatively high
thermal conductivity as compared to copper. The melting point of tungsten varies
between 3387 and 3422 °C, and the thermal conductivity varies between 167 and
190 W/m K. (Lassner 1985).

Tungsten carbide is not only a hard material but also has a high melting point
making it a suitable material to act as main filler for an EDM electrode. The
electrical conductivity of WC is in the same range as tool steel and carbon steel, but
the melting point is double. Tungsten carbide can be produced in a pure state by
mixing the appropriate amounts of tungsten powder and carbon black or graphite
with subsequent heating in a hydrogen atmosphere to at least 1600 °C. Its high
melting point, good conductivity and ease of production can make tungsten carbide
as an alternative of tungsten in Cu–W electrode when electrical conductivity is not
the only main concern. The tungsten monocarbide is the only stable tungsten
carbide at room temperature. It can be produced either through the reaction of
tungsten trioxide with carbon in an inert atmosphere, vapour phase deposition or by
electrolysis of fused salts.

Silicon is the second most abundant element after oxygen and used in glass as
silicon dioxide, semiconductor, solar cells, tools, cement, grease and oil. Silicon has
a relatively high melting temperature 1400 °C. Similar to water, silicon density
increases with temperature such that its density in liquid state is greater than that in
the solid state. The thermal conductivity of silicon is 149 W/m K, and it is used as a
heat sink in semiconductors. Silicon can form silicide with tungsten and copper at
temperatures lower than the melting point of the component.
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Fig. 1 Schematic diagram of
the whole process including
synthesizing, characterization
and electrode performance
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4.2.1 As-Received Powder Characterization

Copper, tungsten carbide and silicon powders (>99.5 % purity) having an average
particle size of 1 μm were used for this study. The as-received powders were
characterized for particle size, morphology and contamination using MALVERN
MASTERSIZER 2000 particle size analyser, FESEM, XRD and TEM. The FESEM
was used to observe powder morphology and particle size reduction. TEM was also
used to observe the crystal structure before milling.

4.2.2 Selection of Milling Variables

Mechanical alloying and ball milling are complex processes due to the large
number of variables. Using Taguchi orthogonal array, the selected milling variables
are the weight per cent of WC and Si content as well as milling time while other
milling process variables were kept constant.

The consolidation of milled powder by applying temperature and pressures is an
important process used to fabricate the final products. Consolidation was carried out
using three different techniques. The cold compaction, sintering and the hot iso-
static pressing were used for Cu–WC–Si composite. Consolidation of the milled
Cu–WC–Si composite was carried out using uniaxial stainless steel die pressed at
740 MP to form 13-mm-diameter cylindrical samples.

Sintering was carried out using high-temperature sintering furnace model LINN
term VMK-135-S at 950 °C for 120 minimums in argon atmosphere. One of the
three sintered samples from each experiment was re-sintered using HIP at 31 MPa
in argon atmosphere to reveal the effect of re-sintering on final density. After
compaction, the compressibility of the green compact was measured in terms of
densification parameter, which is a measure of how much green density is achieved
by the application of external pressure. This parameter is influenced by some factors
such as hardness of powder, initial particle size and shape, interparticle friction and
powder volume.

4.3 Experimental Designs

4.3.1 Taguchi Method

Taguchi design of experiments (DOE) technique is widely used to study the effect
of several controlled factors on product and process improvement. Taguchi design
of experiments was adopted for designing and analysing the milling experiment.
Table 1 shows the milling variables and levels used for designing the milling
experiments.
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The selected Taguchi orthogonal array has the following configuration. L16
Taguchi orthogonal array is shown in Table 2, representing the milling experiment
configuration of Cu–WC–Si composite where all variables are set at four levels.

4.3.2 Milling Experiment

Table 3 shows the variables influencing the properties of the ball-milled powder for
a given composition. Ball milling was carried out using PULVERISETTE 5
high-energy planetary ball mill. The as-received powders were weighed using a
digital balance. In all experiments, the total amount of powder was 80 g, and the
ball-to-powder mass ratio was fixed at 12:1. The cemented tungsten carbide ball of
10 mm diameter was loaded into a tungsten carbide bowl vial (250 ml) under a dry
air atmosphere. The weighed powder was poured over the balls, and then the
grinding bowl was tightly and carefully sealed with surface sealing rubber ring.

Table 1 The selected variables for L16 and their levels

Variables Cu–WC–Si

Variable level

1 2.00 3.00 4.00

Time (h) 5 10.00 15.00 20.00

WC (%) 0 150.00 30.00 45.00

Si (%) 0 0.75 1.50 2.25

Table 2 Single-level L16 Taguchi orthogonal array by three variables

Milling time (h) Tungsten carbide (wt%) Silicon (wt%)

Exp-1 5 0 0.00

Exp-2 5 15 0.75

Exp-3 5 30 1.50

Exp-4 5 45 2.25

Exp-5 10 0 0.75

Exp-6 10 15 0.00

Exp-7 10 30 2.25

Exp-8 10 45 1.50

Exp-9 15 0 1.50

Exp-10 15 15 2.25

Exp-11 15 30 0.00

Exp-12 15 45 0.75

Exp-13 20 0 2.25

Exp-14 20 15 1.50

Exp-15 20 30 0.75

Exp-16 20 45 0.00
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The grinding bowls with material and balls rotated around their own axis on a
counter-rotating supporting disc. The other milling variables are kept constant as
shown in a cylindrical die made of steel.

After every experiment, the bowl and balls were cleaned by milling with sand
(silica) for 5 min to remove the cold-welded powder on the bowl and ball surfaces.
The bowl containing the powder was then placed carefully in its position on the
rotating disc and tightly closed. Pressure and temperature were kept constant for all
the experiments. Milling time was divided into equal cycles of one hour separated
by 15 min to cool down the milling medium.

4.3.3 As-Milled Powder Characterization

After milling, the powder was characterized again to expose the effect of milling
conditions of the morphology, particle size reduction, homogenization, the forma-
tion of any metastable phase and crystalline change. Characterization was carried out
using Pycnometer, XRD, FESEM and TEM methods. Pycnometer was used to
analyse the effect of milling variables on tap density and SSA. The tap density and
the green density were used to measure the effect of milling time on compressibility.

Scanning electron microscopy and transmission electron microscopy were
employed to study the morphology and crystalline structure of as-milled powder
samples. FESEM was used to observe the powder morphology, homogenization
and particle size reduction. TEM techniques were used to analyse the nanosized
powder morphology particle size reduction and to measure the thickness of crys-
tallization. The X-ray analysis was conducted using Philips and Bruker 5000 X-ray
systems (A Cu–Ka target of 0.154 nm) for qualitative and quantitative XRD
analysis. The analysis detects the materials’ chemistry, phase constitution, structure
of milled powder samples and crystallite size.

Table 3 The most important
variables influencing the
properties of milled powder
for a given powder
composition

Type of mill High-energy planetary ball milling

Milling
container

Zirconium oxide and tungsten carbide

Milling speed 300 rev/min

Milling time 5, 10, 15 and 20 h

Grinding tools Tungsten carbide, 250-ml bowls and
grinding balls (10 and 20 mm)

Ball-to-powder
ratio

1:12

Extent of filling
the vial

1:3

Milling
atmosphere

Air

Process Dry milling

Milling
temperature

Room temperature
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The crystallite size broadening of a peak is correlated with the crystallite size
through the Scherer equation (Lifshin 1999).

t ¼ ðk � kÞ=B1=2 � COSðhBÞ ð6Þ

where t is the average thickness of crystalline particles, K is a constant depending
on the crystalline shape (0.89), λ is the X-ray wavelength, B is the full width at half
maximum and ϴB = Bragg angle. One of the main sources of error considered is
the effect of internal strains on broadening.

4.3.4 Densities and Volume Measurement

The densities and specific surface area of the powder was measured according to the
gas adsorption principle using Ultrapycnometer 1000 version 2.2. Measurement was
carried out using helium at 19-psi pressure and room temperature. The average of the
last three readings out of five was recorded with variation less than 0.008 cm3 for
volume and less than 0.16 g/cm3 for densities. The density and volume of solid
samples weremeasured according to the gas adsorption principle as mentioned before
and confirmed using Archimedes’ principle. The density and volume measured by
using Archimedes’ principle by measuring the following as quantities follow:

1. Weight of sample in air (A)
2. Weight of samples in the auxiliary liquid (distilled water) (B)
3. Density of the distilled water (ρ0 = 0.997 g/cm3), the density of air (ρa=

0.0012 g/cm3) and α is the balance correction factor (0.99985).

Then, the density and volume were calculated using the Eqs. (7) and (8),
respectively.

q ¼ A
A� B

ðq0 � qaÞ � qa ð7Þ

V ¼ a
A� B
q0 � qa

ð8Þ

The effect of milling variables on compressibility and densification was calcu-
lated from the measured green density, theoretical density and the sintered densities.
The compressibility and the densification measured are as follows:

compresibility ¼ ðqgr � qtaÞ
qta

� 100 ð9Þ

Densification ¼ ðqsi � qgrÞ
ðqth � qgrÞ

� 100 ð10Þ
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where qta is the tap density, qgr is the green density, qsi is the sintered density and
qth the theoretical density.

4.3.5 Heat Conduction Measurement

The transfer of heat under unsteady state condition from the surface to the centre
was measured using HT17 unsteady state heat transfer. The solid cylindrical sample
of 13 mm diameter and 9 mm high was stabilized at initial temperature Ti (room
temperature) before dropping into stabilized heated water at 80–90 °C (Tmax). Due
to the heat transfer from the bath to the centre, the temperature of the sample
increases as a function of time and distance from the surface as T = T (r, t).

Assuming that the dimensionless temperature θ is defined as

h ¼ Tðr; tÞ � Tmax

Ti � Tmax
ð11Þ

Then, the change in the dimensionless temperature with time according to
Lumped model of transient heat conduction can be calculated from Eq. (13)
(Cengel 2006).

h ¼ Tðr; tÞ � Tmax

Ti � Tmax
¼ Ae�bt ð12Þ

The decay constant b is the reciprocal of the time constant and given as

b ¼ ahAS

k:V
¼ hAS

q:V :cp
ð13Þ

where k is the thermal conductivity, V is the volume of mass m, As is the surface
area, ρ is the density and Cp is the specific heat capacity. The plot of ϴ versus time
t was used to study the effect of composition of electrode material and milling time
on the rate of heat transfer rate (mode).

4.3.6 Settings for Performance Measurement

The electrode performance was tested on machining of hardened die steel using oil
diesinker EDM machine of type Mitsubishi AE series model brn-51748. All
machining experiments were conducted in a rough machining setting using TP
power circuit at the following machining setting. This setting represents the optimal
machining setting that can give less than 10 % error.
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5 Results of Testing and Analysis

Preliminary study of EDM was conducted using conventional copper electrode on
machining of cast iron and cemented tungsten carbide. The results obtained from
the experiments are discussed as follows. Figure 2 is the optical image of the
nital-etched grey cast iron showing flake graphite with an average of thickness
equal to 3.5 µm imbedded in ferrite structure. Figure 3 is an optical micrograph of
copper electrode etched using ferric chloride etchant showing different culler of
copper at different orientations. The average size of the culler is around
25 ± 10 µm.

The FESEM imaged of the two workpieces of grey cast iron and cemented
tungsten carbide is shown in Figs. 4 and 5. The structure of cemented tungsten

Fig. 2 Optical micrograph of
a nital-etched grey cast iron
showing flake graphite

Fig. 3 Optical micrograph of
copper electrode etched by
ferric chloride
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carbide shows the high-value tungsten content. The average particle size of tungsten
particle in cemented tungsten carbide is around 2 µm.

5.1 Machining with Conventional Electrodes (Hardened Die
Steel Using Cu–W Electrode)

5.1.1 Machining Set-up

Tables 4, 5 and 6 shows the machining set up for the experiments.

Fig. 4 SEM micrograph of
grey cast iron desk break with
graphite flakes embedded in
pearlite

Fig. 5 SEM micrograph of
cemented tungsten carbide
workpiece
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Table 4 The experimental layout of mixed mode L16 Taguchi orthogonal array and the observed
values of MRR (mg/min), EW (mg/min), TWR and Ra (µm)

L16 Taguchi orthogonal array Machining results

Peak
current
code (A)

Pulse
on-time
code (µs)

Gap
voltage
code (V)

MRR (mg/min) EW (mg/min) TWR (%) Ra (µm)

Exp-1 1.5 (5.5) 4 (16) 0 (80) 5.80 0.46 7.93 2.61

Exp-2 1.5 (5.5) 5 (32) 0 (80) 13.60 0.74 5.44 2.04

Exp-3 1.5 (5.5) 6 (64) 1 (110) 51.10 1.29 2.52 2.24

Exp-4 1.5 (5.5) 7 (128) 1 (110) 6.20 0.11 1.77 1.61

Exp-5 2.5 (10) 4 (16) 0 (80) 101.80 7.03 6.91 3.6

Exp-6 2.5 (10) 5 (32) 0 (80) 122.00 5.66 4.64 4.06

Exp-7 2.5 (10) 6 (64) 1 (110) 110.40 4.17 3.78 4.68

Exp-8 2.5 (10) 7 (128) 1 (110) 118.80 1.56 1.31 3.4

Exp-9 3.5 (15) 4 (16) 1 (110) 172.20 11.67 6.78 4.58

Exp-10 3.5 (15) 5 (32) 1 (110) 202.10 9.04 4.47 4.96

Exp-11 3.5 (15) 6 (64) 0 (80) 195.70 6.66 3.40 4.94

Exp-12 3.5 (15) 7 (128) 0 (80) 231.00 4.56 1.97 6.01

Exp-13 4.5 (25) 4 (16) 1 (110) 300.70 19.36 6.44 5.03

Exp-14 4.5 (25) 5 (32) 1 (110) 221.90 11.13 5.02 7.69

Exp-15 4.5 (25) 6 (64) 0 (80) 369.20 12.68 3.43 4.71

Exp-16 4.5 (25) 7 (128) 0 (80) 219.30 6.82 3.11 8.36

Table 5 The mean averages of MRR (mg/min), EW (mg/min), TWR and Ra (µm)

Variables Levels Mean of
MRR (mg/min)

Mean of
EW (mg/min)

Mean of
TWR (%)

Mean of
Ra (µm)

Peak
current

1 19.00 0.70 3.68 2.13

2 113.00 4.60 4.07 3.94

3 200.00 8.00 4.00 5.12

4 278.00 12.50 4.50 6.45

Pulse
on-time

1 145.00 9.60 6.62 3.96

2 140.00 6.80 4.86 4.69

3 182.00 7.90 4.34 4.14

4 144.00 3.30 2.29 4.85

Gap
voltage

1 315.00 11.20 3.56 9.08

2 296.00 14.60 4.93 8.55
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5.1.2 Material Removal Rate (mg/min)

The main effects plot shown in Fig. 6 indicates that the MRR (mg/min) linearly
increases with peak current, but the effect of pulse on-time and gap voltage is not
clear. It was observed during machining that any increase in gap voltage creates an
unstable machining process with a high degree of carburization, leading to an
increase in cracks enlargement as shown in Fig. 7. Due to this, a carbon particle is
formed in the gap between the electrode and the workpiece, which consequently
can stop the machining process. In order to continue the machine process, this
particle must be removed, and the electrode tip and the workpiece must be cleaned
to remove the carbon particles and the black carbon layer.

Table 6 The sum of square (SS) and percentage contribution (SS%) of variables

Variables MRR (mg/min) EW (mg/min) Ra (µm)

SS SS (%) SS SS (%) SS SS (%)

Peak current 149.20 28.30 0.30 28.23 40.42 11.42

Pulse on-time time 4.50 0.86 0.10 8.07 2.18 0.62

Gap voltage 0.37 70.84 0.70 63.71 311.39 87.97

154.07 100.00 1.10 100.01 353.99 100.01

Fig. 6 The main effect plot of MRR (mg/min) for hardened die steel using Cu–W electrode
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5.1.3 Electrode Wear (EW)

The electrodes wear increases with peak current and gap voltage but decreases with
pulse on-time. Lower electrode wear can be obtained by setting the peak current
and the gap voltage at lower level at the same time, and pulse on-time should be set
at higher level. This result is in agreement with the conclusion of researches con-
ducted by Lee and Li (2001), Wang et al. (1999) and Khan (2008).

5.1.4 Tool Wear Ratio TWR (%)

The percentage of EW (mg/min) relative to the MRR (mg/min) which is called the
tool wear ratio is used because it links EW with MRR. In general, as the MRR
increases, the EW and surface roughness will increase. The main effect plot of TWR
of Fig. 8 shows that the value of the TWR can be reduced mainly by increasing the
pulse on-time and the gap voltage, but the effect of pulse on-time is more
significant.

Fig. 7 Optical images show the structure of the machined surface of cemented tungsten carbide
(WC-6 % Co)
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5.1.5 Surface Roughness Ra (µm)

As expected, the value of Ra (µm) linearly increases with peak current but
decreases with gap voltage. The effects of pulse on-time on surface roughness are
not obvious. The negative effect of pulse on-time on Ra (µm) can be referred to the
effect of longer pulse on-time on amount of material that can be melted and
re-solidified from the workpiece which can create bigger crater size. The size of the
crater is directly related to the discharge area; meanwhile, the shape (topography) of
the crater is related to the amount of the discharge (peak current and the discharge
gap). This result is in agreement with the conclusion derived by Rahman et al.
(2010) and Chiang (2008).

5.1.6 Estimated Result at Optimum Condition and Confirmation Test

The analysis of the machining results shows that the maximum MRR (mg/min) can
be achieved by setting the peak current at higher levels (3–4) (15–25 A), pulse
on-time also at high levels 3–4 (64–128 µs) and gap voltage at level 0 (80 V).
Lower EW value can be achieved by setting peak current at 1–2 (5.5–10 A), pulse
on-time at 3–4 (64–128 µs) and gap voltage at level 0 (80 V). Optimal setting for
lower surface roughness requires the setting of peak current and gap voltage at
lower levels. It is better to use the index TWR (%) to determine the optimal setting
of the machining variables because lower TWR represents the lower EW with

Fig. 8 The main effect plot of TWR (%) for hardened die steel using Cu–W electrode
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respect to the MRR. Thus, the optimal settings of parameters can be shown in
Table 7.

The predicted values in of MRR (mg/min), EW (mg/min) and the Ra (µm)
according to the selected variables setting were calculated using Eq. (14) Roy
(1990).

Ŷprd ¼ �Y þ
Xn
i

ðŷopt � �YÞ ð14Þ

where Ŷprd is the predicted means average, �Y the overall experimental means
average and ŷopt the mean averages of response at the selected setting of variables.

The predicted values tested experimentally using Cu–W electrode on hardened
die steel at the same variables setting are used to calculate the predicted values. This
confirmation test is important to measure the variation between the predicted values
and the confirmation test and the degree of confident. The analysis carried out using
one-sample t-test because the population standard deviation is unknown and the
number of confirmation test (sample size) is limited. Table 8 shows the predicted
values, the confirmation test and the one-sample t-test result.

The number of confirmed test (sample size) can influence the quality of the
result. In manufacturing, testing many samples is not always manageable due to
feasibility, time consuming and cost. The range of the derived values that contain
the value of an unknown population parameter is known as confidence interval.

Table 7 Variables setting for optimal MRR (mg/min), EW (mg/min) and Ra (µm)

Peak current 
code (ampere)

Pulse On-time 
code (μs)

Gap voltage
code (volt)

MRR 
(mg/min)

1.5 
(5.5)

2.5 
(10)  

3.5  
(15)

4.5 
(25)

4
(16)

5
(32)

6
(64)

7
(128)

0
(80)

1
(110)

EW 
(mg/min)

1.5 
(5.5)

2.5 
(10)

3.5  
(15)

4.5 
(25)

4
(16)

5
(32)

6
(64)

7
(128)

0
(80)

1
(110)

RA (μm)

1.5 
(5.5)

2.5 
(10)

3.5  
(15)

4.5 
(25)

4
(16)

5
(32)

6
(64)

7
(128)

0
(80)

1
(110)
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Table 8 The one-sample t-test of the predicted values and confirmation test of MRR, EW and Ra
at two different current setting

Peak current 2.5 (10 A), pulse on-time 5 (32 µs) and gap
voltage 0 (80 V)

One-sample t-test analysis

Test-1 Test-2 Test-3 Test-4 Mean St.
Dev.

SE
mean

95 % CI

Predicted value of
MRR (mg/min)

105.00 105.00 105.00 105.00 105.00 0.00 0.00 (105.00,
105.00)

Confirmation test of
MRR (mg/min)

130.00 140.00 150.00 150.00 142.50 9.57 4.79 (127.27,
157.73)

Percentage of the
difference (%)

18.18 27.27 36.36 36.36

Predicted value EW
(mg/min)

4.00 4.00 4.00 4.00 4.00 0.00 0.00 (4.00,
4.00)

Confirmation test of
EW (mg/min)

6.40 6.20 7.50 7.70 6.95 0.76 0.38 (5.74,
8.16)

Percentage of the
difference (%)

60.00 55.00 87.50 92.50

Predicted value of
Ra (µm)

4.35 4.35 4.35 4.35 4.35 0.00 0.00 (4.35,
4.35)

confirmation test of
Ra (µm)

6.66 4.80 7.88 5.32 6.17 1.39 0.69 (3.96,
8.37)

Percentage of the
difference (%)

54.88 11.63 83.26 23.72

Peak current 3.5 (15 A), pulse on-time 5 (32 µs)
and gap voltage 0 (80 V)

One-sample t-test analysis

Test-1 Test-2 Mean St.
Dev.

SE
mean

95 % CI

Predicted value of MRR
(mg/min)

192.00 192.00 192.00 0.00 0.00 (192.00,
192.00)

Confirmation test of
MRR (mg/min)

200.00 190.00 195.00 7.07 5.00 (131.47,
258.53)

Percentage of the difference
(%)

36.36 0.00

Predicted value EW (mg/min) 7.33 7.33 7.33 0.00 0.00 (7.33, 7.33)

Confirmation test of EW
(mg/min)

10.70 10.80 10.75 0.07 0.05 (10.15,
11.38)

Percentage of the difference
(%)

87.50 92.50 73.75

Predicted value of Ra (µm) 4.30 4.30 4.30 0.00 0.00 (4.30, 4.30)

confirmation test of Ra (µm) 7.88 5.32 6.60 1.81 1.28 (−9.66,
22.86)

Percentage of the difference
(%)

83.26 23.72 43.40
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Table 8 shows the one-sample t-test results for confirmation test at two different
peak current settings.

For MRR at high peak current setting (3.5, 5, 0), the percentage error of mean
from the predicted value is 29.54 with a standard deviation (SD) equal 8.7 < 10 and
confidence interval (CI) equal (12.727, 15.773). This indicates that the true popu-
lation mean is greater than the predicted value (0.11) and less that mean (0.14). The
values of EW and Ra, respectively, show percentage errors of 73.75, 43.4, SD equal
0.759, 1.386 > 10 and CI equal (5.742, 8.158), (3.959, 8.371).

In general, the one-sample t-test for MRR, EW and Ra at lower peak current
setting (2.5, 5, and 0) shows higher standard deviation SD and mean of standard
error SE for EW and Ra, but for MRR it is less than that calculated at higher peak
current setting. The SD, which is a measure of machining stability for all machining
responses, is less than 10 except for EW which is 10.75. On the other hand, the
interval of conference CI (95 %) is better at higher peak current setting.

5.2 Machining with Nanocomposite Electrode
on Machining of Hardened Die Steel

The performance of the developed EDM tool electrode is tested on machining of
hardened die steel using the machining variables setting as shown in Table 9. This
setting is the optimal setting, which shows low variation and better interval of
confidence (IC,95 %). The machining results achieved at this setting using Cu–W
electrode are MRR = 195 (mg/min), EW = 10.75 (mg/min) and TWR = 5.51 %.

Table 9 Machining setting used to test the performance of new electrode

Machining factors Factors setting (Codes) Factors setting (Explicit unit)

Power circuit type TP

Auxiliary power 0

Polarity +

Peak current 3.5 15 A

Pulse on-time 5 23 µs

Pulse of time 4 16 µs

Gap voltage 0 80 V

Electric discharge stability (JS) 11 2.5 m/min

Jump-up distance 2 0.4 mm

Jump-down time 3 150 ms

Condenser selection 0

Machining adjustment 80

Servo voltage 0

OP sensitivity 8

Dielectric pressure 4

Flushing mode 45°
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5.2.1 Performance of Cu–WC–Si Electrode on Machining of Die Steel
(Cu–WC–Si)

Table 10 shows the measured MRR (mg/min) and EW (mg/min) using Cu–WC–Si
composite electrode at setting as shown in Table 9. The electrode performance was
characterized by measuring the material removal rate MRR (mg/min), the electrode
wear EW (mg/min) and the tool wear ratio TWR (%). The results were compared
with those achieved by using the conventional Cu + 80 %W electrode. The
improvement measured as the percentage of the difference between the targeted
value achieved by Cu–W electrode and the value achieved by the new electrode is
relative to the targeted value.

Tables 11 and 12 show the mean averages, the sum of square SS and the
percentage contribution SS (%) of tungsten carbide, silicon content and milling time
on MRR (mg/min) of Cu–WC–Si composite electrode. The results achieved by this
electrode are comparable with the conventional Cu–W electrode for milling time
less than 10 h. The electrode wear on the other hand improved with milling time
over 5 h.

Table 10 The machining results (MRR, EW and TWR) achieved by using Cu–WC–Si EDM
electrode compared with the machining results achieved by using Cu–W electrode [MRR = 195
(mg/min), EW = 10.75 (mg/min) and TWR = 5.51 %] at the same machining condition

L16 Taguchi orthogonal array by
three variables all at four levels

Machining results using Cu–
WC–Si electrode

Percentage improvement in
MRR, EW and TWR

Milling
time (h)

WC
(wt
%)

Si
(wt
%)

MRR
(mg/min)

EW
(mg/min)

TWR
(%)

MRR
(+ve is
better)

EW
(−ve is
better)

TWR
(−ve is
better)

Exp-1 5 0 0.00 219.00 6.80 3.11 12.31 −36.74 −43.56

Exp-2 5 15 0.75 222.00 11.10 5.00 13.85 3.26 −9.26

Exp-3 5 30 1.50 369.00 12.70 3.44 89.23 18.14 −37.57

Exp-4 5 45 2.25 301.00 19.40 6.45 54.36 80.47 17.06

Exp-5 10 0 0.75 202.00 9.00 4.46 3.59 −16.28 −19.06

Exp-6 10 15 0.00 231.00 4.60 1.99 18.46 −57.21 −63.88

Exp-7 10 30 2.25 170.00 6.40 3.76 −12.82 −40.47 −31.76

Exp-8 10 45 1.50 196.00 0.50 0.26 0.51 −95.35 −95.28

Exp-9 15 0 1.50 6.00 0.70 11.67 −96.92 −93.49 111.80

Exp-10 15 15 2.25 14.00 1.30 9.29 −92.82 −87.91 68.60

Exp-11 15 30 0.00 51.00 11.70 22.94 −73.85 8.84 316.33

Exp-12 15 45 0.75 172.00 1.60 0.93 −11.79 −85.12 −83.12

Exp-13 20 0 2.25 119.00 0.10 0.08 −38.97 −99.07 −98.55

Exp-14 20 15 1.50 6.00 4.20 70.00 −96.92 −60.93 1170.42

Exp-15 20 30 0.75 110.00 5.70 5.18 −43.59 −46.98 −5.99

Exp-16 20 45 0.00 112.00 7.00 6.25 −42.56 −34.88 13.43
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5.2.2 MRR (mg/min) Achieved by Using Cu–WC–Si Electrode
at Optimal Setting

The main effect plot of the MRR (mg/min) achieved by this electrode in Fig. 9
indicates that MRR decreases milling time and increases with tungsten carbide
content. The effect of silicon content of the performance of Cu–WC–Si electrode in
the case of MRR is insignificant.

5.2.3 EW (mg/min) Achieved by Using Cu–WC–Si Electrode
at Optimal Setting

The effect of silicon content on EW is slightly more than that in MRR. The main
effect plot in Fig. 10 shows that the electrode wear decreases milling time from 12
(mg/min) at 5 h milling time to 4 (mg/min) after 20-h milling time. The electrodes
wear also decreases with silicon content. It decreases from 7 (mg/min) without

Table 11 The mean averages of MRR (mg/min) and EW (mg/min) versus milling time and
electrode composition

Variables Levels MRR (mg/min) EW (mg/min) TWR (%)

Milling time (h) 5 277.75 12.50 4.50

10 199.75 5.13 2.60

15 60.75 3.83 11.53

20 86.75 4.25 19.80

Tungsten carbide (wt%) 5 136.50 4.15 5.14

10 118.25 5.30 21.05

15 175.00 9.13 8.80

20 195.25 7.13 3.46

Silicon (wt%) 5 153.25 7.53 8.55

10 176.50 6.85 3.88

15 144.25 4.53 21.06

20 151.00 6.80 4.94

Table 12 The sum of square SS and the percentage contribution SS (%) of variables on the MRR,
EW and TWR achieved by using Cu–WC–Si electrode

MRR (mg/min) EW (mg/min) TWR (%)

SS SS (%) SS SS (%) SS SS (%)

Time (h) 122,420 87.53 200.34 79.84 774.17 29.50

WC (wt%) 15,070.25 10.77 30.005 11.95 816.72 31.12

Si (wt%) 2362.5 1.69 20.56 8.19 1033.47 39.38

Total 139,852.75 100 250.91 100 2624.35 100
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Fig. 9 The main effect plot of MRR (mg/min) of Cu–WC–Si composite electrode versus milling
time (h), tungsten (wt%) and silicon (wt%)

Fig. 10 The main effect plot of EW (mg/min) of Cu–WC–Si composite electrode versus milling
time (h), tungsten (wt%) and silicon (wt%)
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silicon to 4 (mg/min) with 1.5 % Si content. The electrodes wear decreases with
tungsten carbide content.

5.2.4 TWR (%) of Cu–WC–Si Electrode at Optimal Setting

The main effect plot in Fig. 11 shows that the TWR (%) increases with milling time
and decreases with tungsten carbide content. The minimum tool wear ratio can be
achieved at 10-h milling time, 45 wt% of WC and lower silicon content.

6 Conclusion

Parametric analysis of oil die-sinker EDM process has been done using Cu and Cu–
W electrodes on machining of cast iron, cemented tungsten carbide and hardened
die steel. The machining experiments were designed based on Taguchi quality
improvement technique. Process optimization was then carried out using analysis of
variance, and the predicted values were compared with experimental values
showing little or no difference. The following points are the conclusions from the
analysis of the results:

Fig. 11 The main effect plot of TWR (%) of Cu–WC–Si composite electrode versus milling time
(h), tungsten (wt%) and silicon (wt%)

222 A.M. Abdul Rani et al.



1. Experimental work was carried out on the machining of grey cast iron using
copper electrode. The results show that peak current, pulse on-time, working
voltage and pulse off-time are the most significant factors that contributed to
MRR, EW and Ra. The machining of cemented tungsten carbide revealed that
the gap voltage is the main variable that controls the machining process. The gap
voltage must be set to 80 V or lower to be able to machine this material. The
cracks size and the fragmented particles were found to be directly linked to high
gap voltage setting. The machining process of cemented tungsten carbide in the
presence of fragmented particles led to the formation of layered carbon particle.
Optimization of MRR and a low EW using Taguchi technique revealed that low
gap voltage (80 V), higher peak current at (16 A) and mid-range pulse on-time
(32 µs) are the most stable machining conditions.

2. By using high-energy ball milling of different combinations of Cu, WC and Si,
and using milling time and composition as milling variables conditions, particle
size of less than 50 nm was achieved, and clear change in the thickness of
crystalline and d-spacing are observed using XRD. Using TEM for further
investigation, a few crystalline structures randomly distributed inside the
amorphous structure with the thickness of crystalline less than that of the ele-
mental powder was discovered. The detected crystalline structure using TEM
shows that the distance between any two neighbours (d-spacing) are in the range
2.5–6 Å, which varies from that of the elemental powder (around 6 Å).

The performance of the newly developed electrode on the machining of hard-
ened die steel can be concluded as the MRR achieved by using the 5- and 10-h
milling time; Cu–WC–Si composite electrode was improved by 1 to 90 %
depending on the composition. These improvements in MRR are in the cost of EW.
The EW improved at milling time longer than 10 h by 9–95 %, regardless the
composition. The best TWR was achieved by using the 5- and 10-h milling time
electrode.
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Nitriding of Duplex Stainless Steel
for Reduction Corrosion and Wear

Nsikan Dan, Patthi Hussain and Saeid Kakooei

Abstract Duplex stainless steel (DSS) which has a dual nature of ferrite and
austenite with nearly equal ratio has found a good application in oil and gas
industries because of its excellent corrosion resistance, high yield strength, good
weldability, and relative low life cycle costing from reduced operating cost. Dual
phases of DSS or combination of two-phase existence to be more characterize with
better mechanical properties than a single-phase metal of ferrite or austenite.
Nitrogen is a good strengthening alloy for DSS because it forms a solid solution of
(Fe, Cr)2N which is responsible for the hardness and wear resistance in DSS.
Spontaneous formation of oxide or passivated layer is responsible for shield and
direct exposure of surface of stainless steel to corrosive medium though is sus-
ceptible to depletion and deterioration in high chlorine water and low pH level in
production environment. Total damage of passivated region on the surface of DSS
prompts initiation of localized defect such as pit which grows over a time to form
crack. Oil and gas environment is characterized with high H2S content which is a
constraint in application of DSS in this environment because of its insignificant
resistance to sulfide stress corrosion cracking (SSCC) and hydrogen-induced
cracking (HIC).

Keywords Nitriding � Stress corrosion cracking � Pitting corrosion H2S � CO2

1 Introduction

Nitriding is an act of bombarding nitrogen atom into lattice or interstices of a parent
material to form solid solution. Nitriding is a diffusion process that involves ionized
nitrogen gas from high-concentration region to low-concentration region. It is a
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thermochemical process that requires high activation energy from temperature and
pressure to overcome barrier since is a nonspontaneous reaction.

Nitriding of stainless steel and other nonferrous material has found much benefit
such as in improvement mechanical hardness, increase corrosion resistance, wear
resistance, and yield strength. The importance of nitriding on duplex stainless steel
(DSS) to increase corrosion resistance in oil and gas environment can never be
overemphasized.

Duplex stainless steel is a dual-phase material which comprises approximately
50 % ratio of ferrite and austenite. Dual nature of duplex stainless steel has made it
relevant in many application, especially in oil and gas environment (pipes, tubes,
valves, storage tank, and Christmas tree) because its properties like yield strength,
pitting resistance equivalent number (PREN), high resistance to chloride environ-
ment, good corrosion, and wear resistance and weldability. Its excellent resistance to
corrosion is attributed to high chromium and molybdenum contents which are
responsible for passivation layer. In oil and gas environment, molybdenum enhances
resistance to localized corrosion by forming film layer MoS2 which could prevent
further dissociation of Fe on the surface of DSS. Subsequently, spontaneous for-
mation of chromium oxide which is the most active film layer on stainless steel acts
as barriers from attack on material though can be depleted by low pH level and
presence of chlorine water from production system in oil and gas environment.
Pitting resistance equivalent number (PREN) is a numerical guide for estimating the
localized corrosion resistance of steel in chloride environment (Francis et al. 1997).
In sour and CO2 environment in the presence of chlorine water, DSS is more
vulnerable to SSCC and chloride stress corrosion cracking. Other type of cracking
that can occur in hydrogen sulfide environment are stress corrosion cracking (SCC),
hydrogen-induced cracking (HIC), stress-oriented hydrogen-induced cracking, soft
zone cracking, galvanized independent hydrogen stress cracking. Operating limits
have been provided in NAEC MR1075 for corrosion resistance alloy CRA in sour
environment to minimize the susceptibility of SSCC and other sulfide-related cracks.

2 Corrosion Problems in Oil and Gas Environment

Natural gas and crude oil do carry high impurity substance which are very corrosive
and hence attack materials. Their inherent corrosive nature which constitutes H2S,
CO2, and chlorine water has been the major catalyst that facilitates the degradation
of steel material in oil and gas environment. For corrosion to occur, there must be
an anode (corroded site), a cathode (unaffected sites), and an electrolyte (crude oil).
Pipeline is used in transportation of crude from oil well to gathering site with a
high-pressure-exposed steel material to resist wear and corrosive attack. Corrosion
resistance alloy is oil and gas environment are still susceptible to certain corrosion
such as sweet corrosion, sour corrosion, oxygen corrosion, microbiological corro-
sion, pitting corrosion and erosion corrosion. Destruction of passive film on
stainless steel to form either localized site for corrosion propagation, corrosion is
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been controlled by velocity of gas flow in the pipe, partial pressure ratio of
H2S/CO2, chlorine content, operating temperature. When the internal surface of a
pipeline is exposed to direct contact with the crude, it is then susceptible to elec-
trochemical reaction as below:

Fe ! Fe2þ þ 2e� ð1Þ

On exposure to corrosive attack, the metals loss electron to become positively
charged, these create a localized site in form pit. For corrosion to occur, there must
be an anodic and cathodic reaction. In oil and gas environment, there are various
possibles of cathodic reactions (Popoola et al. 2013)

O2 þ 4Hþ þ 4e� ¼ 2H2O ð2Þ

2Hþ þ 2e� ¼ H2 ð3Þ

H2Oþ 2e� ¼ H2 þ 2OH� ð4Þ

Equations 2, 3, and 4 are cathodic reactions by using different solutions either
acidic or basic. The processes in Eqs. 1–4 are good promoters of corrosion, as they
decrease the pH level of crude oil making material to be more susceptible to
degradation and sudden failure. Hydrogen gas evolved can penetrate on degraded
surface of a material causing hydrogen embrittlement.

3 Effect of Treating Temperature on Microstructure
of Steel

Temperature is a relevant factor in thermochemical treatment of stainless steel. High
chromium and molybdenum contents in stainless steel make it very sensitive at a
temperature between 650 and 950 °C which affects the mechanical properties (Poph
et al. 2006). Intermetallic phases are detrimental to the inherent good mechanical
properties of steel because of their brittle nature, low corrosion resistance, low yield
strength, and toughness. This effect has given restriction in application of duplex
stainless steel and stainless steel in high-temperature device (Fig. 1).

Various investigators in the past had proposed a methodology to overcome
inimical morphological changes that occur on the surface of stainless steel on
thermochemical treatment because of the formation of chromium oxide and
molybdenum oxide, nickel oxide but with little progress in establishing simulta-
neous improvement in hardness, wear, and corrosion resistance. J.W. Simmons in
1994 analyzed the effect of Cr2N precipitation on austenitic stainless steel. It was
observed that Cr2N reduced the ductile strength in austenitic stainless steel (Poph
et al. 2006; Simmons 1990; Uggowitzer and Harzenmoser 1989; Simmons and
Atteridge 1993). The three major intermetallic phases that precipitate in stainless
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steel during the high-temperature operation are r-, v-, and Laves, but the propensity
of their precipitation depends on the alloy composition and temperature above
500 °C. Duplex stainless steel with high chromium composition is very susceptible
to sensitization effect though most of relevant intermetallic precipitation occurs at
the ferrite phase because it has a higher diffusion rate than austenite (Simmons and
Atteridge 1993; Alphonsa et al. 2015). r is associated with binary system of Fe–Cr,
v is associated with ternary system (Fe–Cr–Mo) and quaternary of Fe–Cr–Ni–Ti
and Fe–Cr–Ni–Mo (Simmons 1990; Uggowitzer and Harzenmoser 1989; Simmons
and Atteridge 1993). The precipitation of the phases is time and temperature
dependent; the formation of nuclei in each phase can be analyzed with the aid of
time–temperature–transformation (TTT) as in Fig. 2.

Intermetallic formation such as sigma phase which starts with nuclei precipita-
tion that apparently transform to a core-like structure depending on diffusion rate
and distance. This intermetallic phase is responsible for loss in toughness and
ductility in DSS though increases the hardness. It is paramount to note that
high-diffusion velocity gives rise to higher local supersaturating and subsequently
high density precipitation. From Fig. 3, the fastest precipitation of sigma phase
occurred between 720 and 800 °C. Literature has showed that the sigma affects
some mechanical properties such as toughness and varies with temperature (Poph
et al. 2006). There is some literature of low-temperature gas nitriding and
high-temperature gas nitriding (HTGN) of stainless steel. J.H. Sung in 2007 per-
formed HTGN of ferritic stainless steel between a temperature of 1050 and 1100

Fig. 1 Cross-sectional SEM images of duplex stainless steel, plasma nitrided at a 400 °C, b 500 °C
and plasma nitrocarburized at c 400 °C and d 500 °C (Alphonsa et al. 2015)

228 N. Dan et al.



followed by a tempering process. An improved surface hardness after tempering
was observed and improved corrosion resistance in 1NH2SO (Kasper 1954). There
are various methods of thermochemical treatment such as ion beam implantation,
plasma nitriding, plasma immersion ion implantation, and plasma nitrocaburizing

Fig. 2 Morphology of the sigma phase with respect to the isothermal annealing temperature;
a 950 °C, b 850 °C, and c 750 °C (Poph et al. 2006)

Fig. 3 Average corrosion
rates of 110S tube steel under
different CO2 partial pressures
(Li et al. 2012)

Nitriding of Duplex Stainless Steel for Reduction Corrosion and Wear 229



which is a recent development that involves a single-cycle process of nitrogen and
carbon. Recent development has adopted a methodology of using single-cycle
process with different alloying composition of gases such as nitrogen, methane, and
ammonia to achieve better surface layer with increase in hardness and wear
resistance. The effect of gas ratio has been a contributing factor in determining the
effective diffusion for solid solution formation and precipitation of phases. Different
pretreatment processes sputtering with hydrogen have proved a great relevance
because they eradicate oxide layer for better diffusion which is a barrier on the
surface of a stainless steel that acts as protective shield for in-depth penetration of
alloying component. Expected precipitates on treated DSS are (Fe, Cr)2N,
expandable austenite (responsible for wear resistance), and sigma phase, v-, and
Laves, and the characterization is done by field-emission scanning electron
microscope (FESEM), X-ray diffraction XRD, and conversion electron.
Characterization of DSS is peculiar to their grades also subjective on thermo-
chemical treatment because variation in chemical composition by weight% (Sung
et al. 2008; Hughes and Llewelyn 1959; Escriba et al. 2009; Saithala et al. 2014;
Rolinski 1987) (Table 1).

4 Possible Corrosion Type on Duplex Stainless Steel
in H2S and CO2 Environment

Duplex stainless steel has an excellent corrosion resistance to uniform corrosion,
but it is susceptible to corrosion into certain operating condition and environment.
In oil and gas environment, H2S and CO2 are the major constituents that directly
affect the stability of material because of their oxidation rate on stainless steel. The
combination effect of chlorine water and low pH level, in oil and gas environment,
facilitates certain corrosion on DSS such as, SSCC, SCC, and HIC. In flow lines
such as tubes and pipes, DSS is susceptible to erosion corrosion and cavitation.
However, wellheads and valves, DSS is susceptible to crevice corrosion (Popoola
et al. 2013).

Table 1 Classification of some duplex stainless steel

Grade Cr (wt%) Ni (wt%) Mo (wt%) Mn (wt%) N (wt%)

UNS S32205/S32803 22.5 5.6 2.8 2 0.17

UNS S2304 23 4 – – –

UNS S32750 25 7 3.5 2 0.25

LDX 2101 21.5 1.5 0.3 5 0.22

S32760 25 7 3.5 – 0.30

S31260 25 6.5 3.0 – 0.3
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5 Effect of H2S and CO2 Partial Pressure Ratio
on Corrosion of DSS

Internal corrosion in tube and pipes is more predominate than external corrosion
because of flowing pressure and velocity with the internal region of the flow line.
Currently, oil field production is characterized with increasing H2S contentment,
making the most significant challenge in corrosion study. High operating velocity
and pressure destabilize the oxide file DSS, making it susceptible to erosion cor-
rosion. Available literature has showed that in oil and gas environment, the pres-
ence of H2S can inhibit or accelerate the corrosion in carbon steel depending on
H2S/CO2 partial pressure. The pressure ratio of H2S and CO2 has been of great
relevance in prediction of corrosivity of stainless steel in oil and gas environment.
High partial pressure of H2S generally increases the corrosion by increase in the
dissociation rate of H2S which lowers the pH level. Z.F. Yin et al. in his consid-
eration analyzed that increase of S2− formation could result in formation of sulfides
which will inhabit corrosion. From literature, K. Masamura et al. presented a critical
ratio of PCO2=PH2S in identifying corrosion mechanism and susceptibility of carbon
steel in H2S/CO2 environment. He suggested that when PCO2=PH2S [ 200, CO2

plays a dominating role in the environment, and he subsequently stated that
PCO2=PH2S\200 FeS layer will be formed on the surface on carbon steel material
which will act as an inhibitor. B.F.M. Pot et al. showed that when PCO2=PH2S [ 500
the corrosion mechanism is controlled by CO2 while PCO2=PH2S [ 20, the corrosion
mechanism is led by H2S (Li et al. 2012). In DSS, the surface layer is controlled
basically by chromium oxide and PCO2=PH2S that favors the formation of FeS which
destabilizes the adherence of chromium oxide to the base material. Figure 3 shows
that increase in partial pressure of CO2 is directly related to corrosion in carbon
steel. No intensive works have been done recently on the analysis of CO2/H2S
partial pressure ratio on DSS after heat treatment.

6 Effect of Gas Composition on Surface Morphology

The surface change of nitride stainless steel is also dependent on the composition of
nitride gas which precipitates or contributes in solution formed. Untreated stainless
steel characterized with this is inherent attribute of passivated layer made of oxide
film as a protective shield or coat that prevents direct aggressive environmental
attack. Every nitriding process is aimed at achieving a better surface layer which
will improve the corrosion and wear resistance without compromising the other
mechanical properties if relevant in intended application. Recent development has
proved that composition of other gas such as hydrogen, ammonia, or methane gas in
nitriding of stainless steel has better and improved mechanical properties than
single gas nitriding. This effect is attributed to be the change in surface
microstructure which advertently initiates a tribological change. Efficient nitriding

Nitriding of Duplex Stainless Steel for Reduction Corrosion and Wear 231



of steel can be achieved with high density of reactive nitrogen such as ions N+ or
ridicule (N). Hydrogen plays a role of removing oxide layer that might impair
in-depth of nitrogen. The reactive nitrogen is enhanced by mixture with hydrogen;
this due to dissociation (8.8 eV) and ionization (13.1 eV) energy of hydrogen is
smaller than that of nitrogen which has 24-eV dissociation and 15.58-eV ionization
energy. Increase in nitrogen composition increases the case depth, hardness, and the
surface roughness of treated material (Mohammadzadeh et al. 2014).

7 Possible of Increase of Surface Roughness
After Nitriding

It has been discovered that after nitriding of steel material, there is tribological
change due to surface microstructural change which lead to increases in surface
roughness. XRD analysis, optical microscope, and scanning electron microscope
(SEM) can be used in the study of surface morphology and tribology. After gas
nitriding or thermochemical treatment of steel material, there is an increase in
thickness layer due to microstructural changes effected by diffusion of gas such as
nitrogen. Under the same treating condition, plasma nitriding produces a higher
thickness layer than the use of conventional gas nitriding because plasma nitriding
completely removes passivated layer that can be an encumbrance to efficient dif-
fusion rate. Figure 4 shows increase in surface roughness with increase in time. It
also shows increase in hardness with respect to time.

Some of the possible causes of change or increase in surface roughness are the
following:

• Reposition of the sputtered material on the surface,
• Sputtering that is caused collision of particles which is induced by energetic

nitrogen bombardment,
• Different lattice expansion of the grains of polycrystalline material.

8 Carbide Precipitation and Its Effect

Precipitation of carbide upon thermal treatment of stainless steel is described as
sensitization effect. These processes are the temperature-dependent processes which
occur at a temperature between 425 and 870 °C. When a thermochemical treatment
is performed within these temperatures, stainless steel is susceptible to precipitate
carbide at the grain boundaries which weakens the mechanical properties of the
material. The most inimical is carbide, i.e., Cr23C6, because of the depletion of
chromium alloy which is the chief corrosion-resistant alloying element in stainless
steel. Some alloying elements in stainless steel are responsible for impairing the
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sensitization effect, such as nitrogen and titanium niobium. Some of them, which
have high affinity carbon, deter the precipitation of chromium and molybdenum
carbide. The quantity of carbon in stainless steel has an effect on sensitization
process; because of high affinity, it can diffuse very fast with the grain boundaries
altering the microstructure and enhances the precipitation of carbide. Nitriding of
stainless steel is also a good chemical treatment process which might form a solid
solution (CN)2 thereby locking up the diffusion rate of carbon at the grain
boundaries.

9 Conclusion

Duplex stainless steel has played so much roles in oil and gas environment but still
operates in a very close boundary between its acceptability in oil and gas envi-
ronment. There is a need to further reduce the life cycle cost of DSS material used

Fig. 4 a Surface roughness
(the dashed line indicates that
the initial surface roughness).
b Microhardness values
obtained on austenite and
ferrite phases after plasma
nitriding and plasma
nitrocarburizing treated at
different temperatures
(Alphonsa et al. 2015)
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in oil and gas environment by improving the corrosion and wear resistance of DSS
which will reduce the operating cost. Nitrogen thermochemical treatment with
conventional tube furnace has significant advantage over plasma nitriding which is
on commercial application of pipe and tubes. Plasma nitriding is limited to size that
cannot be applied on commercially. Since every engineering process ought to be
sensitive to cost-effectiveness, conventional tube furnace which utilizes nitrogen
from the atmosphere makes it relative cheaper than plasma nitriding. Literature has
shown that nitriding of stainless steel can improve the corrosion and wear resistance
by formation of thicker surface layer and expandable austenite layer within the
matrix and ferrite and austenite. Nitrogen, which is an austenite former, stabilizes
and enhances austenite precipitation from ferrite.
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Thermal Spray Coatings for Hot
Corrosion Resistance

Subhash Kamal, K.V. Sharma, P. Srinivasa Rao and Othman Mamat

Abstract Hot corrosion arises when metals are excited in the temperature range
700–900 °C in the existence of sulphate deposits, formed as a result of the reaction
among sodium chloride and sulphur mixtures in the gas phase adjoining the metals.
No alloy is resistant to hot corrosion occurrence indefinitely even though there are
certain alloys that require a prolonged origination time at which the hot corrosion
progression from the beginning stage to the circulation stage. Superalloys have
been established for high-temperature applications. However, these alloys are not
constantly able to meet both the high-temperature strength and high-temperature
corrosion resistance simultaneously, so the need is to protect from hot corrosion.
The high-temperature guarding system must meet numerous benchmarks, provide
satisfactory environment resistance, be chemically and mechanically compatible
with the substrate, be practically applicable, reliable and economically viable. This
chapter briefly reviews the hot corrosion of some Ni- and Fe-base superalloys to
recognise the occurrence. Extensive reviews on the hot corrosion of coatings have
looked regularly since early 1970; the purpose of this chapter is not to repeat the
published resources but relatively to emphasis on research developments and to
point out some research forecasts.

Keywords Hot corrosion � Oxidation � Nano coating � Thermal spray coating
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1 Introduction

Hot corrosion is one of the severe difficulties for high-temperature application, such
as helicopter, marine, utility, industrial and land-based gas turbines; boilers; oil
refinery furnace; and engines. The use of widespread collection of fuels from
natural gas, kerosene, diesel oils, lingering oils and gaseous fuels together with
enhanced operating temperatures cause hot corrosion (Nicholls et al. 2002). Eliaz
et al. (2002) defined hot corrosion as an accelerated corrosion, resulting from the
presence of salt contaminants such as Na2SO4, NaCl and V2O5 that combine to
form liquefied deposits, which damage the shielding surface oxides.

Hot corrosion has been detected in boilers, aircraft, IC engines, gas turbines,
fluidised bed combustion, and industrial waste incinerators since the 1940s.
However, it turns out to be an issue of importance and current interest in the late
1960s when gas turbine engines of military aircrafts grieved with severe corrosion
attacks when it is flying over and near sea water during the Vietnam conflict (Rapp
and Mehl 2000; Rapp 2002).

Corrosion occurs when molten compounds (Na2SO4 melting point 884 °C)
soften the shielding oxide layers, which obviously form on materials during
boiler/gas turbine operation. Moreover, the vanadium compounds are excellent
oxidation substances and permit oxygen and other gases in the combustion.

Atmospheric air penetrates through the metal surface and further pramotes
oxidation. Once the metal is oxidised, the cyclic process starts over again resulting
into greater corrosion degradation (Kamal et al. 2008; Sharma 1996).

In the present-day gas turbines, the stress is on saving energy and decreasing the
amounts of contaminants emitted. This can be achieved only by creating alloys with
higher melting points and the ability to retain mechanical strength at higher
temperatures. The improvement of nickel-based superalloys has reached the limit,
with blades exposed to critical temperatures close to melting points. Further
increase in the operating temperature will result in termination of the strengthening
phases and even melting.

An operation of gas turbines is usually restricted by hot corrosion, because of
catastrophic failures. High temperatures have a disparate effect on the corrosion of
the alloys (Maledi et al. 2006). In the beginning, gas turbines developed after the
1940s and were considered to operate at 700 °C. Developments in metallurgical
methods, blade cooling performances and application of thermal spray coatings
permitted for increased operating temperatures (Eliaz et al. 2002). Coatings have
greater influence towards increased operating temperatures and safeguard against
environmental pollutants (Stringer 1987; Gurrappa 2003).

In the power production processes, the mechanism of hot corrosion is reliant on
the creation of a liquid phase that is largely Na2SO4 or K2SO4. The sulphur pro-
duced from the coal is SO2 and SO3 which responds to volatile alkalis to produce
Na2SO4 vapour; further, it combines with fly ash on the boiler tubes of superheater
and reheater. Such a molten phase melts the chromium oxide in the defending
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coating, which permits the base metal to come in contact with sulphate ions to form
sulphide ions and non-shielding oxides (Kamal et al. 2008; Rapp and Goto 1981).

Among high-temperature alloys, the promising alloys are “superalloys”, namely
nickel-, cobalt-, and iron-based superalloys, which show high-temperature mechan-
ical properties and moderate resistance to hot corrosion. Investigations in the area of
doping, such as magnesium oxide, cerium oxide, and calcium oxide, is already done
and the reduction in the amount of hot corrosion in violent atmosphere of Na2SO4–

60 %V2O5 at 900 °C has been achieved. However, the major problem being faced is
how to inject these inhibitors into the combustion chamber along with the fuel in
actual industrial environment (Tiwari and Prakash 1998; Gitanjaly et al. 2002).

Thermal spray coatings are widely used in aqueous, wear, erosion and
high-temperature applications such as diesel and gas turbine engines. Power gen-
eration with the help of coal gasification and waste incineration involves severe
degradations, and therefore, coating has demonstrated to be effective (Hocking
1993). Superior understanding of the degradation behaviour and catastrophe failure
devices of coatings need to be accomplished, particularly with respect to the effects
of engine operating temperature and atmosphere on the coating recital (e.g. thermal
cycling) (National Materials Advisory Board 1996).

Detonation-Gun is accomplished of producing the maximum pressure, velocity
and density in the flow, which is higher than other spraying techniques. Therefore,
the detonation-gun coatings are characterised by exceptionally high density, less
oxide formation, superior bond strength, greater impact velocity and low porosity,
which are suitable for applications requiring very high standards, such as aircraft
engine components (Saravanan et al. 2000; Murthy and Venkataraman 2006).

2 Hot Corrosion

Simons et al. (1955) published first practical journal on hot corrosion; he described
that hot corrosion is an electrochemical process in which the liquefied salt acts as an
electrolyte. Seybolt (1968) ascribed Na2SO4 encouraged hot corrosion of Ni–Cr
alloys to enhanced depletion of chromium by oxidation succeeding favoured inner
fluxing of Chromium. Bornstein and DeCrescente (1969) described that during the
oxidation of three different presulphidised superalloys enhanced mechanism of hot
corrosion were not detected and projected a hot corrosion device proposed on the
termination of protecting oxide film formed by a reaction connecting Na2O. Goebel
and Pettit (1970) prolonged this kinetics which comprises bitter dissolution, and
oxide redrizzle leads disastrous oxidation due to Na2SO4 for alloys comprising
solid acidic elements, such as vanadium or Molybdenum.

Enhanced corrosion attack is caused by other salts, viz. vanadate or sulphates–
vanadate combinations and also in the presence of solid or gaseous salts such as
chlorides (Bornstein et al. 1973). However, manufacturers of turbines and users of
turbines conscious about hot corrosion in the 1960s, and Stringer (Stringer 1977) have
conducted experimental as well as field tests to identify the nature of attack and
explained its temperature dependence and the corresponding morphologies. Hot
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corrosion was first associated with Na2SO4 in the mid-1950s (Luthra and Shores
1980). Hot corrosion became a theme of significance andmost popular attention in the
late 1960s when gas turbine engines of military aircraft suffered excessive corrosion
attack during the Vietnam War when it is operating over sea water (Rapp and Mehl
2000). When metals are exposed to temperature range 700–900 °C, deposition of
sulphates starts which leads to reaction between sodium chloride and sulphur com-
pounds in the gas phase nearby the metals (Hancock 1987).

According to Shih et al. (1989) metals and alloys repeatedly experience an
enhanced oxidation at higher temperature gas atmospheres when enclosed with a
thin film of liquefied salt. This type of oxidation is generally regarded as hot
corrosion. Hot corrosion is a severe damage of metals and/or an alloy due to the
oxidation which is badly caused by liquid salt deposits, largely Na2SO4. The main
source of Na2SO4, in aircraft engines is due to reaction between NaCl in swallowed
air and sulphur in fuel as per the following reactions (Khajavi and Shariat 2004).

2NaClþ SO2 þ 1=2O2 þH2O ! Na2SO4 þ 2HCl ð2:1Þ

2NaClþ SO3 þH2O ! Na2SO4 þ 2HCl ð2:2Þ

To safe guard the turbine engines against high-temperature corrosion attack caused
by impurities such asNa, S andV, thermal sprayed coatings need to be placed over the
hot section parts of turbine engines and boiler tubes (Uusitalo et al. 2004).

2.1 Physical Characteristics of Hot Corrosion

High-temperature hot corrosion (Type I) is the form of hot corrosion usually arises
above the melting point of sodium sulphate (884 °C), where the salt is clearly a
liquid state. Goebel et al. (1973) extended the fluxing theory to explain the acidic
fluxing of protective scale in Cr2O3 and Al2O3 forming alloys which contain Mo, W
and V. It is observed that Al2O3 can be fluxed as cationic species attached to the
metal surface, which is acidified by refractory metal oxides, such as MoO3, WO3

and V2O5. Further, a prolonged layer of Al2O3 forms on the alloy surface by using
the oxygen present in the salt. This increases the sulphur activity in the salt, it
increases to such an extent that the sulphides of aluminium are formed as particles
in the metal substrate.

Due to the formation of sulphides of aluminium in the substrate, the key element
(Al) for protecting the alloy surface gets depleted in the alloy, once sulphur is
removed from the salt, the oxygen activity in the salt increases, the local basicity of
salt increases to such an extent that Al2O3 dissolves in the basic salt at the salt/oxide
interface and get reprecipitated at the gas/salt interface. This reaction continues until
the sodium sulphate remains on the alloy surface and increases the rate of hot
corrosion due to fluxing of shielding oxide scale. Low-temperature hot corrosion
(Type II) is one of the forms of hot corrosion that occurs below melting point of
Na2SO4, where the salt is supposed to be a solid. Higher corrosion rate during the
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beginning stages were attributed to the rapid sulphation of cobalt oxide or Co (at
scale/metal interface) which forms liquid eutectic melt followed by the dissolution
and precipitation of cobalt oxide at the gas/salt interface by countertransport of
Co2+/Co3+ ions during the propagation stage. Thus, fluxing action of cobalt oxide
prevents the formation of protective layer of Cr2O3, as the temperature increases,
the partial pressure of SO3 decreases, which is not sufficient to form liquid eutectic
mixture. Hence, the corrosion rate at high temperature is much less than at low
temperatures (Goebel et al. 1973).

2.1.1 High-Temperature Hot Corrosion (HTHC) Type I

It is beaning observed since the 1950s and it is a tremendously rapid form of
oxidation attack takes place in the temperatures range between 815 and 926 °C in
the existence of pure Na2SO4 (m.p 886 °C) (Khajavi and Shariat 2004). HTHC
starts with the accumulations of bonded alkali salts (Na2SO4) on the component
surface; the most significant source of sodium is marine, industrial atmosphere as
well as fuel. During the combustion of fuels, sodium from air and sulphur from the
fuel combine to form a sodium sulphate (Eliaz et al. 2002). Na2SO4 formation lies
basically in the reaction

SO2 þ 2NaClþO2 ! Na2SO4 þCl2 ð2:3Þ

Hot corrosion (Type I) is analysed by a macroscopically uniform corrosion rate,
which involves an internal oxidation layer which comprises internal sulphides and
carbides. The exterior oxide is not shielding and is composed of the base metal
oxides (nickel or cobalt); and the oxides of the other ingredients, such as chromium
and aluminium (Stringer 1998).

The hot corrosion mechanism depends on temperature as shown in Fig. 1. With
the increase in temperature, the attack changes from low-temperature attack (Type
II) to high-temperature attack (Type I). Type I hot corrosion was first met in gas
turbines of aircraft. When a gas turbine used for marine propulsion, additional type
of hot corrosion was detected and it was found that it is necessary to have SO3

present in the gas. It has been established that SO3 should be present to cause hot
corrosion attack a sum of experiments were conducted between 650 and 950 °C
temperature range using oxygen–SO2 gas mixtures. At temperatures from 650 to
750 °C, low-temperature (Type II) corrosion attack was detected when SO3 gas
pressures present in the mixture.

2.1.2 Low-Temperature Hot Corrosion (LTHC) Type II

Low-temperature hot corrosion (LTHC) was identified in the 1970s as a distinct
tool of corrosion attack (Khajavi and Shariat 2004). Low-temperature hot corrosion
mainly witnessed within the 650–800 °C temperature range and needs a substantial
high partial pressure of SO3, for cobalt-based superalloys. The formation of
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low-melting eutectic compounds occurs due to the mixture of sodium sulphate and
cobalt sulphate (melting temperature of the Na2SO4 ± CoSO4 eutectic is 540 °C)
(Eliaz et al. 2002). The formation of Na2SO4 + NiSO4 eutectics at 671 °C has been
reported for nickel-based superalloys, the morphology of attack is pitting when the
LTHC takes place, low temperature corrosion characteristically shows no denuded
zone, little inter-granular attack, and a layered type of corrosion scale with no
subscale sulfide particles (Misra 1986). Chromium (25–40 %) and silicon are most
useful in coatings for safeguarding against Type II hot corrosion. Type I or Type II
hot corrosion attack mainly classified based on the morphology, and not on the
temperature. Type II, or low-temperature hot corrosion is considered by a pitting
attack (Stringer 1998).

2.2 Degradation of the Superalloys

The hot corrosion decay of superalloys typically involves two distinct phases of
attack (Pettit and Meier 1985; Pettit and Giggins 1987), namely an initiation (in-
cubation) stage and propagation stage. Such conditions are represented schemati-
cally in Fig. 2.

2.2.1 The Initiation Stage

There is no alloy developed till now which offers resistant against hot corrosion
forever whereas some alloy mixtures that involve an extended beginning times
before the hot corrosion attack starts from the beginning stage to the transmission
stage. Hot corrosion beginning periods, degradation rate of superalloys, are similar
to those in the non-existence deposits of molten salts. Different metals when
oxidised movement of electrons from metallic atoms to the degradable materials
propagates under the molten salts deposit. Subsequently, the oxide layer below the

Fig. 1 Schematic to
demonstrate the different hot
corrosion attack as a role of
temperature and SO3 partial
pressure. Various hot
corrosion reaction rate surface
processes are presented (Pettit
2011)
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molten salts deposit acts as a barricade on the surface of alloys (Pettit and Giggins
1987). The travel of initiation to propagation stage of hot corrosion process depends
on several reasons that disturb with the time as shown in Fig. 2. In the propagation
stage, the kind of corrosive species that are produced depends on the above aspects.

The above-mentioned reason accountable for multiple hot corrosion develop-
ments is detected once superalloys are left open to diverse corrosive atmospheres
(Pettit and Meier 1985).

2.2.2 The Propagation Stage

Hot corrosion transmission stage of any alloy must be detached from service
because it has travelled much longer corrosion time than that of initiation stage
(Pettit and Meier 1985; Pettit and Giggins 1987). Superalloys contain some com-
ponents that attract oxygen; we can find oxygen distribution along the deposition
(Pettit and Giggins 1987).

3 Mechanisms of Hot Corrosion

From the literature review, it has been observed that there are varieties of conditions
which can be considered for hot corrosion degradation of the superalloys.
Researchers have proposed number of mechanisms for this type of degradation such
as failure of oxide scale, sulphidation–oxidation and salt fluxing, oxide solubility,
and effect of vanadium (Eliaz et al. 2002; Stringer 1987; Rapp and Goto 1981; Pettit

Fig. 2 Graphical diagram
showing the situations that
progress during the initiation
and propagation of hot
corrosion attack
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and Meier 1985; Goebel and Pettit 1970a, b; Beltran and Shores 1972; Otsuka and
Rapp 1990).

These mechanisms can be observed in relation to each other rather than as
completely different and unconnected corrosion process. The molten salt dissolu-
tion kinetics initially projected by Goebel and Petit (1970a, b). According to them,
protective and safe surface oxide film vanished as a result of dissolution oxide layer
under the influence of molten salt environment. This dissolution caused grouping of
O2− with oxides that form anions (basic fluxing) or by disintegration oxides to
equivalent cations and O2− (acidic fluxing) (Goebel et al. 1973).

It is has been observed that absorption of oxygen ions for dissolution is restricted
by the quantity of deposition existing on the superalloy surface. As opposed to the
basic dissolution, the acidic dissolution can be self-supporting (Stringer 1987; Pettit
and Meier 1985). Therefore, acidic fluxing is more severe as compared to basic
fluxing. In overall, the hot corrosion of the superalloys stated to arise due to basic
dissolution kinetics and also because of high concentration of Al and Cr.

Hot corrosion dissolution process creates a (−)ve solubility inclination whereby
the oxide on the surface of an alloy liquefied in the melted deposit at the
oxide-scale/deposit interface, but precipitated out in the deposit where the solubility
was lesser as an intermittent scale, as depicted in Fig. 3a. The solubility of a sum of
oxides in Na2SO4 as a purpose of the activity of Na2O in the Na2SO4 displayed that
the solubilities could be streamlined via reactions with the Na2O or SO3 compo-
nents in Na2SO4, Fig. 3b.

Fig. 3 a Sketch describing
the negative solubility
gradient where an oxide
dissolves and reprecipitates
out in the Na2SO4.
b Solubilities of oxides in
fused Na2SO4 with reactions
describing the dissolution
process (Pettit 2011)
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With high amounts of tungsten, molybdenum and vanadium in superalloys
frequently conveyed that hot corrosion follows the acidic dissolution mechanism
(Eliaz et al. 2002), and these components oxidised with the existence of Na2SO4

and deposit on alloys causing disastrous self-supporting hot corrosion (Pettit and
Meier 1985). Stott et al. (1994) suggested that sulphur-containing elements,
piercing through limited paths in the oxide, which creates sulphide channels from
the scale–metal border to the scale–gas border. The sulphide channels deliver easier
circulation paths for the base metal ions through the oxide to the surface and finally
allow more fast development of sulphide lumps above the oxide.

However, Natesan (1985) described that no passage of sulphur into the oxide, or
sulphide channel development was necessary to form immense mixed iron and
chromium sulphides at the oxide–gas border. Established on the experimental
analysis of sulphidation–oxidation of Incoloy 800, he reported that adsorption of
sulphur by the oxide scale accelerates the movement of cations such as Fe and Ni
from the base metal to the scale–gas interface.

For base metal sulphidation, the partial pressure of sulphur in the gas should be
more in off for the transport cations with sulphur to form sulphides as an outer scale.
Hot corrosion in vanadate, sulphates and chloride atmosphere of a Ni-based
superalloy is informed by Deb et al. (1996). Mass gain readings were taken in air
without coated molten salts and with coated molten salts in air. Internal sulphidation
of the superalloy beneath the external oxide layer is caused due to the presence of
sulphur in the form of sulphates.

Rapp and Goto (1981) anticipated that shielding scales on alloy become
non-shielding if negative dissolution gradients formed on the oxides in the presence
of liquefied molten salts, due to possibility of continuous dissolution and repre-
cipitation of oxide. On the basis of oxide solubilities measurement in liquefied
Na2SO4 as an occupation of the acidity of the molten salt, they suggested a (−)ve
gradient of the solubility of the shielding oxide in the salt layer. Without any
sulphide-developing reaction local deviation of sodium oxide activity and oxygen
partial pressure along molten salt film was observed because of the fluxing,
above-mentioned mechanism explains enhanced corrosion attack by the dissolution
of the shielding oxide film (Stringer 1987).

Different research workers have examined the effect of vanadium on
high-temperature hot corrosion of metals and alloys. Bornstein et al. (1973) and
Goebel et al. (1973) recommended that self-supporting acidic degradation of
shielding chromium and aluminium oxide scales could take place in the presence of
vanadium salt layer. Zhang and Rapp (1987) further proposed that in the presence
of vanadate every oxide forms an acidic solute with much higher solubility which
promotes more faster attack by mixed vanadate–sulphate fluxes on oxides and
further by sulphate flux.
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3.1 Chemistry of Salts

3.1.1 Sulphate Chemistry

As described by Rapp and Mehl (2000) and Rapp (2002), an acid/base atmosphere
is shown by oxy-anion melts of hydroxides, sulphates, etc., where in the acid
constituents reflected as NO2 (g), CO2(g), H2O(g) or SO3(g), correspondingly.
While the use of the Lux-Flood collection of NO3

−, CO3
2−, OH− and SO4

2− as the
basic elements is collective for such fused salts, the oxide ion can otherwise be
chosen as the Lewis base in common for all of these salts. For a melt of pure
Na2SO4 (m.p 884 °C), there exists an equilibrium as given below:

Na2SO4 ! Na2Oþ SO3ðgÞ ð2:4Þ

According to Rapp and Mehl (2000), chromium oxide is the best oxide for the
protection of alloys from the attack by bonded sodium sulphate. Figure 4 presents
the superposition of the Ellingham phase constancy plot for Cr–S–O onto the Na–
S–O phase constancy diagram to examine the suitability of Cr2O3 in fused Na2SO4

at 1200 K. The chromium oxide can melt as two acidic solutes (Cr2 (SO4)3 and
CrS) and two basic solutes (Na2CrO4 and NaCrO2) (Rapp and Mehl 2000).

3.1.2 Vanadate Chemistry

Among the transition metals, vanadium is unique; in that, it forms a low-melting
oxide V2O5. This low melting temperature (670 °C under 1 atm of oxygen) results
from the peculiar crystal structure of the compound in which vanadium is 5,
coordinated with oxygen and in which there occur four different vanadium–oxygen
bond lengths (Suito and Gaskell 1971).

The phase constancy diagram for the Na–V–S–O system at 900 °C has been
shown in Fig. 5. The hot corrosion field is very much conscious that vanadates are
most corrosive constituents in bonded salts, e.g., as a solute in bonded Na2SO4. The
difficulty is vanadates lower the liquidus of the melt, and another problem is ten-
dency of these strong acids to complex oxide ions, according to the following
equilibria (Rapp and Mehl 2000). The dashed lines in the salt solution represent
isoactivity lines of vanadate species (Hwang and Rapp 1989).

Na2SO4 ! Na2Oþ SO3 ð2:5Þ

Na3VO4 ! Na2OþNaVO3 ð2:6Þ

2NaVO3 ! Na2OþV2O5 ð2:7Þ
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The stability percentage of vanadium species differs constantly with melt
basicity. Na3VO4 is a leading compound in the melt at basicity less than 8.2, and
V2O5 is leading at basicity larger than 16.3. For basicity between 8.2 and 16.3,
NaVO3 is vital vanadium solute (Hwang and Rapp 1989).

3.2 Hot Corrosion in Liquefied Salt Atmospheres

3.2.1 Liquefied Salt (Na2SO4–60 %V2O5) Atmosphere-I

Kolta et al. (1972) studied the mechanisms of reactions between Na2SO4 and V2O5.
They established that reaction rate predominantly depends on temperature range
between 600 and 1300 °C at molar ratios of Na2SO4 and V2O5. These researchers
revealed with the reaction time increase greater than 30 min; the reaction rate goes
on decreasing and finally touched zero order. The decrease in reaction time

Fig. 4 Na–Cr–S–O phase constancy diagram for 1200 K (Rapp and Mehl 2000)

Thermal Spray Coatings for Hot Corrosion Resistance 245



attributed with the development of vanadous sulphate mixtures such as (NaV3O8)2.
Na2SO4 and (NaVO3)2.Na2SO4, which are disintegrated at high temperatures
obtaining meta- and pyrovanadates correspondingly.

The consequence of enhanced oxidation by sodium and vanadium on the
nickel-base alloys is conveyed by Bornstein et al. (1975), between V2O5 and alloy
substrate, they witnessed oxidation rate was rapid in the early stages. Inter-metallic
Ni3Al and NiAl were predominantly found to be liable to V2O5 corrosion. As
reported by them, the composition of the melt altered by sulphidation attack and
produces extra ions of oxide, i.e. Mþ SO�

4 ¼ MSþO� þ 3=2O2. Harshness of
attack is found to be reduced by increasing early oxide ion concentration.

Hot corrosion performance of Cr3C2–NiCr coatings on superalloys in molten salt
atmosphere at 900 °C was studied by Kamal et al. (2008). Thermogravimetry
method was used by authors to know the high-temperature hot corrosion conduct of
bare and Cr3C2–NiCr-coated superalloys in liquefied salt atmosphere (Na2SO4–

60 % V2O5) at a temperature 900 °C for hundred cycles. The corrosive species
were examined to disclose their compositional topographies for revealing the cor-
rosion mechanisms. It has been observed that resistance to hot corrosion is because
of development of necessary topographies such as low porosity, even fine grains
and the plane splat structures.

Kofstad (1988) has anticipated that in burning, the vanadium impurities are
reacted to the upper-valence vanadium oxides (V2O4 and V2O5) which react with
sodium salts to form low-melting-point sodium vanadates (lowest m.p 535 °C) such
as (Na2O)xV2O4(V2O5)12−x, (Na2O)5(V2O4)x(V2O5)12−x, NaVO3, Na4V2O7 and
Na3VO4. Vanadates in the oxides of metal offend and destroy eutectic temperatures

Fig. 5 Diagram showing phase stability of Na–V–S–O system at 900 °C (Rapp and Mehl 2000)

246 S. Kamal et al.



and m.p (melting point), he has established that sodium sulphate and sodium
vanadates deposit as a slag on valves of diesel engines and they have melting point
400 °C. Hwang and Rapp (1989) studied the solubility of oxides in the mixed
sodium sulphate–vanadate solution containing 30 mol% vanadates. They reported
that the basicity of the melt, oxygen, partial pressure and proportion of V5+ and V4+

states of vanadate in the sulphate–vanadate solution decide the solubilities of
oxides.

Kofstad (1988) revealed that the dissolution of oxides of metal is greater and
they totally rely on the Na/V ratio. Dissolving capacity of Cr2O3 and Fe2O3 is the
highest (�50 mol%) at Na:V ratios near to 5:12. For NiO, and the dissolving
capacity is about 60 mol% at Na:V = 3:2 which declines to 55 mol% at Na:
V = 5:12. The presence of acidic V2O5 reacts with extra basic oxides to form
equivalent vanadates.

3.2.2 Liquefied Salt (Na2SO4–25 %K2SO4) Atmosphere-II

Shih et al. (1989) observed the performance of K2SO4 + Na2SO4-coated aluminium
diffusion coatings on a pure iron substrate with aluminium concentrations of 28–
51 % at the top most surface of the coatings at 600 °C in O2−SO2–SO3 gases
atmosphere. Entire coating undergone submelting point hot corrosion, but the
corrosion rates are lesser than pure iron, and there is a development of a liquid
phase.

Wang et al. (2004) tested the hot corrosion performance of arc ion plating
NiCoCrAlY (SiB) coatings sprayed on Ni-based superalloys DZ 125 and DSM 11,
in liquefied 75 Na2SO4 + 25K2SO4 (wt%) at 900 °C in air for 90 h. The coating
developed hot corrosion resistance of DZ125 and DSM11 superalloys. The authors
established that the additions of silicon and boron can improve oxidation resistance
of the coating by the formation of an unbroken oxide scale in the beginning of
corrosion stage and improve the adherence of the outer scale to the coating in the
succeeding hot corrosion process.

Kamal et al. (2009) assessed the cyclic hot corrosion performance of Cr3C2–

25 %NiCr coatings on Ni- and Fe-based superalloys. The cyclic hot corrosion
experiments were analysed on without coated as well as coated superalloys in the
presence of different molten salts. Weight gain method is used to create the
mechanism of hot corrosion of without coated and coated superalloys. It was
witnessed that Cr3C2–NiCr-coated superalloys displayed higher hot corrosion
resistance than the without coated superalloys as a result of the formation of
unbroken and shielding oxides of chromium, nickel and their spinel.

A nanocrystalline NiCrAlY coating was sprayed on a Ni-based superalloy by
magnetron sputtering (Ren and Wang 2006). Sputtered coating was
post-aluminising for better performance. The isothermal oxidation behaviour at
1000–1100 °C and hot corrosion behaviour in the presence of 75 wt%
Na2SO4 + 25 wt% K2SO4/NaCl thin layer at 900 °C of the sputtered coating with
and without aluminising have been investigated. They observed that the sputtered
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NiCrAlY coating obsessed outstanding oxidation resistance at 1000 °C due to the
presence of huge amount of Cr and maximum percentage of Al. But the coating lost
its protection at 1100 °C because of the extreme consumption of Al in the coating.
Aluminised NiCrAlY coating exhibited improved resistance to hot corrosion in
comparison with sputtered coating due to the development of an uninterrupted and
protective Al2O3 scale (Ren and Wang 2006).

Zheng et al. (2006) reported that an original gloss-Al2O3 composite coating with
a thin layer of NiCoCrAlY bond coat was deposited on K38G superalloy. They
showed that this combined coating performed much better oxidation resistance at
high temperature between 900 and 1000 °C and hot corrosion resistance in melted
sulphate salts (75 wt% Na2SO4 + 25 wt% K2SO4) at 900 °C, much better than solo
NiCoCrAlY coating and uncoated K38G. The protection kinetics of this compound
coating was different from those of old metallic coatings. Further, it was reported
that it has not been oxidised longer period during tests and acted as an obstacle to
successfully delaying the corrosive species from penetrating into substrate.

Guo et al. (2006) studied the corrosion mechanism of the substrates coated with
0.5 mg (Na2SO4 + K2SO4 20 wt% salt mixture)/cm2 at 900 °C. For bare DSM 11
alloy, he has observed substantial weight gain due to rapid hot corrosion attack of
the alloy during the first 20 h, followed by variation due to the struggle of
oxide-scale formation and spallation. After 80 h, the weight gain diminishes
abruptly due to a higher amount of oxide spallation.

3.2.3 Hot Corrosion of the Nickel-Based Alloys

Bornstein et al. (1975) have observed the consequence of sodium and vanadium on
the enhanced oxidation of the Ni-based superalloys. Liquid vanadium pentoxide has
been observed to be a brilliant flux and cool path for oxygen penetration. They
observed between V2O5 and Ni-based superalloys; oxidation rate is rapid during the
initial stages. They determined that the sulphidation attack can be reduced if melt is
prohibited from increasing concentration of oxide ion in the early stages.

Weight gain describes concurrent vanadate- and sulphate-encouraged corrosion
at 650–800 °C studied by Seiersten and Kofstad (1987). Mixtures of sodium
vanadate and sodium sulphate initiated corrosion by intricate kinetics. Otero et al.
(1987) investigated the hot corrosion behaviour of IN657 (46.5 Cr, 1.32 Nb, bal-Ni)
at 635 °C in a liquefied salt atmosphere of 60:40 V2O5:Na2SO4 (mol%). They
characterised the morphology and chemical compositions of the corrosion products
and found that the occurrence of oxide and sulphur promotes the development of
isolated portions with outward morphology. Penetrability of these portions eased
the access of oxygen; hence, protective oxide scale was lost, vanadium and its
oxidised mixture with change in morphology produce various compounds which
increases the protective nature of the scale as described by the author.

Otero et al. (1990) again studied the hot corrosion performance of the same alloy
IN657 in same molten salt atmosphere 60 %V2O5–40 %Na2SO4. They observed
that for duration less than 100 h, the corrosion rate increased with temperature
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when the temperature was less than 727 °C. For temperatures greater than 727 °C,
corrosion rate decreased. An increase in corrosion rate with temperature witnessed
during the early stages of exposure was related to the higher volatility of the
liquefied salt mixture. At temperatures greater than 727 °C, once the suitable
fluidity was attained, the corrosion rate decreased due to the decrease in the oxygen
solubility in the liquefied salt.

Otsuka and Rapp (1990) examined the influence of vanadate and chromate
anions on hot corrosion of nickel by bonded Na2SO4 film in an SO2–O2 gas
atmosphere at 900 °C. The results indicate that the standby of sulphidation may be
due to the dissolution of solid Cr2O3 which partly seals/plugs the cracks and voids
of protective oxide film. Further, they found that vanadate anions enriched the
inception of the hot corrosion and sulphidation; this may be via fast degradation of
protective oxide layer at cracks and voids.

The oxidation and hot corrosion studies of Ni-based superalloys in Na2SO4-
60 %V2O5 environment at 700 °C were carried out by Lambert et al. (1991) to
investigate the effects of Si addition. On the outer surface of the alloy, they found a
thin layer of NiO whereas on the Si-enriched alloy, a thin A12O3 scale formed.
They attributed that distinctly increase in oxidation rate of Ni-based superalloys due
to highly corrosive condensed vanadates and sodium.

According to them, the continuous regeneration of protective oxide obstruction
was significantly affected by the corrosive resistant coating, particularly in the
Si-enriched alloy. They identified Ni, Cr, Al and Si complex oxides in the inner
oxide layer.

Gurrappa (1999) studied the hot corrosion behaviour of Ni-based superalloy in
sodium sulphate and mixture of sodium sulphate + sodium chloride. He has wit-
nessed that the superalloy got rigorous corrosion attack in just 4 h, whereas it is
entirely corroded in 70 h when examined in 90 %Na2SO4 + 10 %NaCl. When the
same alloy studied in 90 %Na2SO4 + 5 %NaCl + 5 %V2O5 atmosphere at 900 °C,
in just 2 h superalloy lost its entire strength.

Gitanjaly and Prakash (1999) analysed the hot corrosion performance of some
Ni-, Fe- and Co-based superalloys in an atmosphere of Na2SO4 + 60 %V2O5 at
900 °C. In general, the author observed significant corrosion degradation in all the
superalloys. However, the Ni-based superalloy Sn 75 exhibited lowermost rate of
corrosion related to Superco 605. The presence of Ni(VO3)2 in the coating repre-
sented as a diffusion barricade for the oxidising corrosive species which improves
corrosion resistance of Ni-based superalloy.

Tzvetkoff and Gencheva (2003) reviewed the kinetics on the development of
corrosion films on Ni and Ni-based alloys in molten salts containing oxyanions.
They reported that catastrophic hot corrosion failure due to rapidly induced fluxing
of the protective oxide scale in the presence of acidic oxides such as those of V and
Mo.

The chromate oxide layers were identified as useful for the repassivation of the
surfaces which lost due to molten salt fluxing. Further, they reported that the molten
sulphate mixtures are violent towards Ni-based superalloys. In such atmospheres,
they additionally detected the presence of sulphides at oxide/metal boundary which
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do not suggest probable protection except for a positive role of MoS2 developed on
Ni-based alloys having substantial quantity of Mo.

Author has investigated the hot corrosion behaviour of NiCoCrA1YTa coatings
sprayed on the superalloys (specifically Sn 75, Sn 718 and Sf 800H) exposed to
Na2SO4–25 %K2SO4. Better protection attributed to the formation of thick and
adherent of Cr and Al oxide scale on coating. In the subscale region, these oxides
formed across the periphery of Ni-rich splat borders performed as diffusion
obstacles to the internal dissemination of corrosive species which moderately
minimise the mass gain. Graphics of projected oxidation mechanism of the
detonation-gun-coated NiCoCrAlYTa on Sf 800H at 900 °C in Na2SO4–25 %K2

SO4 after 100 cycles are shown in Fig. 6.
Singh et al. (2005) studied hot corrosion behaviour of a nickel-base superalloy in

molten salt atmosphere at 900 °C under repeated settings for 50 cycles of one hour
each. They used thermogravimetric technique to estimate the mechanism of cor-
rosion. They revealed that superalloy Superni 601 revealed that extreme spalling of
oxide scale and the mass gain, including the spalled scale, was huge during the hot
corrosion studies in the given rigorous atmosphere. They reported non-stop increase
in the mass of the superalloys, but the rate of increase was more during the early
period of exposure. They revealed that NaVO3 formed due to the reaction of
Na2SO4–60 %V2O5 acts as a reagent and assists as an oxygen transporter to the
metal. The chromium has great attraction for oxygen to form Cr2O3, which rapidly
increase mass gain in the initial stages of hot corrosion.

Prakash et al. (2005) witnessed the hot corrosion performance of another
Ni-based superalloy under the same conditions and at same temperature. They
reported that the superalloy suffered a catastrophic hot corrosion attack which leads

Fig. 6 Schematic of the proposed oxidation mechanism of the NiCoCrAlYTa-coated superalloy
Superfer 800H at 900 °C in Na2SO4–25 %K2 SO4 after 100 cycles
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to extreme spalling and sputtering of the scale. They concluded this behaviour with
the existence of Mo in the alloy, as oxides of Mo cause an alloy-induced acidic
fluxing. Ravindra et al. (2007) also reported the hot corrosion and oxidation per-
formance of a directionally solidified Ni-based superalloy.

3.2.4 Hot Corrosion of Iron-Based Mixtures

Fairman (1962) reported severe corrosion of some metal pieces in an ash blend
(V2O5 + 10 % Na2SO4) atmosphere in air. Greatest corrosion attack was estab-
lished where the percentage of O2 and V2O5 was higher, proposing the movement
of oxygen atoms or ions on the metal surface: 2V2O5 ! 2V2O4 + 2O#. He
reported that the enhanced oxidation is a diffusion controlled process of the
absorption of flaws into the oxide scale. He further suggested that the kinetic of
enhanced attack could be more reasonably clarified by the catalytic action of V2O5

operating with the growth in the fault concentration of the scale.
Kerby and Wilson (1972) revealed that the fluxing of protective oxide layers rise

the corrosion speed of metals by liquid vanadates present on the alloy surface and
acted as a source of oxide ion for the corrosion reaction. The electrical conductivity
enhanced with increase in temperature and with reducing oxygen pressure.

Valdes et al. (1973) studied AISI 446 stainless steel under V2O5 and
Na2O.6V2O5 atmosphere in the range 700–900 °C in air and established the
presence of Cr2O3 scale with little oxides of vanadium which performed as a
reasonable obstacle to corrosion. Above 850 °C in V2O5, a breakaway corrosion
reaction occurred. No Cr2O3 barricade was present, but there was an uninterrupted
oxide scale that consisting of Cr2O3, Fe2O3 and V2O5 at the metal/oxide interface
from which a region of crystals grew. They suggested that the addition of Na2O to
V2O5 enhanced the oxide ion (O2−) in the melt and made it extra destructive to
acidic oxides such as Cr2O3.

Shi et al. (1992) studied the effect of K2SO4 added to a Na2SO4 on the
low-temperature hot corrosion performance of iron aluminium alloys. He concluded
that K2SO4 preservative increased the low-temperature hot corrosion of Fe–A1
alloys affected by Na2SO4 deposit in the environment containing O2, SO2 and SO3,
but the kinetics of corrosion remained unaffected. In the initial period,
degradation/precipitation of Fe2O3 proceeded at a substantial rate; at a longer time,
growth of a compact iron oxide conquered the enhanced hot corrosion caused by
K2SO4 stabiliser was not ascribed to the formation of intricate sulphates. The
equilibrium phase diagram for changing composition of Na2SO4 and K2SO4 is
shown in Fig. 7.

Tiwari and Prakash (1996, 1997) and Tiwari (1997) have stated hot corrosion
studies on high-temperature-resistant superalloys in range of 700–900 °C in the
atmospheres consisting of Na2SO4, Na2SO4–15 %V2O5 and Na2SO4–60 %V2O5.
They detected very high rates of corrosion in the atmosphere having Na2SO4–60 %
V2O5. Due to the low melting point of this compound (550 °C), the corrosive
environment of this mixture is huge. Tiwari and Prakash (1997) additionally
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exposed that in Na2SO4–60 %V2O5 molten salt, precipitation found with the
presence of cracks in the defensive scale due to degradation by the molten salt for
Sf 800H and Superco 605. Greater precipitation was observed due to the presence
of tungsten in the form of Na2WO4–WO3 mixture. Tewari (Tiwari 1997) deter-
mined that Co-based alloy has lower corrosion protection than Ni-based superalloy
in Na2SO4–60 %V2O5 atmosphere at 900 °C.

Kamachi Mudali et al. (2004) reported that the stainless steels are susceptible to
corrosion in the presence of violent corrosive atmosphere and also in aqueous, high
temperature, axial or compressive stress and other service constraints. Under such
situations, proper care is to be taken by preparing exclusively diverse surface
morphology by forming corrosion-resistant thermal spray coatings.

Singh et al. (2005) investigated the hot corrosion performance of an iron-based
superalloy in melt (Na2SO4–60 %V2–O5) atmosphere at 900 °C under cyclic sit-
uations for 50 h and found that the superalloy underwent severe exfoliation and
crackling and the mass gain was massive during the course of study.

Sidhu et al. (2006) reported that iron-base superalloy Superfer 800H underwent
intense spalling, sizzling of scale along with cracking sound during cooling and
detaching of the protective oxide scale in an violent atmosphere of Na2SO4–60 %
V2O5 at 900 °C. During the cyclic study for 50 h, the mass gained by the super-
alloy was enormous. It was found that the weight increased uninterruptedly, during
the early period of exposure. The rate of increase in weight gain was ascribed

Fig. 7 Phase diagram of Na2SO4 and K2SO4 system (Shi et al. 1992)
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mainly due to the formation of NaVO3 complex compound. Slower increase in
mass gain after early mass gain was due to the instantaneous growth and degra-
dation of oxide scale in the molten salt due to the following reaction. This Na2CrO4

vaporised as a gas

Cr2O3 þ 4NaVO3 þ 3=2O2 ! 2Na2CrO4 þ 2V2O5: ð2:8Þ

Sidhu et al. (2006a, b) reported that the behaviour of HVOF sprayed Cr3C2–

NiCr coatings on an iron-based superalloy in Na2SO4–60 %V2O5 atmosphere at
900 °C in repeated conditions. The thermogravimetric measurements were used to
study the kinetics of corrosion. The coating has effectively imparted resistance to
molten salt-induced hot corrosion. The Cr3C2–NiCr-coated alloys offer corrosion
resistance with the development of phases such as Cr2O3, NiO and NiCr2O4 in the
protective oxide scales.

4 Some Studies on Power Plant Environments

Different researchers informed that accumulation/reduction of low-melting-point
molten salts (present in the gases) on the thermal power plant tubes used for
superheaters and reheaters in coal-fired boilers is an original reason for the massive
damage of tube materials. At the operating temperatures of boiler tubes molten salts
consisting sulphates of sodium and potassium, they simply liquefy and cause rig-
orous hot corrosion of boiler tubes (Rapp and Mehl 2000; Nelson et al. 1959;
Backman et al. 1987; Salmenoja et al. 1996).

Boilers and other steam power plant equipment are subjected to a wide variety of
failures involving one or more of several mechanisms. Overheating is described as
main root cause damage in steam generators. A survey compiled by one laboratory
over a period of 144 months, covering 413 inquiries, listed excess heating damage
causes 201 failures or 48.7 % of those examined. Defective or improper material
has been cited as the cause of most of the remaining failures (13.3 %). Although
“defective material” is often blamed for a failure, this survey indicates that statis-
tically it is one of the least likely causes of failure in power plant equipment
(Handbook 1975).

Moujahid (1987) observed severe ash corrosion, mechanical deformation and
cracks on the cast iron chains of moving grate used to air burning of coal. Liquid
coal ash at 1300 °C is strongly acidic and dissolves spinel layers which formed on
the chains at elevated temperature. The fused ash embeds coal particles and also
reduces the thermal efficiency of the equipment. Drastic enhancement in ash cor-
rosion rate has been attributed to the mechanical damages. Kamal et al. (2010)
incorporated rare earth oxide (CeO2) in NiCrAlY coating and investigated hot
corrosion resistance. The coatings revealed distinctive splat spherical dendritic
phases. Cerium oxide dispersed along the boundaries of splats, while Al lines
scattered non-uniformly. On the coated superalloys a thick oxide film observed
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which represents shielding phases such as NiO, Cr2O3, Al2O3, NiCr2O4 and Ni
Al2O4 formed on the surface which offers resistance to hot corrosion, some of the
oxides of iron and silicon moved to the top surface during initial period of exposure.
Graphical drawing showing projected hot corrosion kinetics of the
NiCrAlY + 0.4 wt% CeO2-coated superalloy Superfer 800H at 900 °C in
Na2SO4 + 60 % V2O5 after 100 cycles is shown in Fig. 8 (Kamal et al. 2010).

Iyer et al. (1987) witnessed the hot corrosion behaviour of Nimonic 80A under
tension using combustion gases environment at 600–700 °C and reported the
presence of NiO, Cr2O3, Ni(VO3)2 and NiO.Cr2O3 on the surface of the corroded
alloy. Accelerated oxidation was observed, and the scale was reported to be spongy.
They observed that the lowest melting liquid was formed even at 550 °C. They
suggested that the presence of stresses enhanced the damage due to spalling,
allowing fresh surface to be exposed to hot corrosion. They proposed that as
vanadium content increases, some of the vanadium participates as vanadates and,
therefore, increase in vanadium above certain level is not so violent. This critical
level was found to be around 20 ppm vanadium.

Prakash et al. (2001) observed failure of boiler tube in the pulverised coal-fired
boiler in India, a case study conducted for the period of one year. They observed
total 89 failures, out of which 50 failures were caused to the hot corrosion and
erosion by fly ash lumps. Under detailed investigation of five (5) samples of failed
boiler tubes, they reported major cause of tube failures is overheating.

Coal is an abandoned cheep fuel available with its low price related to its
worldwide obtainability and due to the forthcoming deficiency of other fossil fuel
assets such as heavy oil and natural gas. But burning of coal generates very cor-
rosive environment near the superheater boiler tubes. Hot corrosion of boiler tubes

Fig. 8 Graphical drawing showing projected hot corrosion kinetics of the NiCrAlY + 0.4 wt%
CeO2-coated superalloy Superfer 800H at 900 °C in Na2SO4 + 60 % V2O5 after 100 cycles
(Kamal et al. 2010)
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is considered as a more demanding aspect, which results in tube wall thinning and
catastrophic failure. Efforts have been made to decrease the maintenance costs of
these tubes that have increased interest in protecting them with protective thermal
spray coatings (Sidhu et al. 2006).

Kamal et al. (2009) and Sidhu et al. (2006c, d, e, f) carried out various tests in
the laboratories and in the actual coal-fired boiler environments in order to estimate
the hot corrosion damage, all the coatings deposited on Ni-based superalloy
imparted better hot corrosion resistance than the uncoated one. The Stellite-6-coated
superalloy did well than the NiCrBSi-coated alloy in the given environment.

5 Preventive Measures Against Hot Corrosion

The corrosion control in highly aggressive applications requires careful selection of
materials. Nickel-based superalloys have better physical properties and superior
corrosion resistance at higher temperatures and are used as base materials for hot
section components in turbines. However, the hot corrosion is unavoidable when
used at higher temperatures for longer duration of time in an extreme environment
(Goebel et al. 1973).

Heath et al. (1997) proposed a number of countermeasures corresponding to the
variety of corrosive environments including the following:

• Proper selection of alloy,
• Optimum design of components,
• Use of chemical additives to neutralise the corrosive components in the flue

gases,
• Shielding the substrate and
• Protective coatings.

The important factors that influence hot corrosion are as follows: (a) alloy
composition, (b) alloy fabrication condition, (c) deposit composition, (d) amount of
deposit on superalloy, (e) gas composition and velocity, (f) temperature, (g) tem-
perature cycles and (h) erosion (Gurrappa 1999). Eliaz et al. (2002) also, in their
review of hot corrosion in gas turbine components, suggested several approaches to
control the hot corrosion, which include appropriate selection of physically
high-strength alloys, thermal spray coatings on hot section components, regular
cleaning of hot section parts, air filtering and governing of both fuel hygiene and
composition.

Hot corrosion can prevent by thermal spray coating the substrate alloy with a
preventive film. This is the favoured method, even when comparatively less hot
corrosion-resistant substrate alloys are used (Eliaz et al. 2002). For sufficient cor-
rosion protection of an alloy in the given destructive atmosphere, compatible
techniques and proper selection of materials are more important. Adding organic
inhibitors such as pyridines, pyrimidines, quinolines is enough to diminish hot
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corrosion of alloys in many corrosive atmosphere, although inhibitors have partial
success due to solubility and/or thermal instability at high-temperature, intense salt
solutions (Priyantha et al. 2003).

6 Role of Thermal Spray Coatings

The coatings at high temperature develop a shielding oxide film on the metal
surface to limit loss of metal by oxidation. Generally, these protective oxides (e.g.
A12O3, Cr2O3 and SiO2) diminish the penetration of gaseous or liquid corrosive
mixture towards the substrate alloy and equally prevent substrate elements diffusion
towards the external surface where they could react with the coated elements.
Moreover, there should be minimum inter-diffusion phenomenon between coating
and substrates as far as the quality of the coated constituent are concerned (Mevrel
1989).

Premature failure of the thermal power plant components regularly arises due to
the rigorous reactions between the substrate alloy and the violent combustion
atmosphere. Degradation mechanism at high temperature by distinctive molten salt
film should be clearly understood, so as to reduce the tube material failure by
emerging more defensive structural alloys and coatings (Li et al. 2005).

To enhance the life or enrich the performance of alloys, thermal spray coatings
are contributing substantial part in today’s aero- and industrial turbine engines;
about 75 % of all the components in jet engines are coated (Zheng et al. 2006;
Gurrappa 2000). MCrAlY-type metallic coatings regularly used in the hot segment
of turbine engines, which is precisely designed and developed to meet the violent
environmental operating conditions (Guo et al. 2006).

6.1 Advantages of Thermal Spray Coatings

Nearly all types of superalloys and boiler steels with enhanced strength, the
requirements of defensive coatings demand have recently increased, because of
high-temperature corrosion difficulties become major problems for these superal-
loys with growing working temperatures of current heat engines (Yoshiba 1993).
Further, Porcayo-Calderon et al. (1998) have reported the use of protective coatings
for the superheater/reheater parts of boiler, where the alloys rigorously undergo
fireside hot corrosion. To prolong the life of alloys to work at the higher end of their
performance abilities, only coatings offer a way, by permitting the mechanical
properties of the substrate materials to be maintained while defending them against
wear or corrosion (Sidky and Hocking 1999).

Unfortunately, it is well known in the literature that it is not always possible to
develop an alloy that will be resistant to hot corrosion as well as possess good
high-temperature strength by the addition of alloying elements. Some alloying
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elements may help to improve the mechanical properties, while others may improve
the hot corrosion resistance, but generally both properties are not improved
simultaneously. Tremendous increase in mechanical properties can offer with the
presence of tungsten, vanadium and molybdenum while their existence makes the
alloy highly prone to hot corrosion (Gurrappa 1999).

The need for better-quality performance, higher operating temperature, pro-
longed component life and higher efficiency power plant places high demands on
the construction materials used in a high-temperature plant. Consequently, a large
number of components worked at high temperature are coated or surface treated
(Nicholls 2000). According to Taylor and Evans (2001), for fossil power plants few
previous efforts made on the thermal sprayed defensive coatings, however, thermal
spray process is comprehensively used for gas turbine engine components.

Furthermore, improvement in the conventional steam-raising plants, substitute
power supply systems, for example, combined with cycle plants, wherein a gas and
steam turbine, are coupled, suggesting greater thermal efficiencies, as the inlet
temperatures of gas turbine are 1200 °C and above (Nickel et al. 2002). According
to them, components operated at high temperatures prone to increase oxidation
rates; hence, defensive coatings with higher temperature abilities are necessary.
Therefore, an alternative is to go for protective coatings for hot corrosion resistance;
it is essential to cultivate appropriate coatings to enhance the operational life of the
components. Although corrosion problems cannot be completely eradicated, nev-
ertheless, 25–30 % of corrosion associated costs can be saved with the use of best
corrosion anticipatory and control policies (Priyantha et al. 2003; Koch et al. 2002).

6.2 Requirement of High-Temperature Coatings

Preventive surface preparations are extensively used at low temperature, but largely
limited use of these at elevated temperature applications. A huge ultimatum exists
to grow and apply these coating for high-temperature applications (Stroosnijder
et al. 1994). Consequently, all components working at high temperature are coated
(Nicholls 2000). Superalloys have been developed for high-temperature applica-
tions; however, protective coatings are applied to improve their lifespan for use in
corrosive atmospheres as they are not able to meet the requirement of
high-temperature asset and high-temperature corrosion protection concurrently
(Liu et al. 2001).

6.3 Coating Deposition Techniques

Nicoll (1984) reported that from manufacture point of view, chemical vapour
deposition (CVD), physical vapour deposition (PVD) and thermal spray techniques
(metal spraying) are used extensively. Since CVD process is a non-line-of-site
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technique, appropriate covering and tool requirements is the foremost design
deliberations and it is expensive. Additional limitation of the CVD process is the
insertion of package particles in the coating which can lead to coating damage.

Variety of coating deposition methods are available in the market, and selecting
the best coating methods depends on the useful requirements, flexibility of the
coating material to the selected coating method, field of application required (size,
shape of coating powder and metallurgy of the substrate), and accessibility of the
powder and cost of the coating equipment such as HVOF, Detonation-gun and
Plasma spray.

6.3.1 Thermal Spray Techniques

In the year nineteen hundreds, a young Swiss inventor named Dr. Max Schoop
designed thermal spray method, after watching his son playing with his toy. Dr.
Schoop observed that the hot lead particles were projected out of the cannon, held
nearly any surface, which gave him the idea that if the molten metal projected in a
spray-like manner, then a surface will be built up with that material. A variety of
engineering problems have been solved using thermal spraying applications.
Thermal spray technique is used across many engineering processes, from the
locomotive to the space craft industry (Nicoll 1984). Thermal spraying is the most
resourceful method offered for the application of coating materials used to protect
parts from abrasive, adhesive, erosive wear and erosion corrosion (Marceau and
Adjorlolo 1995).

Thermal spraying is a generic coating technique whereby droplets of molten or
partially molten material are generated and projected at a surface to form a coating.
The droplets undergo little interaction with the substrate, merely adhering to the
roughened surface through physical means to form an “overlay” coating. Variety of
techniques has been designed for this process, varying in the manner in which they
heat the material, the operating temperature and the velocity to which the droplets are
accelerated. Through the range of operating conditions generated, any material that
does not undergo sublimation or degradation upon heating can be applied as a coating.

Materials ranging from polymers to metals, cermets and ceramics are regularly
sprayed. In the generalised thermal spray process, the coating material in rod, wire
or powder form is fed into a high-temperature heat source, where it is heated close
to, or in excess of, and its melting temperature. A high-velocity accelerating gas or
combustion gas stream accelerates the droplets of material to the substrate, where
they impact and spread across the surface to form a “splat” (Matthews 2004). The
oxidation time during thermal spray coating is short typically less than 0.01 s and
can occur in either the solid or molten state. The oxidation of coatings is not always
harmful, it is equally important to control and understand the different aspects of
oxidation of coatings; therefore, it is important to find an optimum level for oxi-
dation of coatings (Herman 1988; Korpiola and Vuoristo 1996; Nerz et al. 1992).
Commonly, any material, which does not decay, boil, transfer or dissociate on
heating, can be thermally sprayed. Subsequently, a wide range of metallic and
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non-metallic materials (such as metals, alloys, ceramics, cermets and polymers) can
be easily deposited by thermal spraying. Metals, carbides and cermets are the more
extensively used as a coating material; also polymer deposition has been investi-
gated (Kawase and Nakano 1996). High-temperature corrosion protection can be
obtained by the deposition of metallic coating on the substrate metal with the use of
thermal spray process and are listed below, summarised by Heath et al. (1997).

• Flame spraying with a powder or wire,
• Electric arc wire spraying,
• Plasma spraying,
• Spray and fuse,
• HVOF spraying and
• Detonation-Gun

The technology continued, but expanded in the 1970s due to development of the
thermal plasmas and the increasing demand of high-temperature and
wear-resistant materials and coating systems (Knotek 2001).

Table 1 shows some of the significant parameters linked with these thermal
spray techniques (Bhushan and Gupta 1991; Sobolev et al. 2004; Wagner et al.
1984). Speed of powder particles, flame temperature and spray environment are the
main constraints which differentiate the various spraying methods. Porosity, bond
strength and oxide content of the coating are the properties depended on the coating
process. Also, Kuroda et al. (2008) show the grouping of numerous thermal spray
processes in terms of particle temperature and velocity. Similarly, Gledhill et al.
(1999) proposed the schematic diagram showing unmelted particles, splats, voids
and in coming particles with unmelted.

6.4 Nanostructured Coatings

Nanostructured coating (Khana and Jha 1998) is the collection of
crystalline/amorphous blends. It has newly attracted necessary research and engi-
neering applications, because of the producing, a surface safety film with excep-
tional physiochemical properties that are frequently not achieved in the bulk
coating. Nanostructured coating is a new class of manufacturing materials with
superior properties and physical length between 1 and 100 nm. Broad range of
engineering applications that needed resistance to abrasive wear, erosion, hot cor-
rosion, cracking and spallation, better properties can be incorporated with nanos-
tructured ceramic coatings produced by plasma-sprayed processes are being
developed recently.

Bansal et al. (2003) compared commercial coarse-grained and the nano-Al2O3–

13 wt% TiO2 ceramic coatings by plasma spray on steel substrate. These
nanocoatings enhanced resistance to wear and had a good bond strength which is
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twice higher than that of coarse coatings, representing “nano” coatings scientifically
most usefully. Shaw et al. (2000) observed the reliance of microstructure and
properties of nanostructure Al2O3–13 wt% TiO2 coating by wear test. It has been
observed that nanocoating performed better wear resistance than the coarse coat-
ings. Ding et al. (2003) have conducted the wear resistance test for nanostructured
zirconia coatings and coarse-grained zirconia coating by plasma-spray,
coarse-grained coating shows much lesser wear resistance than their nanostructured
zirconia coating. The greater properties of nanostructured coatings include
improved microhardness and microstructure phases responsible for higher wear
resistance.

Leblanc (2003) observed from commercial coarse-grained and nanostructured
powders, he has assessed sliding wear, abrasion wear and microstructural properties
of Al2O3–13TiO2, Cr2O3–5SiO2–3TiO2 and TiO2. Efficiency and features of
VPS-deposited coatings are normally higher or equal to those of APS-deposited
coatings. Thermal spray process for nanostructured powder coating is established to
be more delicate, as compared to commercial coarse-grained powders. VPS delivers
a better atmosphere for applying nanostructured coatings, as related to APS retained
nanostructure in the applied coating shows the greater properties. Plasma spray
produced reconstituted nanostructured alumina–titania coatings using improved
processes with optimised plasma spray parameter (Jordan et al. 2001).

Kim et al. (2006) have magnificently obtained WC-Co wear-resistant nanos-
tructured coatings by thermal spray process and the results showing substantial
resistance wear when it is compared with conventional counterparts.
Well-established nanostructured feedstock powder coating effectively resolved
microstructural non-similarity of conventional Cr2O3-based solid lubricant coatings.
The deposition of commercial coarse-grained and nanostructured zirconia coatings
by atmospheric plasma spraying was tested for thermal shock resistance of
as-sprayed coating by the water quenching method (Liang and Ding 2005). The
outcomes exhibited that the nanostructured as-sprayed coating exhibited much
improved thermal shock resistance than the commercial coarse-grained coating.
This is due to the modification in microstructure and microstructural changes
happening during thermal shock cycling. During the thermal shock cycle, the
development of vertical cracks, inter-granular fracture and tetragonal monoclinic
transformation on the coating surface contributed to the improved thermal shock
resistance of the nanostructured zirconia coatings.

Soltani et al. (2003) have effectively deposited Y2O3–PSZ-nanostructured
coatings. The results of wear test revealed that the nanostructured coating had a
lower coefficient of friction and higher wear resistance under discontinuous testing
conditions in comparison with commercial coarse-grained coatings. Lin et al.
(2004) have examined that the effects of temperature between 600 °C and room
temperature on the tribological properties of atmosphere plasma-sprayed nanos-
tructured and commercial coarse-grained Al2O3–3 wt% TiO2 coatings against sil-
icon nitride ball were tested. The results revealed that wear resistance of the
nanostructured coating was found better at high temperature as compared to their
conventional counterpart.
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7 Conclusions

1. Failure of different parts of gas turbine hot sections for ships, aircrafts, boilers,
industrial waste incinerators is attributed because of high-temperature hot cor-
rosion. For high-temperature applications, superalloys were developed, but they
failed in meeting both requirements such as desired strength at high temperature
and hot corrosion resistance at high temperature concurrently.

2. Thermal sprayed coatings seem to be an alternative and are extensively observed
with respect to hot corrosion resistance. Hot corrosion is a serious problem and
cannot be totally inhibited, but it can be identified at an initial stage to avoid
disastrous failure.

3. An extensive research undertaken to assess the feasibility of various coatings in
natural air environments, but additional research methods are required to test
different types and combination of coating powders in more destructive corro-
sive atmospheres, either replicated in the laboratory or in real practical
conditions.

4. While extensive perception has been collected on kinetics of hot corrosion,
whereas, it has not been completely understood the reaction mechanism and
further extensive analysis are required, further life of the coating has to be
forecasted against hot corrosion behaviour in actual industrial environmental
situations as well as by mathematical modelling which simulate the actual
environment.

5. Investigators extensively tested several factors of different thermal spraying
process. More ever, additional examinations need to optimise numerous coating
process parameters, with distinct importance to estimate their performance of
coating on hot corrosion behaviour.
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Application of Nanotechnology
in Cancer Treatment

Biswa Mohan Biswal and Zamzida Yusoff

Abstract Cancer is one of the most common chronic diseases in man that accounts
for 14 million new cancer cases and 8 million deaths per year worldwide. The
current trend in the management of cancer includes established triad of surgery,
radiation, and chemotherapy supplemented by biological and targeted therapy in
specific cancers. Recent years saw tremendous progress in the field of biotech-
nology and human genomics leading to better understanding about cancer patho-
genesis, discovery of cancer markers, and promising novel therapy. Despite above
advances, the surgery involves loss of organ and function, radiation-induced
complications, and chemotherapy-related second malignancies and drug resistance.
In some cancers, both radiotherapy and chemotherapy remain ineffective. In recent
years, nanotechnology shows potential promise in the management of cancer.
Nanoparticles attached to cancer marker targeted antibodies could detect cancer at
earlier phases of cancer development, better than existing methods. Novel designed
nanomaterials could carry payload of cytotoxic drugs or lethal toxins inside cancer
cells and defy host immune defence and protect normal cells, thereby could result in
cancer cure with least side effects. Radiation treatment is non-specific; therefore,
intratumour injection of nanomaterials could generate short-range electrons inside
tumour and enhance radiation lethality to tumour and no effects to the normal
tissues. Topical or parenteral injection of nanomaterials during surgical procedure
could add surgeons to precisely take out tumour with useful surgical margin.
Nanotechnology is a vast field of unexplored science which is unknown to medical
field could possibly redefine cancer treatment. However, we do not know the
long-term consequences, metabolism of nanoparticles inside body, excretion from
body fluids, safety profile, and environmental effects. Despite of extensive hype in
science for over a decade, there are very few nanotechnology-based drugs used in
clinical practice, mostly using PEG micelle technology to avoid immune reactions
and increased absorption of cancer pain medications. Lot more translational clinical
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research is necessary to use nanotechnology as part of oncological management in
future.

Keywords Nanotechnology � Cancer � Nanoparticles � Imaging � Pathology �
Surgery � Radiotherapy � Chemotherapy

Abbreviations

TSP Thrombospondin
VEGF Vascular endothelial growth factor
VEGFR Vascular endothelial growth factor receptor
EGFR Epidermoid growth factor receptor
HER-2 Human epidermal receptor-2
TKI Tyrosine kinase inhibitor
DNA Deoxyribonucleic acid
RNA Ribonucleic acid
2D Two dimensional
CT Computer axial
MRI Magnetic resonance imaging
PET Positron emission tomography
AFM Atomic force microscopy
QDs Quantum dots
GNP Gold nanoparticles
SPR Surface plasma resonance
SWCNT Single-walled carbon nanotubes
SPIONs Superparamagnetic iron oxide nanoparticles
PEG Polyglycolic acid
USPIO Ultrasuperparamagnetic iron oxide
NPs Nanoparticles
USG Ultrasound
PAMAm Polyamidoamine
GCC Guanylyl cyclase C
CCD Charge-coupled device
SLNB Sentinel lymph node biopsy
MNP Magnetic nanoparticle
EPR Enhanced permeability retention
IMRT Intensity-modulated radiotherapy
CNT Carbon nanotube
PSA Prostate-specific antigen
CEA Carcinoembryonic antigen
CA 125 Cancer antigen 125
AFP Alfa feto protein
LDH Lactate dehydrogenase
VMA Vanillylmandelic acid
HVA Homovanillic acid
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Tc-kit Tyrosine protein kinase
Tg Thyroglobulin
ALK Anaplastic lymphoma kinase
BRAF Murine sarcoma viral oncogene homolog B
K-ras Kirsten rat sarcoma viral oncogene homolog
MEK Ras–Raf–MEK–ERK pathway
NHL Non-Hodgkin’s lymphoma
GIST Gastrointestinal stromal sarcoma
CML Chronic myeloid leukaemia
IV Intravenous
SC Subcutaneous
CND Composite nanodevice
SPARC Second albumin-specific protein
AIDS Acquired immune deficiency syndrome
GTN Gestational trophoblastic neoplasm
TAM Tumour-associated macrophage
QD Quantum dots
OTFC Oral transmucosal fentanyl citrate
HIF Hypoxia-inducible factor
NSCLC Non-small-cell lung cancer
PD-L1 Programmed death-ligand 1
p53 Tumour protein p53 (tumour suppressor)
FISH Fluorescence in situ hybridization
IHC Immunohistochemistry
MBC Metastatic breast cancer
CYFRA-21-1 Cytokeratin 19 fragment
CRC Colorectal cancer
HIV Human immunodeficiency virus
SE Spin echo

1 Introduction

Cancer is a generic terminology representing 100s of disease with diverse bio-
logical behaviour. Accumulation of cellular and genetic injuries could lead to
cancer transformation from a single cell called clonal origin of cancer. Cancer could
be caused by exposure to carcinogens, radiation, smoking, oncogenic viruses, and
mechanical friction, and expression of genetic defect already exists inside the host
cells. The carcinogens could be from tobacco smoking; carcinogenic chemicals are
in diet, in polluted air, and from accumulation of carcinogens from chemical
industries. The carcinogens in the presence of cocarcinogens transform normal cells
into a malignant one through stepwise carcinogenic process. The transformed
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cancer cells need many generations of growth to become a visible tumour (Fig. 1).
The tumour then grows exponentially to reach its plateau. If left untreated, the large
size tumour ultimately consumes most nutrition of the host leading to death of
tumour-bearing patient. The above growth pattern of cancer is called Gompertzian
growth (Schmidt 2004).

The tumour has six biological characteristics or capabilities acquired during
multistep development of human tumour. The malignant changes represented as
sustained cellular signalling defy growth suppressors, resist tumour cell death (or
apoptosis), acquire replicative tumour immortality, induce angiogenesis, and
encourage invasion and metastases (Hanahan and Weinberg 2011). The other
characteristics of cancer are genomic instability, inflammation, reprogramming
energy metabolism, and evading immune destruction. Ultimately, tumour growth
could change tumour microenvironment. Recently, 4-new hallmarks of cancer are
added as avoiding tumour immune destruction, tumour-promoting inflammation,
genome instability, and disregulation of cellular energy. Further progress of tumour
due to proliferation acquires new blood vessel supply (neoangiogenesis). The
tumour neoangiogenesis is switched on and switched off by tumour factor called
vascular endothelial growth factor A (VEGF-A) and thrombospondin-1 (TSP-1).
The VEGF signalling via 3 receptor tyrosine kinase (VEGFR 1–3) is regulated at
multiple steps. The VEGF gene expression can be upregulated by tissue hypoxia
and oncogene signalling. Any new tumour acquiring a size more than 200 μ always

Fig. 1 Clinical picture of a proliferative squamous cell carcinoma cancer of cheek
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has tumour neovasculature. These steps of cancer growth could be targeted using
specific inhibitors for the control of cancer (Fig. 2). A tumour is a combination of
many events ranging from aberrant cell formation, clonal proliferation, angiogen-
esis, immune response, and metastasis. Thus, cancer involves complex multiple
heterotypic interactions such as stromal influence on growth, progression, and
metastasis (Lorusso and Ruegg 2008; Thakor and Gambhir 2013). The above event
leads to angiogenesis, inflammation, invasion, and immune response including
cytokine production and maintenance of cancer stem cell. The above tumour
microenvironment process has been adopted to develop chemoprevention and
therapeutic strategies including incorporation of nanotechnology (Fig. 3).

Tumour neovasculature is made in haste, so they are irregular and leaky. The
unique characteristics of tumour vasculature are aberrant structural dynamics,
immature, tortuous, and hyperpermeable. The complex tumour vasculature is typ-
ically disorganized labyrinth of vessels with lack of conventional blood vessel
hierarchy in which arterioles, capillaries, and venules are not clearly identifiable.
Modern cancer treatments take advantage of such architecture to direct treatment for
eradication of cancer.

Growing tumours slowly permeate through lymphatic channels and deposit
cancer cells inside lymph nodes. Similarly, invasion through blood vessels leads to
migration of dislodged cancer cells through bloodstream to distant host organs
namely liver, lungs, brain, bone, and other sites called metastasis. Distant metastasis

Fig. 2 Hallmarks of cancer. Reproduced with the permission from Hanahan and Weinberg (2011)
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is a multistep process which involves formation of new clone of cells with inva-
siveness and metastatic ability due to the accumulation of genetic aberration
(Yokota 2000). The detached cancer cells get attached to proteinaceous matrix and
float inside blood vessels and then travel to distant organs and arrest in capillary
system. Then, the migrated cells traverse capillary wall and enter the foreign tissue.
In secondary site, the tumour grows and causes cancer symptoms. Many cancers
exhibit cancer-specific antigens called tumour markers. These markers are
responsible for tumour proliferation, apoptosis, angiogenesis, invasiveness, and
metastasis. Epidermal growth factor receptor (EGFR) is a family of tumour markers
that present ubiquitously in many cancers including skin cells and epithelial lining
cells. In wild state, EGFR does not cause cancer; however, in the presence of driver
or sensitive mutation, the cells show enhanced proliferation, angiogenesis,
aggressiveness, metastasis, and invasiveness. These mutated EGFR genes are
present in 15 % of non-small-cell lung cancers in West (Boch et al. 2013).
However, interestingly in Asia, these genes show sensitive mutation among almost
half of non-small-cell lung cancer patients. Inhibition and/or interference of this
pathway either at intracellular or at extracellular domain of EGFR could result in

Fig. 3 Tumour host interaction, Reproduced with the permission from Thakor and Gambhir
(2013)
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arrest of tumour growth and progression. Tyrosine kinase inhibitors are routinely
advocated to EGFR-mutated lung cancer patients for improvement in quality of life,
local tumour control, and survival. Similarly, human epidermal receptor-2 (HER-2)
genes are amplified in 20–30 % of women with breast cancer (Menard et al. 2001).
Existence of HER-2 gene overexpression could predict poor prognosis and disease
progression. Current anti-HER-2 treatment (Herceptin) in HER-2 overexpressed
breast cancer patients improves therapy outcome among above subgroup of breast
cancer patients. Besides breast cancer and lung cancer, there are numerous
tumour-specific cancer markers being routinely used as diagnosis, prognostication,
therapy monitoring, and tumour-directed-specific therapy. The followings are
tumour-specific markers (Table 1).

Table 1 Clinically useful tumour markers for implication in cancer nanotechnology

Tumour marker Abbreviation Normal value Tumour site Remarks

Carcinoembryonic
antigen

CEA 0–2.5 ng/mL Colorectal Non-specific,
helpful for
surveillance

Prostate-specific
antigen

PSA 4.0 ng/mL Prostate cancer Diagnosis,
follow-up

Cancer antigen 125 CA 125 <35 U/mL Ovarian cancer Surveillance

Cancer antigen
19.9

CA 19.9 0–37 U/mL Pancreatic
cancer

Useful for
follow-up

Alfa feto protein AFP Male 0–40 ng/mL
Female
10–150 ng/mL

Germ cell
tumour,
Hepatoma

Prognosis and
monitoring

Beta HCG β-HCG 0.8 IU/L Germ cell
tumour
Gestational
tumour

For prognosis and
follow-up

CD 20 CD 20 2700–115,000
MESF molecules
of equivalent
soluble
fluorochrome

B cell NHL Useful for
determination
therapy

Lactate
dehydrogenase

LDH 140–280 U/L Bulky
lymphoma,
GCT

Useful in
follow-up
surveillance

Oncotype DX OncotypeDX 21 gene assay give
recurrence score
from 0 to 100

Early breast
cancer

Useful in early
breast cancer

Mast stem cell
growth factor
receptor; C-KIT

c-Kit 50–90 % positive
in GIST

CML/GIST Useful as tumour
marker for
diagnosis

Pepsinogen Pepsinogen Pepsinogen I/II
ratio

Cancer
stomach

Useful in
follow-up

(continued)
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1.1 Diagnosis in Cancer

The diagnosis of cancer is heavily dependent on cellular morphological feature as
tissue diagnosis. The most common method of cancer diagnosis is based on
microscopic tissue morphology from biopsy or tumour removed during surgery.
Cells from fine-needle aspiration and other body fluids could also provide tissue
diagnosis using cytological evaluation by an experienced cytopathologist.
Histopathology evaluation using haematoxylin and eosin-stained histomorphology
is being supplemented by immunohistochemistry and ultrastructure feature by
electron microscopy. The above findings help in the decision-making for the
treatment in the multidisciplinary management of cancer. Current addition of
molecular, genetic, and proteomic investigations explores further dimension to
cancer diagnosis. Sampling error from critical anatomical sites could pose problem
for obtaining tissue for a possible tissue diagnosis. In complicated malignancies
such as sarcomas and haematological malignancies, it takes a very long time to

Table 1 (continued)

Tumour marker Abbreviation Normal value Tumour site Remarks

Vimentin VMA/HVA 10–50 % positive Neuroblastoma For treatment
response

Thyroglobulin Tg 3–40 ng/mL Thyroid cancer For surveillance
and monitoring

Cytokeratin
fragment

CYFRA-21–
1

30 % of stage I
lung cancer

Lung cancer Surveillance

Neurone-specific
enolase

NSE 70 % of small cell
lung cancer

Small cell lung
cancer

Diagnostic

Epidermoid
growth factor
receptor

EGFR 10–50 %
adenocarcinoma
sensitizing
mutation

Lung cancer
(NSCLC)

Exon 19/21 driver
mutation

Anaplastic
lymphoma kinase

ALK 3–5 % gene
rearrangement in
adenocarcinoma

Lung cancer
(NSCLC)

Fusion gene
suggest response
to crizotinib

BRAF
protooncogene

BRAF V600 50 % of
melanoma

Melanoma Implication in
therapy

Kirsten rat sarcoma
gene

Kras 30 % of NSCLC Lung and
colorectal

Kras mutation
worse prognosis
in lung cancer

Programmed death
receptor ligand

PD L1 5–50 % tumours Melanoma,
lungs, breast,
brain tumours

Positive marker
status predicts
better response to
immunotherapy

Mitogen-activated
protein kinase

MEK 1 % of NSCLC Lung cancer Clinical trial no

NSCLC non-small-cell lung cancer, CML chronic myeloid leukaemia, GIST gastrointestinal
stromal tumour, GCT germ cell tumour, NHL non-Hodgkin’s lymphoma
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arrive at a conclusive diagnosis. Current attempt to harvest cancer cells from cir-
culating tumour cells from blood using liquid biopsy and next-generation gene
sequencing helps in diagnosis without doing actual invasive procedure to obtain
tissue (Karachaliou et al. 2015). The liquid biopsy is being slowly incorporated in
the clinics for diagnosis, prognostication, and management of cancer. However, the
yield of tissue and genetic fragments (DNA, RNA) are not consistent in all cancers.
Therefore, sensitivity and specificity vary widely among different cancers. So far,
EGFR mutation test and identification of TKI-resistant mutation in lung cancers are
being clinically useful using liquid biopsy technique pending conformation of data
from other cancers in future. Liquid biopsy is especially useful where obtaining
tissue material using invasive technique is difficult. Current molecular and genetic
tests are very time–consuming and therefore need new generation of tests for
large-scale and low-cost investigation to detect plausible cancer driver mutations in
cancer. Nanotechnology platforms are newer players in oncology field that could be
more sensitive and cost-effective and handle large volume of patient materials in
short time. Nanotechnology could take advantage of unique tumour architecture,
vascularity, antigenicity, tumour biomarkers, and microenvironment for therapy
and monitoring of cancer (Table 2).

Table 2 Implications of cancer characteristics for nanooncology

Characteristics Features Inference Therapeutic implications

Tumour hypoxia Low
oxygen-induced
HIF

More angiogenesis Hypoxia-specific agent
could be targeted

Tumour acidity High LDH
activity
(Tannock 1989)

Anaerobic metabolism Acid environment could
be targeted

Leaky blood
vessels

VEGFR Defective proliferation
of blood and lymphatic
vessels

Nanomaterials can
escape from blood
vessels and concentrate
inside tumour

Differential
temperature

Higher
metabolism in
tumour

Temperature at 43°
could enhance cell kill

Hyperthermia with
radiation and
chemotherapy enhance
cell kill

Tumour-specific
antigens

HER-2, CD20,
EGFR, VEGFR

Specific for certain
tumours (DuPage et al.
2012)

Targeting above markers
could deliver payload of
drugs directly to cancer
cells

Concentration
(EPR effect)

Nanoparticles
internalize to
cancer cells

More concentration of
nanoparticles
compared to
extracellular space

Influence specific
damage to cancers

Interstitial
tumour fluid
flow

Fluid pressure
could encourage
tumour invasion

Interstitial flow has
promigratory effect on
tumour (Muson and
Scieh 2014)

Intervention at this level
could prevent metastatic
spread
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1.2 Drawback in Current Tumour Imaging

The diagnosis and evaluation of cancer patients involve a battery of radiological
investigations. Cancer imaging is based on classical 2D X-rays, ultrasound, CT
scan, MRI scan, angiograms, radionuclide imaging, venograms, and PET scans. All
above imaging modalities are useful for localization, estimation of extent of tumour,
measurement of size, shape, and their relation to other structures, metastatic extent,
and thus staging. Each modality has got its own pros and cons in terms of speci-
ficity and sensitivity. The most popular molecular imaging using CT-PET scan
could not distinguish infection, inflammation, and malignant lesions. The existing
imaging modalities cannot be able to detect tumours less than certain size and
tumour margin. Therefore, there is a need for improvement to detect cancer before it
is visible in standard imaging techniques. Existing mammograms for breast cancer,
low-dose CT scan for lung cancer, and virtual endoscopy for colorectal cancer are
not robust enough to detect all cancers. Nanoparticles tagged with tumour ligands
as a contrast could detect cancers at earliest phases of their development, thus could
assist in cancer prevention in future (Toy et al. 2014).

2 Nanotechnology

Nanotechnology is a fast growing field of science rapidly entering into medical
science. Nanotechnology is defined as the application science, engineering, and
technology conducted at the nanoscale using materials of size ranging from 1 to
100 nm. American physicist Dr. Richard Feynman for the first time introduced term
nanoscience in his presentation on “There is plenty of room in the bottom” on
December 29, 1959, at the American Physical Society conference held in California
Institute of Technology (Appenzeller 1991). However, the terminology nanotech-
nology was introduced by Japanese physicist Prof Norio Taniguchi in 1969. Since
then, the popularity of nanotechnology spreads all over the world. American sci-
entist Dr. K. Eric Dextler further refined nanotechnology in the year 1980. When
the material is miniaturized further, the physical properties of the material change
considerably. Due to change in size, shape, chemical composition, surface structure,
charge, aggregation, agglomeration, and solubility, the biological effects too change
considerably. The improved biological effect of nanomaterial is due to their larger
surface area, cellular penetrability, and vascular permeability. The above properties
of nanomaterials are an advantage in medicine and biotechnology. A nanometre
length is one billionth of a metre. For example, the nanoscale is so small that the
thickness of a sheet of paper could measure 100,000 nm (Table 3). Using
nanoscience, scientists could build atoms from scratch. The positional assembly of
subatomic particles could be possible by the help of atomic force microscope
(AFM). Thus, the nanomaterials are really very small.
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2.1 Nanomaterials for Cancer

An ideal nanomaterial useful for cancer treatment should be stable without alter-
ation of pharmacological activity of given drug and also should prevent rapid
degradation of drug to maintain constant blood level for an optimal duration. The
drug must be released at the desired site (inside cancer cells in tumor area), thereby
reducing chemotherapy-induced toxicity compared to conventional free drugs. The
nanodevice should have ability for visualization by MRI scan or molecular imaging
to guide chemotherapy. In cancer types where continuous drug levels are necessary
for prolonged period, nanoparticles could control drug levels in blood through its
unique controlled drug delivery system. The ideal nanotechnology-engineered
particle should be able to survive immunological attack by the cell-mediated
immunity of the patient. Due to specific delivery of drug at intended site, the normal
tissue gets less exposure to drugs; thus, there could be less bone marrow sup-
pression, alopecia (hair loss), and mucositis compared to standard free drugs. Due
to low degradation of drug and low clearance by renal system, the half-life of the
drug is prolonged. Further change in the property of the material could improve
solubility of drug in aqueous environment. The ideal nanomaterial for cancer could
use active or passive accumulation of drugs to target tumor cells and avoid exposure
to normal structures.

Table 3 SI units and comparison of various length measurements in relation to nanoscale

Prefix Length SI unit Value Biological structure

Giga 100 μm G 109 Human ovum

Mega 60–
120 μm

N 106 Human hair

Kilo 7–8 μm K 103 Red blood cell

Hector 80–100 nm h 102 Atom

Meter 100 nm m 10 HIV

Centi 30 nm cm 10−2 Picorna virus

Milli 25 nm mm 10−3 Microtubule

Micro 20 nm micro (μ) 10−6 Ribosome

Nano 7 nm n 10−9 Cell wall membrane

6 nm Microfilament

2–8 nm Quantum dots

1–2 nm Nanotube

0–8 nm Amino acid

0.5–2 nm DNA helix

0.15 nm C–C bond

0.078 nm Silicon atom
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2.1.1 Passive Tumour Targeting

This is one of the methods how anticancer drugs could concentrate inside or near
cancer-bearing site in patient’s body. Nanodevices are capable of increasing per-
meability and retention of drugs at target site. Very small size nanoparticles could
easily penetrate endothelial wall of the blood vessels into the tumour tissue (Fig. 4).
Leaky and defective lymphatics and blood vasculature allow accumulation of
nanoparticles inside the tumor cells (Wang and Thanou 2010). Therefore, the
concentration of cytotoxic drugs in tumour cells increases; however, intact vascu-
lature of non-tumour area does not allow nanoparticles to permeate, thereby pro-
tecting normal cells.

2.1.2 Active Tumour Targeting

Nanoparticles could be carried directly to the tumour site by the help of monoclonal
antibodies targeted against tumour-specific antigens expressed in excess of specific
tumours. By active targeting, the nanoparticles attach to the cell surface receptor.
Thereby, they bring anticancer drugs close to the cancer cells. Later, they induce
cells to absorb nanoparticles. Thereby, active and passive targeting improves
therapeutic ratio.

2.2 Quantum Dots

Quantum dots (QD) are nanocrystal semiconductors that are small enough to
exhibit quantum mechanical properties, especially during excitation, i.e. glow to a
specific colour. They emit fluorescence on excitation with light source. They show
excellent optical properties with high brightness, tunable wavelength, and resistance

Fig. 4 Enhanced permeability and retention (EPR) effect of tumour. Reproduced with the
permission from Matsumura (2014)

280 B.M. Biswal and Z. Yusoff



to photobleaching. Surface modifications of QDs lead to its application in cancer
imaging. QDs in near-infrared emission could be utilized for imaging of sentinel
node mapping and ultimately can be biopsied or carry out lymph node dissection.
Conjugated QDs with tumour antibodies and peptides could be applicable in
tumour-targeted therapy. QDs could detect metastatic cancer cells inside patients’
body and thus could help in early detection of cancer and detection of minimal
residual disease after treatment (Zhang et al. 2008).

2.3 Spherical Gold Nanoparticles

Colloidal gold nanoparticle (GNP) has been in use for centuries to produce vibrant
coloured paintings on the glass door and windows of churches. Gold nanospheres
are consisted of thin layer of gold surrounded by dielectric silica core measuring
between 50 and 500 nm. The outer shell may be few nanometres thick and pos-
sesses characteristic physical properties of gold nanoparticle (GNP) with light and
related to surface plasma resonance (SPR). Therefore, the surface electron of
nanoshell oscillates collectively in the presence of oscillating magnetic field of
light. Nowadays, optical and electronic properties of gold particles are being used in
sensory probes, therapeutic agents, and drug delivery. The optical and electronic
properties of gold nanoparticles could be modifiable by altering size, shape, surface,
chemistry, and aggregation state. When a visible light source comes closure to
colloidal gold nanoparticle, it interacts with free electrons causing a concerted
oscillation of electron charge that resonates with the frequency of visible light. The
resonant surface oscillation is called surface plasmons. A small modified gold
(*30 nm) nanoparticles produce blue light of green portion of stretching light
(*450 nm), while large nanoparticles produce red light. As particle size changes,
the colour changes from blue to red. Thus, the colour of nanoparticle could be
modified by size of monodispersion gold nanoparticles. The other uses of GNP are
in photothermal ablation of cancers based on thermal ablation of tissue within
tumour. The temperature could reach up to >42 °C which is biologically optimal
for hyperthermia. This type of hyperthermia is very targeted unlike classical
radiofrequency or extracorporeal-induced hyperthermia. In fact, GNP could be
locally heated inside the tumour by near-infrared (650–950 nm) laser light without
bystander effect (Zhao et al. 2015). GNP-based hyperthermia induced by
non-ionizing radiation has been tried in mice, but clinical studies on human cancer
have not yet been established. The main reason is being poor penetrability of
non-ionizing radiation to deep-seated tissue. Thus, superficial cancer might be the
optimal tumour model for GNP-induced hyperthermia. Further, GNP can scatter
light and therefore can be useful in imaging cancer used as in vivo contrast agent.
Use of antibody conjugation with EGFR has been used for imaging of early cervical
cancer (Thekkek and Richards-Kortuno 2008).
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2.4 Single-Walled Carbon Nanotube (SWCNT)

Carbon nanotubes are novel carrier system used for small- and large-sized thera-
peutic drugs. The surface of SWCNT could be fabricated with functional groups
and thus could manipulate functional and biological properties. Their large surface
area and possibility to manipulate surface and physical dimensions have been
exploited for photochemical destruction of cancer cells. SWCNT is a cylindrical
molecules made up of carbon atoms. They are rolled into a cylinder that could be
open or close capped. Due to their large surface area, they are capable of absorbing
or conjugate with wide range of molecules (Rastogi et al. 2014). Their surface area
is engineered in order to enhance dispersibility in aqueous medium or provide
appropriate functional group to bind to the therapeutic molecule to penetrate their
target cell to treat diseases, especially cancer.

2.5 Superparamagnetic Iron Oxide Nanoparticles (SPIONs)

Nanoparticles derived from iron oxide (Fe3O4; magnetite) measuring <20 nm show
characteristic supermagnetic properties. The SPIONs are easily modified by
external magnetic field. Thus, removal of magnetic field eliminates above phe-
nomenon. Pools of adjacent electrons are aligned in the same direction from the
so-called magnetic domain. The supermagnetic materials are smaller in size, and
they do not pose multiple domain like paramagnetic material. This produces
paramagnetic moment used in medical imaging. The SPIONs are coated initially
with PEG and then functionalized by ligand binding to cancer targets.

SPIO is also useful for cancer hyperthermia or thermal ablation of tumour. Heat
can be generated by oscillating magnetic field. The magnetic field does not affect
normal cells. In animal studies using SPIO, thermal treatment found useful in
prostate cancer implants in peritoneum (Ferrari 2005). However, the efficiency of
magnetic thermal ablation is very limited. Therefore, the thermal effect may be
useful in combined modality treatment in cancer. The SPIO properties can be
utilized as special contrast agent in MRI. The above SPION-enhanced MRI image
could distinguish between tumour and normal tissue interface.

Ultrasmall supermagnetic iron oxide (USPIO) nanoparticles could be used in
intracranial tumours (Varallyay et al. Varallyay and Nesbit 2013). USPIO is taken
up by reactive phagocytic cells at the tumour margin. Therefore, nanoparticles are
used as contrast material in MRI. Thus, the nanoparticle-embedded contrast shows
better delineation of tumour margin well compared to MRI with conventional
contrast agents. Due to decreased diffusion and phagocytosis, USPIO NP persisted
longer in parenchyma so more precisely delineates the tumour margin.
Nanoparticles are also used in high-resolution USG imaging. Intravenous
nanoparticle contrast agents produce grey scale pulse inversion harmonic images at
low acoustic power. Nanoendoscopy could be a reality similar to PillCam™ colon
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capsule endoscopy in early detection of colorectal cancer (Jain 2012). The new
innovation Gut Bot under development where the drug chemical release at site of
abnormal areas replace endoscopy entered through anal canal.

2.6 Dendrimers

Dendrimers are highly branched polymers arranged in spherical shape. They con-
tain multiple generations of active groups growing in branching manner. The inner
core is called initiation generation zero and subsequent branching as further gen-
erations (Oerlemans et al. 2010). The dendrimers usually measure 1–15 nm. The
branching generations provide large surface area to which cytotoxic drugs and
ligands could bind easily by adsorption or conjugation process (Fig. 5). The
cytotoxic drugs could also be stored inside hydrophobic core through hydrophobic
interaction, hydrogen bond, and chemical link (Peer et al. 2007). Peptide
dendrimer-based nanoparticles have potential application in nanoscale drug deliv-
ery in cancer. It acts as a vehicle for drug delivery mechanism or imaging moieties.
Dendritic polymers are uniquely suitable for biomedical application in that it is a
synthetic molecule that can be uniformly produced and yet has a diameter of only
5 nm. These designed multifunctional devices could have application as diagnostic
agent for cancer in early stages or deliver cytotoxic drugs directly to cancer cells.

Fig. 5 Illustration of a
typical dendrimer.
Reproduced with the
permission from Riggo et al.
(2011)
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Polyamidoamine (PAMAm) dendrimer is most commonly used for drug deliv-
ery due to their biodegradable properties, compatibility, and water-soluble prop-
erties. Small-sized dendrimers measuring 5 nm could be manufactured as G5
PAMAm dendrimer with more than 100 functional amines on the surface
(Fukowska-Latallo et al. 2005). The nanodevice dendrimer is used to deliver
methotrexate in animal studies. The dendrimer surface charge was reduced by
modifying peripheral amines with acetyl group and then G5 PAMAm dendrimer
conjugates with methotrexate as cytotoxic drug and folate as targeting molecule.
These medicated dendrimers show good accumulation on folic acid expressing
experimental tumours.

2.7 Liposome Nanoparticles

Liposome nanoparticles are the most commonly used nanomedicine because of its
easy preparation, acceptable toxicity, and biodegradability. Liposomes are
self-assembling colloidal structures composed of lipid bilayers surrounded by
aqueous component which can encapsulate variety of cytotoxic drugs of either
hydrophobic or hydrophilic nature (Fig. 6). The drug packing can be done by the
modification of pH (pH gradient method) (Qiu et al. 2008), use of lipophilic drugs,
and use of organic solvent and solvent exchange mechanism. Drug loading into
liposomes can be possible by liposome formation in aqueous solution saturated
with soluble drugs. These liposome nanostructures measured around 400 nm in size
and thereby rapidly cleared by mononuclear phagocytic system which requires
preliminary opsonization by immune system. To bypass opsonization process,
PEGylation method is most commonly used. A coating of PEG chains on the
surface of nanoparticle results in increased plasma half-life (Tarchilin 2005). The
opsonization process of phagocytosis is masked or delayed by hydrophilic pro-
tective layer which repeals absorption of opsonin protein. The liposome nanoma-
terials of three generations are as follows. The first-generation liposome is called
naked liposomes which has unmodified phospholipid surface. The
second-generation liposomes are called sleath liposomes with a layer of hydrophilic

Fig. 6 Liposome
nanoparticle. Reproduced
with the permission from
Riggo et al. (2011)

284 B.M. Biswal and Z. Yusoff



carbohydrate usually PEG. The third-generation liposomes incorporate surface
ligands to improve therapeutic index by selectively or specificity and selectivity of
compound.

2.8 Polymer Nanoparticles

Polymer nanoparticle devices are formed by biodegradable polymer. These include
nanospheres and nanocapsule-like solid carriers measuring between 10 and
1000 nm in diameter. These are made from natural or artificial polymers and
generally biodegradable. The therapeutic drug could be adsorbed, dissolved,
entrapped, or encapsulated covalently by linking to polymer backbone by simple
ester of amide bonds that can be hydrolyzed in vivo through change in pH. The
synthetic polymers include PLA (poly(lactic acid)), PGA (poly(glycolic acid)), and
PEG (polyethylene glycol), and their copolymers have been extensively used due to
biocompatibility. Natural polymers such as chitosan, alginate, and gelatine have
also been used. On parenteral administration, nanoparticles are more stable than
liposomes but limited by poor pharmacokinetic properties, i.e. uptake of reticu-
loendothelial system. The surface of the nanoparticles could be coated with
molecules or intercalated into their structures to increase pharmacokinetics and even
targeting for delivery and imaging purpose (Bajpai et al. 2008).

2.9 Micelles

Micelles are biodegradable nanocarriers measuring 10–200 nm in diameter. They
are formed by self-assembly of block polymers with hydrophilic and hydrophobic
ends. Hydrophobic ends form the inner core to minimize their exposure to envi-
ronment, whereby hydrophilic chains form the hydrophilic corona like shell to
stabilize the core through direct contact with water.

The hydrophobic core is ideal for carrying lipophilic drugs which are solubilized
and physically entrapped in the inner region with higher capacity. Normally,
hydrophobic drugs come with adjuvants, i.e. ether and cremophor EL to reduce
toxicity. However, addition of above drugs in micelles does not require adjuvants.
Hydrophilic shell provides stability in blood and provides functional group for
further modification. The drug encapsulated inside micelle can release in timely
manner due to erosion of blood degradable polymer or pH changes (Oerlemans
et al. 2010). The surfactant micelle modified by antibody or peptide ligands could
direct drugs specifically to cancer cells, thereby reducing normal tissue toxicities.

Application of Nanotechnology in Cancer Treatment 285



2.10 Nanocantilevers

Cantilevers are minute micron-sized devices which are flexible beams resembling
rows of diving boards built using technology called “semiconductor lithographics”.
These boards are coated with molecule capable of bindings to tumour and
DNA-specific substances complimentary to specific gene sequence. Such small
micron-sized device caters many nm wide cantilevers and attracts secreted products
of cancer cells and selectively binds to it. The antibodies are designed to pick one or
more specific molecular expression originated from cancer cells. Due to binding of
molecule to antibodies, the physical properties of cantilevers change. Real-time
detection of such changes provides information about the presence or absence of
molecular markers and their concentration. The cantilevers serve as a diagnostic
platform to detect molecular markers of cancer in vivo.

3 Application of Nanotechnology in Cancer Surgery

Surgery is the age-old treatment for solid cancers which rule over a century. Initial
cancer surgery is crude, mutilating with resultant disfiguring outcome. Over the
years, surgeons refined their surgery to make resection cosmetically attractive. With
the progress in radiotherapy and medical oncology disciplines, the extent of surgery
is decreased and is more refined. Organ and function-preserving surgeries are
preferred over radical and extraradical surgery. The current progress on surgical
approach is being elective planned surgery after thorough evaluation of disease
extent using latest imaging studies, less or minimally invasive surgery, shorter
hospital stay, and early recovery. Many surgeons resort to robotic and image-guided
surgery to prevent sensitive tissue damage. Very recently, nanotechnology is being
incorporated into cancer surgery (Singhal et al. 2010). The main contribution of
imaging is nanoendoscopy, real-time intraoperative tumour imaging, lymphatic
mapping, and use of novel nanotechnology-based instruments. Combination of
modalities including radiation and effective systemic chemotherapy could improve
outcome of cancer treatment in future.

Basic research on nanotechnology is evolving. There are numerous animal
studies that give way to new concept in the incorporation of nanotechnology in
surgery. Infrared quantum dot nanoparticles are injected into skin of breast
cancer-bearing animal used for early localization by following lymphatic flow to
lymph nodes. The same study is being extrapolated to other lymphatic regions. In
colorectal cancer, nanotechnology is used in cancer imaging through the presence
of guanylyl cyclase C (GCC) in intestinal mucosa. The interstitial receptor for
bacteria diarrhoeagenic bacteria heat-stable peptide endotoxin are selectively
expressed on apical membrane of intestinal mucosal cells but not on extraintestinal
cells. Therefore, incorporation of ferrous oxide (FeO2) nanoparticle to target GCC
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receptor to detect and diagnose colorectal cancer using MRI imaging technique is
being explored (Fortina et al. 2007).

3.1 Control of Operative Blood Loss

Nanotechnology developed at MIT and Hong Kong University uses simple liquid to
control haemorrhage in open surgical wound in different rodent brain, liver, skin,
spinal cord, and intestine. The liquid is composed of peptideswhen applied on surface,
and they self-assemble into nanoscale-protective barrier gel that seals bleedingwound
in less than 15 s. Following healing of wound, the gel breaks down into molecules so
that cells continue to building block tissue repair (Jain 2008). Use of atomic force
microscopy (AFM) could be used with nanoneedle for repair of tissue. Obataya et al.
inserted nanoneedles into living cell nucleus. The cellular surgical technique could
enhance outcome of surgery differently in future (Obataya et al. 2005).

3.2 Nanotechnology in Bone and Joint Surgery

Orthopedics oncosurgery involves extensive loss of tissue, thereby poor cosmetic
outcome and quality of life. The nanotechnology is developed to repair bone using
nano-HA/collagen/PLA composite. Bone scaffold made from nanotubes and
non-biodegradable behaves like inert matrix that stimulates bone cells to grow,
proliferate, and deposit new bone in damage site. Thus, the normal function of bone
is recovered. The cartilage could also be regenerated using electrospun poly
(1-lactide) scatter (Jain 2008).

3.3 Activated Probe and Tumour Painting

Identification of tumour and their margin localization is a very difficult problem for
surgical oncologists specially at microscopic level. Application of nanoscience
could assist surgeons to identify exact location of cancer in precision to excise
cancerous tissue with clear margin. Organic fluorophore plus monoclonal anti-
bodies against tumour antigens has been studied by Kaushal and coworkers to
visualize colon and pancreatic experimental cancer preoperatively in experimental
animals. The localization of tumour with this method has high specificity and
sensitivity (Kaushal et al. 2008). In another animal model, Kobayashi and col-
leagues are able to demonstrate activated fluorescent imaging probe with improved
signal-to-background ratio to target lung metastasis in animal models (Urano et al.
2009; Hama et al. 2007). Probes activated by photon-induced electron transfer,
quencher–fluorophore interaction, and pH changes are utilized to look for tumour
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location (Urano et al. 2009). Thus, fluorescence is activated by acidic pH. By
attaching Cy5.5 to a tumour-targeting peptide called chlorotoxin, Oleson and
coworkers developed an imaging agent that efficiently paints tumour tissue (Veiseh
et al. 2007). This tumour painting method could be used to detect metastatic foci of
nanoscale measurement (200–2000 nm) which is 500 times more sensitive than
MRI imaging (Fig. 7). In experimental animal brain surgery, above imaging
method could light up the surrounding normal brain tissue. Using prostate cancer
model, tumours as small as 200 nm width travelling inside mouse lymphatic
channel could be detected. Silicon-based charge-coupled device (CCD) camera can
be used for tumour visualization. Using wavelength, multiplexing capability could
permit multicolour ratiometric cancer imaging during surgery and thereby possibly
assist surgeons to identify tumour better. Surface-enhanced Raman spectroscopy
(SERS) nanoparticles with distinct spectroscopic signature could be used for sur-
face coating and in vivo pharmacokinetic studies.

3.4 Nanocoated Surgical Blades

Using nanocoated scalpels, surgeons could dissect tissues at cellular level. These
nanoinnovations could be useful in precious neural tissues during brain surgery
(Bogedal et al. 2003; Roszek et al. 2005). The hard metal could be coated with
diamond on microstructured hard metal. These scalpels have low physical adhesion
to materials or tissues in addition to chemical and biological inertness.
Nanotechnology could enable to produce surgical blades with cutting edge diameter
about 5 nm–1 μm. A diamond scalpel with a cutting edge of 3 nm has been used in
neurosurgery. Crystalline and polycrystalline silicon material could be miniaturized

Fig. 7 A diagnosed case of glioblastoma multiforme (GBM) in fronto-temporal lobe of brain
a showing on gadolinium-enhanced SE MRI. b 24 h after nanotechnology-based contrast agent
ferumoxtran infusion and before surgery showed additional changes in putamen. 4 days after
surgical excision c MRI showing residual tumour in the surgical bed. Reproduced with the
permission from Neuwelt et al. (2004)
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to 5–500-nm-scale scalpel for the use in finer ophthalmic surgery. Nanoscale dia-
mond edge blade could be helpful in cataract surgery. Trephine with nanostructured
carbon coating to obtain cutting edge of high stability is being developed for
various surgery (Mali 2013).

3.5 Nanoneedles

In eye, brain, and plastic surgery, nanoscale steel needles (1–10 nm quasicrystals)
are manufactured with ageing technique. The nanoneedles possess good ductility,
exceptional strength, and corrosion resistance. Sillicon-based nanoneedles use
atomic force microscope (AFM) which is used to penetrate cell in cellular level
surgery. The nanoneedles do not indent the plasma membrane and nucleus. These
nanoneedles are also useful in stem cell procedures (Mali 2013).

3.6 Nanotechnology in Sentinel Node Biopsy

Sentinel node biopsy or sampling is an established technique to sample risk groups
of level-1 axillary lymph nodes in early breast cancers. It is used for proper staging
work up and treatment. Axillary lymph node status is a well-known prognostic
indicator of breast cancer. In standard sentinel node biopsy, a blue dye (isosulfan
blue or patented blue) or radionuclide (Technetium sulphur colloid 99Tc TSC) is
injected into the tumour, and after a standard interval, the node is identified from its
colour or radiation counts on a scintillation counter or gamma probe. The affected
node is then dissected and examined for the presence of metastasis. This technique
avoids morbid extensive axillary node dissection. Classical axillary lymph node
dissection carries risk of lymphedema and tissue deficit. The detection rate of SLN
using standard SLNB technique has been demonstrated to be 96 % sensitive and
results in 7.3 % false negative as per one large meta-analysis involving 8000
patients (Wang et al. 2011).

Magnetic nanoparticles (MNPs) exhibit potential to replace standard combined
technique (radionuclide plus blue dye) in SLNB due to their shared features. MNP
materials for SLNB procedure can be externally detected in tissue preincision and
have similar dimension as radiocolloid, and their brown black appearance acts as a
visual stain (Ahmed et al. 2014). Recent studies on iron oxide such as maghemite
(Gamma Fe2O3) and magnetite (Fe3O4) imaging agent coated biocompatible
molecules such as dextran to form SPION below 30 nm since they exhibit super-
paramagnetic behaviour. Thus, ideal for SLNB as they do not agglomerate during
transit from tumour to node in the presence of external magnetic field. There are
advantages over standard radionuclide-based SLNB; for example, long half-life
enables to transfer agent to farthest countries without fear of decay, no protection
measure required and no disposal problem.
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SPIO-based SLNB technique has been tried in SentiMAG trial in Guys Hospital
to compare standard combined SLNB to SPIO-based SNLB (Sienna
Endomagnetics, UK) using a hand-held magnetometer (Fig. 8) (Sentimag
Endomagnetics, UK) (Pouw et al. 2015). Joshi et al. (2007) in the initial 19 patients
detected SLNs in all 19 patients. All 19 SLNBs were also identified in subsequent
trial. Sentinel lymph node detection using new technique (Fig. 9), the detection rate
was 37/43(86 %) versus 14/15 (93 %) when SPION was administered.

Now, ongoing sentinel trial in UK involving SPIO has already recruited 350
patients. The mature results are expected in the near future. The recent analysis of
central European SentiMag study showed equivalence of SentiMag-based SLNB
with standard radionuclide-based procedure. However, the superiority of former
technique is due to its simple handling, reduced preoperative preparation, and its
proven efficacy (Thill et al. 2014). Besides breast cancer, SLNB technique is being
used in non-small-cell lung cancer, colorectal cancer, and malignant melanoma.

Fig. 8 SpectroPen used to
effectively resect cancerous
lesion with negative margin at
real time. Reproduced with
the permission from Parvin
and Loftus 2011

Fig. 9 SentiMag system for
the detection of sentinel node
biopsy. Reproduced with the
permission from
Endomagnetics Ltd.
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Now, researchers use nanoscale contrast agents to delineate cancer for clear
surgical resection of tumour. Devices such as tumour paint and SpectroPen are in
development along with other advanced optical imaging system that allows sur-
geons to see the cancer cells preoperatively. Preclinical studies have proven their
concept, but more applications in clinical trials are necessary for acceptance in
clinical practice. Optical imaging system utilizes fluorescent dye, or proteins have
obvious advantage over conventional CT/MRI or PET imaging. They are used
during surgery without fear of radiation exposures. The images can also cover
larger tissue areas of tumour cells than pathologists using their microscope.

Gold nanoparticles provide signal that is more than 100 times brighter than
fluorescent beads used in other optical devices. Gold nanoparticles have been using
Raman’s spectroscopy effect, thus greatly amplifying the signal from the dye.
SpectroPen combines the near-infrared laser and a detector for fluorescence, or
scatter light is connected by a fibre optic cable to the spectrometer that records
fluorescence Raman signal (Mohs et al. 2010). Development of biomedical imaging
information system helps in diagnosis and treatment planning. Injecting nanopar-
ticles contrast agent using albumin attach to a compound that fluorescent in
response to infrared light. Using SpectroPen (Fig. 10), the tumour is precisely

Fig. 10 Sentinel node biopsy with a subcutaneous injection of SPION (Endorem, Guerbet,
France) into the breast. a Sentinel node identified lymph nodes in right axilla. b sentinel lymph
node with black SPIO deposition. c. MRI showing the injection site and a sentinel node. d Two
sentinel and a lymphatic tract, seen on axillary MRI. Reproduced with the permission from Douek
(Thill et al. 2014)
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delineated 10 times higher than normal tissues. Gold nanoparticles could show
tumour cells at the edge of tumour, and fluorescent contrast agents reveal bulk of
the tumour because of its greater penetration into solid tumours.

Zhang and coworkers developed a contrast agent called “tumour paint” that can
cross blood–brain barrier in animal models. Nanoscale particles labelled with
fluorescence and chlorotoxin target an enzyme overexpressed in most type of brain
tumour, brain, skin, prostate, and colorectal cancers. This technique could assist
neurosurgeons to excise brain tumour with accurate margin (Veiseh et al. 2007).

4 Nanotechnology in Radiotherapy

Radiotherapy is the most important modality in the multidisciplinary management
of cancer. More than 60 % of cancer patients require radiotherapy during the course
of their illness. For early cancers in suitable locations, radiotherapy alone could cure
similar percentage of patients as radical surgery with preservation of normal
anatomy. Relatively, advanced cases are treated in combination of surgery and
chemotherapy for prolongation of survival. However, in advanced cancers, short
course of radiation is required to control symptoms and improve quality of life.
Despite of technological advancements, radiation fails to control certain group of
patients due to tumour hypoxia, large volume disease, and resistance to radiation.
Though combination of hyperthermia and radiotherapy potentiates cytotoxicity of
radiation, existing hyperthermia techniques are not targeted or reproducible.
Recently, materials in nanoscale could be incorporated into radiotherapy to improve
results. The main areas of nanocollaboration are being in tumour hypoxia, targeted
drug delivery, intracellular hyperthermia using nanogold spheres, and advanced
cancer imaging using ferromagnetic contrast agents and nanobrachytherapy.

The nanomaterials possess special characteristics that support its incorporation in
radiation oncology. These include enhanced permeability and retention
(EPR) effect, characteristic of biodistribution of NPs, pharmacokinetics, and con-
trolled release of drugs. The leaky and bizarre blood vasculature, inefficient intra-
tumoural lymphatics, thermal effect of temperature, low pH, etc., encourage
nanoparticles to preferentially accumulate in tumour and prevent their return to
systemic circulation. Moreover, the intact vascular system outside tumour does not
allow NPs to permeate out of the blood vessels, thus reducing occurrence of normal
tissue toxicity. The nanomaterials do not excrete through usual excretion system
rather eliminate via mononuclear phagocytic system and hepatic excretion, thus
allowing NPs to maintain constant blood level (Longmire et al. 2008).
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4.1 Nanotechnology in Tumour Imaging
for Tumour Localization

Exact identification and estimation of extent of tumour growth and its draining
lymphatics are of paramount importance for proper planning of radiotherapy. With
the development of three- dimensional conformal radiotherapy and
intensity-modulated radiotherapy, correct delineation of clinical target volume
during contouring session is very important for optimal planning. Therefore,
oncologists use CT/MRI/PET scan data to delineate primary tumour and draining
lymphatics. Existing imaging modalities do not correctly identify small subcen-
timetre lymph nodes and primary tumours near bony structures. The best example is
during IMRT planning for prostate cancer and breast cancer. Nanosize ferromag-
netic materials as contract agents have been employed in radiology to improve
accuracy of tumour imaging. The most extensively studied agent being
ferumoxtran-10 is used to detect subcentimetre lymph node metastasis (Saksena
et al. 2006). In a clinical trial of 88 operable prostate cancer patients, those sub-
jected to MRI imaging with or without lymphotropic superparamagnetic nanopar-
ticles are followed by lymphadenectomy or biopsy. The image data of both type
MRIs were correlated with histological correlation. The MRI images of experi-
mental arm had significantly higher sensitivity compared to conventional MRI (i.e.
90.5 % vs. 35.4 %) and had high specificity. Thus, these lymphotropic nanoma-
terials are used for lymphatic mapping in radiotherapy (Harisinghani et al. 2003)
during contouring of tumour volumes. In IMRT, correct delineation of lymphatics
is of utmost importance in H&N cancer, breast cancer, and anal canal cancers.
Lymph node mapping generally relies on the position of lymph nodes in relation to
bony landmarks on CT scanning. Using lymphotropic paramagnetic contrasted
MRI, Shih et al. (2005) studied 18 prostate cancer patients with this experimental
imaging and the nodes were biopsied for correlation. The authors concluded that
involved lymphatics largely localized near blood vessels rather than according to
bony landmarks. In breast cancer cases, MacDonald et al. (2009) used MRI
nanocontrast agents in postoperative breast cancer patients for accurate delineation
of malignant and benign lymph nodes. They used conventional radiotherapy fields.
For nodal volume contoured in the absence of margin, in this group, 86 % of actual
lymph nodes were found within the contoured volume. The authors concluded that
LN-MRI is a useful tool for delineation of lymphatics. Despite of above data, the
utilization of iron oxide nanoparticle-based imaging in radiotherapy is very low.

4.2 Use of Carbon Nanotubes for X-ray Generation

Carbon nanotubes have been used as electron emitter in X-ray imaging (Cao et al.
2009). In conventional X-ray, there is only one electron emitter; however, in
CNT-based X-ray production, an array of CNT with each CNT is functioning as an
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electron emitter. The nanobased X-ray emission produces images with high reso-
lution. Because of ability to regenerate X-ray beam at nanometre scale, CNT has
been used in the development of microbeam radiotherapy system.
Nanotechnology-based diagnostics have been used in few clinical applications. The
investigations could detect tumour markers at very low concentrations of femto-
molar level. Thaxton et al. (2009) developed a novel bio barcode assay to detect
prostate-specific antigen (PSA) by using GNPs. The above technique was applied
on 18 prostate cancer patients undergoing radical prostatectomy resulting in
undetectable levels of PSA on conventional laboratory units. However, in barcode
assay, the PSA was detected as low as 330 fg/mL. Using new tumour marker levels
on barcode assay, men with rapidly rising PSA level had worse clinical outcome.
Thus, this ultrasensitive PSA barcode assay could helpful to identify patients those
require postoperative radiotherapy. In another application of nanoparticles, Shao
et al. developed a technique to detect circulating microvesicles that are normally
secreting from glioblastoma multiforme tumour cells. Based on microvesicle
detection, investigators could able to monitor and predict response to chemotherapy
treatment in mouse models. Nanotechnology is also being used for the detection of
circulating tumour cells in blood for real-time monitoring of tumour (Hughes et al.
2012).

4.3 Nanotechnology in Radiosensitization

Concurrent chemoradiotherapy is the most widely used technique for radiosen-
sitization using sensitizing cytotoxic drugs, namely cisplatinum, 5 fluorouracil,
gemcitabine, and paclitaxel. Another method of sensitization is increased radia-
tion dose within tumour by using material with high atomic number (high Z)
because the dose absorbed by the tissue is related to the Z2 of that material.
Maggiorella et al. (2012) studied hafnium oxide nanoparticle as radiosensitizer.
This nanoparticle (NBTXR3) measured 50 mn in size is used in animal tumour
xenograft models with 2 sarcoma and colorectal cancer cell lines. The hafnium
oxide nanoparticle was injected directly into the tumour. The investigators found
radiosensitization without increasing toxicity in mice. The above particle is being
used in phase-I clinical trial on extremity soft tissue sarcoma and hypopharyn-
geal cancers. Similarly, gold nanoparticles are being used as a radiosensitizer.
Gold being inert and biocompatible and safe material, it could be an ideal
nanomaterial for radiosensitization. The gold nanoparticles have been tried
in vitro and in vivo studies; however, clinical trials are lacking (Wang and
Tepper 2014).
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4.4 Nanomedicine for Concurrent Chemoradiotherapy

Concurrent use of chemotherapy improves local control and survival in some
cancer sites. However, the normal tissue toxicities are dose limiting. Therefore,
nanotechnology has been extrapolated to reduce above complications. Due to
preferential accumulation of nanoparticles inside tumour, decreased vascular leak to
normal tissues, and decreased elimination, the above method could reduce com-
plications. Liposomal doxorubicin has been used concurrently with radiotherapy in
non-small-cell lung cancer and head and neck cancers in clinical trials. However,
the mucosal toxicities are higher despite of promising hypothesis (Koukourakis
et al. 1999). Liposomal cisplatinum has been used concurrently with radical
radiotherapy in head and neck cancers. Rosenthal et al. treated 20 head and neck
cancer patients with liposomal cisplatinum along with conventional radiotherapy.
Eleven out of 20 patients (55 %) achieved CR with 6/20 patient developed grade-3
skin and mucosal toxicity (Rosenthal et al. 2002).

4.5 Nanobrachytherapy

Nanoparticles could be manufactured to directly deliver radiation dose to the
tumour like brachytherapy; thus, a technology using nanoparticles is called
nanobrachytherapy (Chatterjee et al. 2013). The concept of delivering radionuclides
tagged to monoclonal antibody is being a well-established technique called
radioimmunotherapy. However, creating nanoscale radionuclides can gain proper-
ties such as magnetism for MR imaging. The success of nanobrachytherapy
depends upon tumour-targeting specificity (i.e. EPR) and active targeting methods
(using antibody and peptide binding with tumour cell receptors). Khan et al. (2008)
describe a simple fabricated poly (198Au) radioactive gold dendrimer composite
nanodevice in distinct size (10–29 nm) for targeted radiopharmaceutical drug
delivery to tumour in vivo. Irradiation of aqueous solution of 197Au containing poly
(amidoamine) dendrimer tetrachloroaurate salt or gold/dendrimer nanocomposite
resulted in the formation of positively charged and soluble poly (198Au) radioactive
composite nanodevices (CNDs). In a mouse melanoma model, a single intratu-
moural dose of CND in PBS delivering a dose of 74microCi after 8 days causes
45 % reduction in tumour volume. No toxicity was encountered during the study.

4.6 Radiation Protection

The free radical damage from ionizing radiation can affect both cancer cells and
normal cells. There are attempt to protect normal cell damage using radioprotectors,
for example amifostine. Nanomaterials, for example CeO2 nanoparticles, have been
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fabricated to reduce normal tissue damage from free radicals. The cerium atom can
exist in either the +3 (fully reduced) or +2 (fully oxidized) state. In its oxidized
form, CeO2 also exhibits oxygen vacancies or defects, in the lattice structure. The
change in cerium valence during redox event subsequently alters the structure of the
oxide lattice, possibly creating additional oxygen vacancies by lattice expansion.
The electron translation within the lattice provides reduced power for free radical
scavenging. Colon et al. showed that CeO2 nanoparticles were well tolerated by
study animals, and effectively protected mice from 20 Gy thoracic irradiation
(Colon et al. 2009).

4.7 Radiation-Induced Drug Delivery

Delivery of nanoparticle at target site can be improved by exposure to radiation.
Radiation itself can enhance vasopermeability of tumours, thus enhancing EPR
effect and increasing accumulation of nanoparticles (Lammers et al. 2008).
Radiotherapy can increase tumour accumulation of polymer drug conjugate such as
polymer gemcitabine conjugates in rat prostate carcinoma tumour model. This
phenomenon was also observed by another group (Giustini et al. 2012) using iron
oxide NPs. Radiotherapy at 15 Gy significantly increases the tumour accumulation
of iron oxide NPs when they use a syngeneic mouse breast cancer model. This
preferential concentration effect can be further enhanced by triggered drug release
such as hyperthermia-induced drug release concurrently with radiation therapy. In
addition to passive drug accumulation mentioned above, active accumulation of
drug is also possible by radiation-induced drug delivery. Hallahan et al. (2003) used
a peptide that can bind to integrin on the irradiated tumour microvasculature. By
functionalizing the surfaces of NPs with this unique peptide, they are able to
preferentially deliver liposomes and albumin-based NPs to tumours. Similarly,
peptides can also be used to target iron platinum NPs, nab-paclitaxel, and liposomal
doxorubicin. Therefore, the radiation-enhanced tumour-targeted NP drug delivery
resulted in higher therapeutic ratio.

4.8 NanoXray in Radiotherapy

NanoXray is a product of Nanobiotix using a nanoparticle crystal NBTXR3 which
is a suspension of inert crystalline nanoparticle of hafnium oxide with simple
coating that is formulated in distilled water. The composition of nanoparticle
includes hafnium oxide core or source. When its electrons are excited by external
beam radiation (usually X-ray), it causes local free radical damage to the sur-
rounding cancer cells. The nanocrystals are not easily eliminated by usual metabolic
excretion method. When they are not activated, they are inert. But on exposure to
X-ray, the later are absorbed by NBTXR3 nanoparticles leading to emission of
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electrons loosing electron and subsequent release of free radicals (Marill et al.
2014). X-ray energy will generate electrons with kinetic energy that will be released
into the medium and will generate free radical. These nanoparticles do not react
directly with blood cells or tissues. This technology has completed preclinical phase
with promising findings and now planning to enter into clinical trials.

5 Nanotechnology in Medical Oncology

Cytotoxic chemotherapy is utilized in more than 50 % of cancer patients. The
intension of chemotherapy ranges from cure, adjuvant, neoadjuvant, and palliative
treatment. Most chemotherapy drugs are parenteral; however, some drugs are
administered orally. Chemotherapy drugs act at various phases of cell cycle; thus,
the drugs are classified as cell cycle-specific and cell cycle non-specific drugs.
Every individual drug has their own side effects and pharmacokinetic properties.
Despite of progress in cytotoxic chemotherapy, none of the chemotherapy drugs are
free of side effects. In addition to cytotoxic effects on respective cancer cells,
chemotherapy drugs could damage rapidly dividing cells in hair follicles, gas-
trointestinal mucosa, bone marrow, nail bed, and skin. The slowly dividing tissues,
for example nerve tissues, could also be affected by chemotherapy drugs in addition
to long-term complications and decreased fertility. Thus, existing chemotherapy
drugs are not specific. Therefore, nanotechnology has been incorporated in
oncology to prevent such side effects. Despite of enormous interest and technical
progress, very few nanotechnology-based cytotoxic drugs are in the clinical use.
Translational research using nanotechnology has been very slow. The result of
animal study data are rarely duplicated on human trials. Preclinical and clinical
studies (Matsumura 2014) are ongoing using micelle nanoparticles to deliver cancer
chemotherapy (Fig. 11). So far, following nanotechnology-based drugs are being
used in clinical practice (Table 4).

5.1 Nanoparticle Albumin-Bound Paclitaxel

The main purpose of nanotechnology in systemic therapy of cancer has increased
drug delivery, reduced normal tissue complication, prolongation of drug serum
level, and documentation of treatment delivery. So far, few drugs could meet FDA
approval requirement. Nanoparticle albumin-bound (nab) drug method is being the
first nanodrug used in clinical oncology. The nab technique levages albumin
nanoparticle for the active and targeted delivery of paclitaxel to the tumour. The
nab-based nanochemotherapy drugs could cross blood stromal barrier to reach
cancer cells. This nanodrug is thought to be targeting a previously unrecognized
tumour-activated albumin-specific biologic pathways with a nanoshell of human
blood protein albumin. This nanoshuttle system activates an albumin-specific
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(Gp60) receptor-mediated transcystosis path through the cell wall of malignant cells
using caveolin-1-activated caveolar transport. The stromal microenvironment and
albumin-bound drug may be preferentially localized by second albumin-specific
protein (SPARC), a protein secreted by the tumour cell stroma. The resulting
collapse of stroma around tumour may enhance delivery of nab-chemotherapy to
intracellular core of tumour.

The first nab-based drug abraxane was used in metastatic breast cancer.
Abraxane has a mean particle size of approximately 130 nm. The drug contain
non-toxic solvent, which enables the administration of 50 % more chemotherapy
which required no premedication to prevent hypersensitivity reaction and can be

Fig. 11 Anticancer agent-incorporated micelles under clinical evaluation. NK105 is a paclitaxel
(PTX) incorporating micelle. Preclinical studies indicated a higher antitumour activity and reduced
neurotoxicity. A phase-I and -II trials showed that NK105 can be administered by 30-min drip
infusion without any premedication and showed that NK105 reduced neurotoxicity. The phase-III
trial of NK105 is now underway in patients with metastatic breast cancer. NC-6004 is a
cis-dichlorodiammineplatinum (II) incorporating micelles. Preclinical studies showed that
NC-6004 had no renal toxicity. A phase-I and -II trials revealed that NC-6004 can be administered
with minimum hydration and the GI toxicity was reduced remarkably. NC-6300 is an
epirubicin-incorporating micelles. Basic study of NC-6300 showed significant higher antitumour
activity and significantly reduced cardiotoxicity of epirubicin. The phase-I trial is now underway.
Reproduced with the permission from Matsumura (2014)
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given under 30-min infusion using standard IV tubings. Subsequently, it is being in
various stages of clinical development in ovarian cancer, non-small-cell lung
cancer, pancreatic cancer, gastric cancer, and malignant melanoma.

In a clinical trial, metastatic breast cancer patients those failed initial lines of
chemotherapies were treated with either nab-paclitaxel, or conventional paclitaxel.
Grandishar et al. (2005) recruited 460 metastatic breast cancer patients those failed
initial chemotherapy within 6 months with either nab-paclitaxel (260 mg/m2 over
30 min infusion) or regular paclitaxel (175/m2 over 3-h infusion). This pivotal
clinical trial results demonstrated that abraxane had superior response rate (21.5 %
vs. 11.1 % p < 0.003) when compared to regular paclitaxel. Bone marrow sup-
pression was one of the doses limiting toxicity.

5.2 Liposomal Doxorubicin (Caelyx)

Liposomal doxorubicin is the second most popular nanotechnology-fabricated
chemotherapy drug doxorubicin. The active drug doxorubicin is specially coated
with 2 layers of protection using liposome. The coating allows liposomal dox-
orubicin to evade detection and destruction by the immune system, which increases
the duration of drug in the systemic circulation. As a result, the drug has more time
to reach the tumour tissue, where the medication is slowly released. Despite of full
proof theoretical basis, still liposomal doxorubicin could damage normal tissue
causing toxicity. The most common side effects of liposomal doxorubicin are
hematotoxicity leading to depletion of 3 components of blood cells. Hand-foot
syndrome is another possible side effect. In rare circumstances, liposomal dox-
orubicin could induce oral cancer on long-term treatment.

Caelyx is indicated in the treatment of recurrent epithelial ovarian cancer of
those failed first-line platinum-based chemotherapy. AIDS-related Kaposi’s sar-
coma is also effectively treated with caelyx. Addition of bortezomib to caelyx could
be useful in multiple myelomas after the failure of first-line chemotherapy. In
ovarian carcinoma, caelyx is used at a dose of 50 mg/m2; however, in AIDS-related
Kaposi’s sarcoma and recurrent multiple myelomas, 30 mg/m2 is most commonly
prescribed.

In recurrent epithelial ovarian cancers, Gordon et al. conducted a phase-III
clinical trial to compare liposomal doxorubicin with topotecan on 474 patients.
Liposomal doxorubicin was administered at a dose of 50 mg/m2 (1-h infusion)
every 4 weeks or topotecan 1.5 mg/m2/day (30 min infusion) for 5 days every
3 weeks for up to 1 year. The overall response rate, progression-free survival, and
overall survival were similar in both groups. In platinum sensitive group of patients,
liposomal doxorubicin has significant longer median progression-free survival
(p = 0.037) and overall survival (p = 0.008) compared to topotecan (Gordon et al.
2001).
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5.3 Pagylated Filgrastim (Neulasta)

Neulasta is a nanomodified filgrastim which works like a natural protein to signal
growth of new white blood cells. It helps to reduce the risk of infection following
chemotherapy-induced neutropenia. It has shown to reduce risk of infection with
fever following hematotoxic chemotherapy. In a clinical study by Vogel et al., 928
breast cancer patients were subjected to 4 cycles of AC chemotherapy and one
group was subjected to 1 dose of pegfilgrastim and other group with placebo. The
study result showed a 94 % reduction in febrile neutropenia, 93 % reduction
number in hospitalization due to febrile neutropenia associated infection, and 80 %
reduction in use of intravenous antibiotics. The infection rate drops from 17 to 1 %
in treated group (Vogel et al. 2005).

5.4 Application in Gynaecological Cancers

In gynaecology, malignancies of the genital tract involve organs such as the ovaries,
fallopian tubes, uterus, uterine cervix, vagina, and vulva. In developing countries,
cervical cancer is the most common gynaecological cancer (Ferlay et al. 2014). For
developed nations, cancers of the ovaries or the endometrial lining are more
common (United Nations’ Development Fund for Women (UNIFEM) 2007; Ferlay
et al. 2013; Bray et al. 2013).

Chemotherapy in gynaecological malignancies is mainly used in ovarian cancers
either as adjuvant treatment after debulking surgery, and/or as a neoadjuvant
treatment prior to the operation. In certain patients, chemotherapy is utilized as
palliative treatment to help slow down the disease progression and improve their
quality of life. The management of the rare cancer of the fallopian tubes usually
follows similar protocol alike ovarian cancer. Chemotherapy is also used in cervical
cancer, and one of the uses is to help sensitize the affected areas to radiation
therapy. For advanced stage cancers, chemotherapy is used as the first-line treat-
ment, and there are also indications for chemotherapy in patients who could not
undergo radiation therapy.

In endometrial cancer, the current accepted treatment is surgery, followed by
adjuvant radiation in selected, high-risk patients (Noor Rushdan et al. 2011).
However, a lot of patients at Stage 3 onwards were found to have distal recurrences
(Kong et al. 2007). Researches done on these cases give rise to the new protocol of
giving adjuvant chemotherapy as well as radiation in selected advanced endometrial
cancer patients (Noor Rushdan et al. 2011; Kong et al. 2007; GOG 209 2012;
Fleming et al. 2004; Greven et al. 2006; Zamzida et al. 2010).

Gestational trophoblastic neoplasia (GTN) is also an area where some patients
will require chemotherapy. Following the primary treatment of suction and
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evacuation of the molar tissues, a number of patients still have elevated human
chorionic gonadotrophin (β-hCG) levels and require adjuvant treatment with
chemotherapy drugs.

5.5 Nanotechnology in Cancer of the Genital Tract

The most need for nanotechnology will be in the choice of chemotherapy drugs for
gynaecology oncology cases. Depending on the respective centres, the choice of
drugs for therapy might be different, but the aim is similar. They are utilized to kill
off and eradicate cancer cells, at the same time to cause no harm to normal cells (if
possible) and to keep the patient cancer-free as long as they can. Unfortunately,
despite years of research and the number of drugs available, the ultimate drug which
fulfils these needs is still elusive (Ferrari 2005; Riggo et al. 2011).

The identified problems in chemotherapeutic drugs are as follows: (i) lack of
specific distribution of drugs to the cancer area, (ii) fast redistribution of the ther-
apeutic drug away from the intended sites, (iii) destruction of the drugs by
tumour-associated macrophages (TAMs), (iv) poor penetration into cancer cells due
to acidic nature of intracellular environment (as opposed to alkalinized nature of
most drugs), and (v) the special properties inherent to cancer cells (Hanahan and
Weinberg 2011; Allen and Cullis 2004; Niederhuber 2007; Pollard 2004; Bingle
et al. 2006).

There are 2 distinct cell properties pertaining to cancer cells in a person. A small
and rare population of quiescent cancer cells are known as “stem cells”, and a larger
population of rapidly dividing cells form the bulk of tumour mass (Hanahan and
Weinberg 2011; Niederhuber 2007). Most conventional cancer drugs affect the
second population of cancer cells but not the “cancer stem cells”. Those cells that
arise from the second type of cancer cells will die without regeneration. The first
type, however, has the ability to regenerate, self-sustain itself, and invade other cells
and organs and also metastasize. Because of that, despite adequate treatment and
initial apparent remission, the cancer can recur after some months or years
(Niederhuber 2007; Pollard 2004; Bingle et al. 2006).

The newer cancer drugs, therefore, are formulated in such ways to overcome the
identified setbacks (Mamot et al. 2012; Montanari et al. 2012). The concept of
nanotechnology relies on the small size of the nanoparticles (1–100 nm or up to
1000 nm depending on scientific communities or institutions) and the special
properties that these particles have (NNI 2015; Mousa and Bharali 2011).

The small size allows these particles to have a larger surface area-to-volume ratio
compared to other particles. This in turn facilitates their ability to enter cancer cells,
at the same time enabling them to carry, bind, and absorb other molecules such as
drugs, probes, and proteins. The molecules are able to bypass the acidic nature of
the cell membranes without requiring conventional carriers which may cause
adverse and toxic reactions to the patients. Not only the ability to reach and enter
the targeted cancer cells are improved, they also stay longer in the affected areas
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due to their ability to avoid the RES (reticuloendothelial system) macrophages and
the P-glycoprotein pumps (Pollard 2004; Wang et al. 2008). The RES macrophages
are easier to evade if the particle sizes are 200 nm or smaller. The P-glycoprotein
pumps are multidrug resistance-associated protein pumps which are capable of
extruding the anticancer drugs out of the cancer cells, thereby reducing their
efficacies.

Besides these advantages, the nanoparticles (based on studies) may finally be
able to reach the elusive “cancer stem cells” population. This breakthrough will
really make a huge difference in terms of achieving a complete remission, reducing
recurrence, and improving survival.

Nanoparticles can be sourced from various materials. The main criteria are only
they should comply with the size in definition. They can be from biological-like
materials such as lipids, phospholipids, dextran, and chitosan. Another group can be
from carbon-based materials, like carbon nanotubes. Gold and iron fall into another
category that is inorganic nanoparticles. Other members in this group will include
metal-based compounds and semiconductor nanoparticles, e.g. quantum dots (QDs).

In general, the effects on the cancer cells can be multipronged. Firstly, they are
carriers of drug particles which cause direct damage to the cancer cells. The
changes occur both at intracellular and extracellular levels. The types of carriers
(liposomes, micelles, polymers, dendrimers et cetera) have already been discussed
elsewhere in this book. Some carriers can carry more than one drug, or carry the
therapeutic agent in its prodrug form. Secondly, the nanoparticles are also capable
of being used in photodynamic therapy; the theory behind it is that certain light
activated chemicals can generate oxygen-based cytotoxic molecular components.
The third application is thermal damage to cancer cells based on photothermal
therapy.

5.6 Non-chemotherapy Applications

The main role will be imaging technology. Three main areas of usage are as
follows: (1) during the initial assessment, an accurate imaging modality will allow
the doctors to ascertain spread of disease and tailor the treatment accordingly. In
very widespread diseases of the ovary or fallopian tubes, studies have shown that it
is better to give neoadjuvant chemotherapy for 2–3 cycles prior to the debulking
surgery (Bristow and Chi 2006; Bristow et al. 2007; Chan et al. 2008; Onda et al.
2008). (2) During treatment, the patients will also need imaging studies (plus
tumour markers and clinical evaluation) to ensure good response and detect any
chemotherapy resistance and/or disease progression. CT scans are usually carried
out after the 3rd and 6th cycle of chemotherapy. (3) After therapy, imaging
modalities are used in monitoring for recurrence.

For clinicians who have CT scan facilities at their disposal, heavy metals such as
gold, lanthanides, and tantalum nanoparticles have been used to help enhance the
imaging of solid tumours. MRI also gets improved imaging capabilities by utilizing
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superparamagnetic iron oxide nanoparticle (SPRION) or ultrasmall SPRIONs
which can highlight pelvic node metastases from genital tract cancers.
Photoacoustic type of imaging, with the use of carbon nanoparticles, is also
excellent in delineating the extent of solid tumours (Hanahan and Weinberg 2011;
Allen and Cullis 2004; Mousa and Bharali 2011; Wang et al. 2008).

6 Nanotechnology in Palliative Care

Pain is the most common symptom of advanced cancer; therefore, recently, pain is
included as the fifth vital sign in the medical evaluation of patients. More than 60 %
of services in any palliative care facility devotes to the control of pain. The most
common pain is chronic in nature and requires titrated dose of analgesics. However,
breakthrough pain is a term that describes acute episode of severe pain superim-
posed upon background of otherwise well-controlled chronic pain caused by cancer
itself, cancer treatment, or certain activities. About 65 % of patients with cancer
pain suffer from breakthrough pain. Recently, novel solution using nanotechnology
has been developed, including implantable drug delivery device and transdermal
and transmucosal patches to facilitate opioid treatment in breakthrough pain. Tao
et al. reported the use of microfabrication technology for the development of
microneedle in transdermal drug delivery and implantable drug delivery devices
(Mystakidou et al. 2007). A drug device with extremely microdispersion pore size
thus facilitates precise diffusion rates. Such diffusion kinetics with potent opioid
analgesics are accurate and predictable with controllable dosing of drug. Oral
transmucosal fentanyl citrate (OTFC) is a solid formulation of fentanyl citrate, a
potent analgesic (50–100-fold as potent as morphine), short-acting, rapid onset of
action and lipophilic synthetic opioid. This is formulated as a solid drug matrix on a
handle (lollypop) allowing rotation in the mouth for optimal absorption (Tao and
Desai 2003). Remifentanil is another congener drug of fentanyl has been
nano-modified as buccal mucosal patch help rapid onset of action in breakthrough
pain (Sprintz et al. 2005). These nanotechnology innovative products are used for
breakthrough pain among cancer patients. Thus, integration of nanotechnology into
cancer therapeutics including palliative care for pain control helps in the overall
management of cancer patients.

7 Nanotoxicity and Safety of Nanoparticles

There are tremendous progress and encouragement in the field of nanotechnology in
medicine including oncology. As per proponents of nanoscience, nanotechnology is
supposed to create revolution in the field of cancer treatment with discovery of
newer medicines. Major funding agencies like NCI have allocated enormous funds
to spur nanotechnology-based treatment products to benefit patients. Being a new
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player in the field of oncology, use of nanotechnology in human beings is very
short, so data on toxicity profile of each particle are very low. Despite of numerous
promise in biotechnology, cellular, animal studies, and fabrication of novel
nanoparticles, very handful of literature is available in the clinical utilization of
nanomedicine in cancer. So far, nanoparticles are being used in cancer imaging for
improvement in identification of tumour and nanoscale modification of existing
cancer drugs in a hope to reduce side effects and maintain prolonged serum drug
level and reduce resultant toxicities.

Due to lack of reporting from previous studies using nanoparticles, the data on
adverse effects are non-existent. Rather, the sensitivity reaction to nab-modified
paclitaxel is lower than free paclitaxel and further allows oncologists to deliver
higher dose of above drugs. None of clinical trials so far reported adverse effects
exclusively attributable to nanodrugs. Recently, long-term use of pegylated dox-
orubicin has been implicated in the development of secondary cancer in head and
neck region and leukaemia (Cannon et al. 2011; Bonomi et al. 2012; Ben-David
et al. 2013).

Animal studies have emphasized the importance of lung and gastrointestinal
tract could be affected on the use of nanomedicine. There is also concern about use
of combustion-manufactured nanoparticles (Regnic and Tinkle 2007). The fate of
nanomaterials those effectively kill cancer cells is controversial. They remain inside
body for long time. The reticuloendothelial system of body could not eliminate
nanoparticles easily. Some authors strongly believe the used nanomaterials could
react alike asbestos causing mesothelioma (Bluemann et al. 2007). Therefore,
focussed research in clinical trials is warranted to document possible side effects of
nanoparticles (Agarwal et al. 2013). The environmental effects of nanoparticles are
of concern to environmentalists and health personnel alike. Due to lack of infor-
mation to public, the suspicion on biological and environmental hazards is
increasing.

8 Conclusions

The era of medical nanotechnology is challenging. Last decades have seen
tremendous progress and its application in oncology. Numerous animal and human
studies have been undertaken throughout the world to look for beneficial effects of
nanomedicine in cancer. The major influence of nanomedicine is observed in cancer
imaging using nanomodified contrast agents promising clear delineation of tumour
at microscopic state. The surgery becomes more precise due to availability of
nanodevices to delineate clear surgical margin on critical structures during opera-
tion. The nanoparticle-based sentinel lymph node biopsy in early breast cancer
proves effective, precise, cost-effective, and without fear of radiation exposure.
NanoXrays and nanobrachytherapy in their infancy need more time to prove their
clinical efficacy; however, intracellular hyperthermia and photodynamic therapy are
feasible techniques that could be used in conjunction with radiotherapy. The
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modern multifunctional nanodevices designed for cancer detection and assessment,
imaging, ablation, and drug delivery are very exciting but not proven in vivo in
cancer patients. The enthusiasm of using something new must be tempered with
caution. There should be clear guidelines and legislations on these new technology
and associated devices. More long-term studies are also needed to monitor the
well-being of patients receiving these drugs/interventions and identify any potential
problems. Further progress of nanotechnology in cancer could be possible through
more clinical trials and safe use of nanomaterials without affecting environment.
Therefore, a collaboration between engineers, biotechnologists, and oncologists is
essential to join hand in hand to achieve success in nanooncology.
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Current Trends in the Preparation
of Nanoparticles for Drug Delivery
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Abstract The efficiency of a drug depends on target specificity and its solubility.
The non-specificity of the drug molecules not only needs extra doses to treat
diseases but also is associated with adverse drug reactions. Thus, newly engineered
nanoparticles as a vector represent an exciting example which has shifted the
paradigm from conventional therapies such as surgery, chemotherapy, and radiation
to the novel drug delivery system. Among the nanocarriers developed so far, silica
and gold nanoparticles have emerged as potential candidates who can deliver dif-
ferent drug molecules at target sites in a controllable and sustainable approach. In
the present era, drugs released and delivered by engineered nanoparticles have
attracted enough attention because of the prospects in cancer therapy, in particular,
and in the treatment of other ailments. The fundamental properties of nanoparticles
in drug loading, releasing, and biochemical competency can be altered by means of
suitable conjugation with appropriate coatings or external magnetic fields.
Therefore, this book chapter is focused on preparation, development, and appli-
cation of very recently reported silica and gold nanoparticle system as a drug
delivery cargo.
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1 Introduction

The advances of nanotechnology in medical application particularly in drug
delivery have gained much impetus in recent years. Nanotechnological applications
in delivering medicine have generated a pivotal field of technology that has brought
great developments to combat a wide range of diseases (Ranghar et al. 2014).

The drug delivery has also provided a good chance to pharmaceutical industries
to expand their profitable markets. The drug delivery with target specificity conveys
optimum amount of drug to target as compared to drugs used before, which
eventually reduces healthcare costs. The problems of solubility, cytotoxicity, and
generic delivery of drugs have also limited their use. However, the optimistic
approach of scientists toward application of nanotechnology in medicine has given
new approach in diagnosing and treating medical ailments. The anticipated appli-
cation in terms of drug delivery has resulted in preparation of engineered
nanoparticles as a prominent tool to recognize various applications. Nanoparticles
are colloidal material systems mainly composed of inorganic (silica, silver, iron,
gold, copper) nanoparticles, while organic nanoparticles are lipids, proteins, nucleic
acids, or polymers of 100–200 nm or less in size. These nanoparticles are also
considered as protected routes for delivery of drugs which are prone to cellular
metabolism or destruction before being reached to the target. Different materials
with various sizes in nanometers are shown in Fig. 1.

These nanoparticles by virtue of their distinctive characteristics viz. quantum
properties, ability to adsorb, and transport other compounds, etc. have earned a
good place in the drug delivery process (De Jong and Borm 2008). Although, other
criterias which engineered nanoparticles should address are effective binding, sta-
bility, biocompatibility, bioavailability, and target specificity (Raju et al. 2015). The
photoluminescence properties of nanoparticles have played a tremendous role in
imaging and have a capability to act on diseased cells, but accurate mechanism is
the study of concern (Sharma et al. 2015). Nanoparticles in conjugation with other

Fig. 1 Various sizes of materials in nanometers; figure adapted from Hulkoti and Taranath (2014)
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therapeutic agents act as a transporter which enhances the pharmaceutical and
pharmacological properties of therapeutic agents (Sun et al. 2015). Currently,
nanoparticles emerged as an alternative approach to deliver drugs, alter their
kinetics and distribution in the body. Thus, this book chapter is mainly focused on
silica and gold nanoparticles for their exploitations as therapeutic, diagnostics, and
imaging alternatives.

2 Silica Nanoparticles and Their Role in Drug Delivery

Silica nanoparticles can be classified as mesoporous nanoparticles (MSNs) or
nonporous (SNPs). The pore size in MSNs ranges from 2 to 50 nm and are
extensively used for the delivery of drugs by means of physical or chemical
interaction. The SNPs can be associated with drugs via functional groups present.
The cytotoxicity of silica NPs is characteristic of their particle size and shape,
surface chemistry, stability, and selected target. The level of cytotoxicity can be
altered by loading a drug of appropriate choice.

The mesoporous silica nanoparticles (MSNs) have established their role in a
drug delivery process as nanocarriers owing to their greater surface area and
available functional groups at the surface. The clear sign of doxorubicin loaded,
newly engineered MSNs grafted with b-cyclodextrin with linker 3-carboxy-
5-nitrophenylboronic acid has been established to show increased inhibition of
HeLa and HepG2 cells (Chen et al. 2015). The pathway was monitored by using
tracer fluorescein isothiocyanate. The study revealed that mesoporous silica
nanoparticles can be exploited as a biomedical agent for treatment of cancer
(Fig. 2).

The rapid metabolism of cancerous cells as compared to normal cells needs
higher consumption of glucose. Niemelä et al. (2015) in a comparative study used

Fig. 2 Graphical illustration of DOX loading and intracellular triggered release from MSNs;
figure adapted from Chen et al. (2015)

Current Trends in the Preparation … 315



MSNs surface for adhering the glucose along with an anticancer drug celastrol for
controlled delivery at target sites (Niemelä et al. 2015). Two routes were opted for
this targeted drug delivery: conjugation of MSNs with sugar and by facilitation of
polyethylenimine (PEI). It was concluded that apoptotic ability of celastrol was
enhanced by specifically engineering the MSNs. This study ascertained the role of
MSNs as a transporter for delivering a well-known anticancer agent celastrol on
specific targets, HeLa and A549 cells.

The healthy cells should be escaped from becoming the target during cancer
therapies. The receptor-mediated pathways of drugs can enhance the concentration
of drugs at a tumor site. An et al. (2015) modified the MSNs with glycopolymer for
better availability of drugs at a target site with enhanced anticancer capability (An
et al. 2015). The magnetic property of newly designed nanoparticles was manip-
ulated by application of external magnetic field. The study was able to confer that
the role of glycopolymer-conjugated nanoparticles can precisely target the cancer
cells via receptor-mediated endocytosis. Also, An and co-workers were able to
design nanoparticles with enhanced capability to target the cancer cells along with
MR imaging properties.

Hollow mesoporous silica nanoparticles (HMSNs) possess larger surface area
with high degree of drug loading capacity and are considered as exceptional bio-
compatible nanoparticles. HMSNs are one of the most promising carriers for effec-
tive drug delivery due to their large surface area, high volume for drug loading, and
excellent biocompatibility. She et al. (2015) prepared spherical HMSNs (Fig. 3) with

Fig. 3 SEM (a, b) and TEM images (c, d) of HMSNs; figure adapted from She et al. (2015)
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bigger internal cavities by exploiting Eudragit S100 nanoparticles. The engineered
nanoparticles were capable of loading high amount of drug 5-fluorouracil (5-FU) and
can be projected as potential drug transporting agents for colorectal cancers (She et al.
2015). In another report, Xu et al. (2015c) revealed that HMSNs could be moieties
having high drug doxorubicin hydrochloride (DOX) loading capacity, attributed to
porous structures and high surface area of HMSNs, thus predicting their strong
application in targeted drug delivery (Xu et al. 2015c).

The simple pH-sensitive method for preparation of mesoporous silica nanopar-
ticles modified by polyamidoamine dendrimers was reported first time by Xu et al.
(2015b). The dendrimer-modified HMSNs can provide higher number of reaction
sites, thereby, retaining the drug, regulating the release, and imparting fluorescent
character to drug molecule (Xu et al. 2015b). This study may offer new avenues for
biomedical imaging diagnosis and cancer therapy. Ghasemnejad et al. (2015)
studied for the first time the control release of betamethasone sodium phosphate
loaded on MSNs (Ghasemnejad et al. 2015).

Zhang and Kong (2015) tried to enhance the selective target specificity of
potential anticancer drug, DOX (Zhang and Kong 2015). The surface of silica
nanoparticles was modified by DOX with the help of hydrazine linkage. They were
able to deliver drug DOX loaded on silica nanoparticles to HeLa cancer lines and
were monitored by using confocal laser scanning and nuclear scanning microscopy.
Furthermore, the duo also reported the live tracking of nanoparticles loaded drugs in
the cells.

In other report of surface modification, Tian et al. (2015) used rhodamine B
(RhB) and light for better drug delivery (Tian et al. 2015). The images of live breast
tumor (MCF-7) cells generated from multimodal nonlinear optical imaging
microscopy revealed the effective delivery of nanoparticles. In other noticeable
study, Xu et al. (2015a) modified silica nanoparticles with micelles as a gating
agent, thus combined two types of drug transporters. The curcumin acted as
fluorescent label and nanoparticle was loaded by DOX to evaluate the cytotoxic
effects on human lung cancer (A549) cells. The presence of micelles on the surface
of nanoparticles has given new opportunity to drug delivery system and hence
mesoporous nanoparticles loaded with such anticancer drugs can be used both as
biomedical imaging and strong anticancer agents (Xu et al. 2015a).

Cisplatin, a platinum-based complex, has long history of being used as anti-
cancer drug, but due to certain toxic effects, e.g., neurotoxicity and nephrotoxicity,
there is always a need for alternative platinum-based anticancer complexes. In this
context, Ravera et al. (2015) loaded silica-based nanoparticles with Pt(IV) com-
plexes utilizing amino groups present on external shell of nanoparticles. The fab-
ricated silica nanoparticles were tested on human ovarian carcinoma (A2780) cells
and were proved as good carriers of Pt (IV) prodrug. However, the accumulation of
a drug outside the cell has affected the therapeutic ability and delivery of Pt(IV)
loaded on nanoparticles to the target cells. The authors emphasized that silica
nanoparticles and Pt(IV) should be chosen carefully to yield very active conjugate
(Ravera et al. 2015).
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Silica nanoparticles modified by polymers have been used in the process of drug
delivery. Wang et al. (2015a) prepared well-characterized MSNs, modified with
polymer polyethylene glycol (PEG) via disulfide bonds. In this, conjugated polymer
chains acted as gatekeepers which can block drugs to be released with the pores of
nanoparticles. The modification by PEG enhanced the cytotoxicity of nanoparticles
due to the presence of biocompatible PEG chains (Wang et al. 2015a). Hanafi-Bojd
et al. (2015) also reported thatmodification of silica nanoparticles by phosphate, PEG,
and polyethylenimine-polyethylene glycol (PEI-PEG) groups loaded with anticancer
drug, epirubicin hydrochloride (EPI), enhanced the antitumor efficacy of the drug.
The modification reflects that effective nanocarriers for improvement of antitumor
therapies can be generated from this combination (Hanafi-Bojd et al. 2015).

Apart from the drug delivery to cancerous targets, the engineered nanoparticles
have been used to repair the damaged tissues. Ren et al. (2015) successfully delivered
ascorbic acid loaded on fluorescent MSNs to human embryonic cells. The study was
aimed to contribute the induction of embryonic cell differentiation toward car-
diomyocytes in order to generate a new approach toward tissue engineering (Ren et al.
2015). For the demand to repair the defective bony tissues, MSNs have attracted
considerable attention attributed to their biocompatibility and porous structure that
can hold the drug molecules. Luo et al. (2015) loaded bone forming peptide
(BFP) obtained from bone morphogenetic protein-7 (BMP-7) into MSNs. The
modifiedMSNs by peptide provided better bioactivity and osteogenic differentiation.
It was the first kind of such study where the loading of osteogenic peptide into MSNs
was reported. This type of nanoparticles can be considered as a potential drug delivery
bioactive material for bone repairing, bone regeneration, and bioimplant coating
applications (Luo et al. 2015). Li et al. (2015) stated that silica nanoparticle-based
scaffolds have great potential for bone repair and regeneration (Li et al. 2015).

The mesoporous nanoparticles in combination with organic polymers can help
cell adhesion, proliferation, and biomineralization of bone cells. The MSNs surface
is rich in silanol functionalities and has high tendency to react with body fluids to
generate active nano-sized carbonated apatite, which can bind to natural bone. The
generated bioactive bond leads to integration of implanted bone (Wang et al.
2015b). Nevertheless, the silica nanoparticles have exhibited osteoclast differenti-
ation and enhanced osteoblast differentiation. Meddahi-Pelle et al. (2014) in their
model study on rats used silica nanoparticles for fast healing of wounds in skin and
liver (Meddahi-Pelle et al. 2014).

The defects in solid tissue like bone are usually fixed by autografts and allo-
grafts, but are limited due to availability, donor site morbidity, and potential disease
transmission (Zhou et al. 2015). The synthetic bones from bioactive material are
biocompatible, biodegradable, and osteogenic, and can be an alternative.
Bioceramics, bioactive glasses, hydroxyapatite (HA), and b-tricalcium phosphate
(TCP) are materials used for bone tissue regeneration (He et al. 2012, 2014 Vines
et al. 2012). However, the shift toward exploitation of MSNs due to their several
physiochemical advantages is considered as potential bone substitutes.
Nanohydroxyapatite is an essential bone component matched with MSNs in terms
of size, thus making them prominent entity for bone tissue repair. The surface of
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MSNs was modified by bone morphogenetic protein-2 (BMP-2) responsible for
osteoblast differentiation and stimulates bone regeneration by covalent grafting
aminosilane linker. Dexamethasone (DEX) was then loaded into the pores of MSNs
to construct nanoparticulate osteogenic delivery systems (DEX@MSNs-pep). The
research group revealed that newly designed system had better cytocompatibility
when tested with bone mesenchymal stem cells. The cellular uptake efficacy of
DEX@MSNs-pep was remarkably higher than that of MSNs alone (Fig. 4).

Athinarayanan et al. (2014) reported that silica nanoparticles obtained from rice
husk can be explored for bone tissue engineering. After conducting MTT assay, cell
morphologies revealed the silica nanoparticles had excellent human mesenchymal
stem cells (hMSC) biocompatibility, thus promoting silica nanoparticles as induc-
tion of osteogenic and chondrogenic differentiation (Athinarayanan et al. 2014).
The summary of recently prepared silica nanoparticles and their role for specific
target is given in Table 1.

Fig. 4 Influence of DEX loaded silica nanoparticles on osteogenic differentiation. (A) binding to
the cells surface. (B) Formation of complexes potentially activates the downstream osteogenic
pathways. (C) Nanoparticles delivered into cells by endocytosis, and DEX is released into
cytoplasm; figure adapted from Zhou et al. (2015)
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Feng et al. (2014) revealed that fabricated pH-responsive MSN nanocarrier in
combination with biocompatible polyelectrolyte multilayers of alginate/chitosan for
doxorubicin for sustainable release in cancerous cells (Feng et al. 2014). The
illustration is shown in Fig. 5.

3 Gold Nanoparticles and Their Role in Drug Delivery

Gold (Au) nanoparticles possess distinctive electric and magnetic properties
attributed to their shape and size; therefore, a great focus in research fields such as
tracking and drug delivery is the subject of interest for many researchers (Khan
et al. 2015). They have been used as transporters for drug delivery also because of
their biocompatibility, facile surface modification, and robust optical properties.

Seo et al. (2015) reported preparation of gold nanoparticles (AuNPs) using
heavy metal-binding proteins (HMBPs) within 20 min at room temperature. The
reaction rate of the proposed method is faster as compared to conventional methods
commonly used for nanoparticle synthesis. The resulting nanodrug carrier
AuNPs@HMBPs was loaded with DOX to evaluate the cytotoxic effects on HeLa
cancer cells. The obtained nanosystem exhibited higher apoptotic effect as

Fig. 5 Schematic depiction of pH-responsive MSN-based nanocarriers and intracellular
pH-triggered DOX release; figure adapted from Feng et al. (2014)
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compared to free DOX, indicating the better intracellular drug uptake. AuNPs are
readily diffused and accumulated inside the cell nucleus without altering the
cytotoxicity. The enhanced inhibition by synthesized AuNPs@HMBPs against
cancerous cells provides an alternative opportunity for the treatment of cancers (Seo
et al. 2015).

The green synthetic approach is best strategy followed by researchers to avoid
the use of toxic reactants. AuNPs loaded with anticancer drugs resveratrol and DOX
were synthesized and characterized by Tomoaia et al. (2015). The effects on HeLa
and CaSki cells by these conjugates were evaluated using MTT cell viability assay
for the first time. This study suggested that these AuNPs vectors can be exploited
for the diagnosis of cancer (Tomoaia et al. 2015)

Phytochemicals are of tremendous importance with respect to their anticancer,
antioxidant, anti-inflammatory, and antiallergic properties. Thus, Lee et al. (2015a)
prepared biocompatible AuNPs attached with phytochemicals. The AuNPs prevent
oxidation and act as carriers of phytochemicals or vectors; thus, this combination can
increase biocompatibility and bioactivity (Lee et al. 2015a). The effect of these
Phyto-AuNPs was evaluated for skin regeneration and as a healing agent. In vivo
experiments revealed enhanced efficiency in overall skin growth and at the same time
in generation of antioxidants. The combination of AuNPs and phytochemicals (gallic
acid, protocatechuic acid, isoflavone) can be considered as potential agent for skin
treatment. Similarly, Yallappa et al. (2015) prepared AuNPs by usingMappia foetida
as bioreductant and evaluated delivery of DOX on human cancer lines. The conju-
gated AuNPs exhibited low toxicity toward normal epithelial cells; however, high
toxicity was shown against human cancer lines (Yallappa et al. 2015). They found
that optimum amount of drug was released at pH 5.3, a feasible condition for
intravenous drugs. Thus, a new gold-based drug nanocarrier was developed, but
extensive studies on drug delivery mechanism are yet to be explored.

Afatinib is an aniline quinazoline known for inducing apoptosis in cancer cells.
Coelho et al. (2015) evaluated the afatinib delivery efficacy by pegylated thiolated
polyethylene glycol gold nanoparticles (Coelho et al. 2015). They revealed that
conjugated nanoparticles were capable of inhibiting cancer lines more effectively
than afatinib alone. The conjugated PEG-AuNPs system with an aim to deliver drug
is believed as novel candidate for drug delivery system and has to reduce toxic side
effects. Figure 6 shows the illustration of drug released inside the cell as reported by
Khandelia et al. (2015).

Many naturally occurring compounds, e.g., gums, glucan, and chitosan have been
used in preparation of nanoparticles. Gum karaya, an exudate of plants, was used as
reducing agent and stabilizer by Pooja et al. (2015) for preparation of AuNPs for drug
delivery of anticancer drug gemcitabine hydrochloride (GEM) (Pooja et al. 2015).
The drug in combination with nanoparticles exhibited better anticancer activity; in
addition, colony formation inhibition and ROS induction were also observed as
compared to GEM alone (Fig. 7). The gum karaya in association with AuNPs can be
explored as possible nanocarriers for anticancer drug delivery.

Jenkins et al. (2016) utilized photosensitizer, 3-(10-hexyloxyethyl)-
3-devinylpyropheophorbide-a (HPPH), along with PEG for preparation of gold
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nanocages (AuNCs). By virtue of photothermal effect of AuNCs, burst release of
drugs can be initiated (Jenkins et al. 2016).

McCully et al. (2015) have extensively studied that AuNPs with a low con-
centration of PEG functionalized with thiolated siRNA were able to induce growth
inhibition of HeLa cells (McCully et al. 2015). Patra et al. (2015) stated that green
synthesis is much advantageous than conventional synthesis of nanoparticles as
drug delivery not only target selective, but also economical as well (Patra et al.
2015). The group synthesized nanoparticles from Butea monosperma (BM) leaf
extract where BM leaves act as reducing as well as stabilizing agent/capping agent.
They found that AuNPs were biocompatible toward cancer cells and on the basis of

Fig. 6 Diagram depicting the formation and release of DOX from gold embedded BSA
nanoparticles and their release inside HeLa cells; figure adapted from Khandelia et al. (2015)

Fig. 7 Inhibition effect of gemcitabine hydrochloride loaded AuNPs stabilized by gum karaya
against human lung cancer colony (A549); figure adapted from Pooja et al. (2015)
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drug delivery system, nanoparticles exhibited noteworthy inhibition of cancer cell
proliferation (B16F10, MCF-7) as compared to anticancer drug DOX.

Lee et al. (2015b) developed pH-sensitive AuNP-drug system for the treatment
of tumor. The generated nanosystem was able to deliver DOX effectively and
served as an excellent alternative spectroscopic agent for detection of cancer. The
controlled release of drug by gold-based nanosystem has provided new path for
detection and treatment of tumors in short span of time (Lee et al. 2015b).

The AuNPs can delay the growth of tumor and its weight, attributed to their high
capacity of carrying chemotherapeutic agents, and radiosensitizing capability. Park
et al. (2015) reported that exploring such properties of AuNPs could benefit cancer
patients, and to a larger extent can reduce resistance offered by cancer cells to different
chemotherapeutic agents. The efficiency to inhibit the growth of tumor cells depends
on the therapeutic performance and delivery of drugs (Park et al. 2015).

Elbialy et al. (2015), with similar context, designed AuNPs coated with iron
oxide and loaded with DOX to evaluate their therapeutic effect by altering the
magnetic field. Oral administration of loaded nanoparticles in the presence of
external field exhibited enhanced therapeutic and lower toxic effects as compared to
and lower neat DOX. Hence, this study can help in understanding the importance of
better biodistribution and retention of the drug in tumor cells. The AuNPs have a
tendency to absorb radiation and releases electrons (Auger electrons), which
enhance its effectiveness in treating tumors (Elbialy et al. 2015).

Antosh et al. (2015) found that AuNPs in conjugation with pHLIPs (pH-low
insertion peptides) increases gold uptake by cells as compared to AuNPs without
pHLIP. They laid the foundation for preclinical assessment of these nanocarriers for
evaluation of dose enhancement and stated that generated methodology can prove
some new milestones in targeting tumors (Antosh et al. 2015).

Liu et al. (2015) reported light responsive release of drug vincristine sulfate
(VCR) loaded on AuNPs conjugated into liposome with remarkable antitumor effi-
ciency (Liu et al. 2015). The newly designed nanocarrier efficientlywas able to deliver
drug to HeLa cells after light exposure. This drug delivery system has provided new
hope to treat lymphoblastic leukemia, cervical cancer, and breast cancers.

Similarly, Lajunen et al. (2015) investigated light-activated liposomes by load-
ing it with nanoparticles, followed by exposure to visible and near infrared light.
This study has provided new option for controlling pathological problems by
releasing the drug at appropriate time and position. The functionalized and
well-characterized AuNP-decorated liposomes are exceptional systems for releasing
drug molecules at their targets (Lajunen et al. 2015).

Adhikari et al. (2015) stated that gastric condition facilitates the drug release due
to the detachment of carboxyl-modified AuNPs from liposomes. This model study
revealed that AuNP-decorated dipalmitoylphosphatidylcholine (DPPC) liposomes
showed much slower drug release compared to AuNP-decorated 1,2-dimyristoyl-
sn-glycero-3-phosphocholine (DMPC) liposomes. Thus, the new strategy for the
controlled release of drug molecules from liposomes has been established by them
(Adhikari et al. 2015). The summary of some recently fabricated AuNPs for their
specific roles is given in Table 2.
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4 Future Prospects of Engineered Nanoparticles in Drug
Discovery

The fabrication of engineered nanoparticles and their approach to treat the
life-threatening diseases has begun a new era of diagnostics. The novel and inno-
vative nanoparticles have given great benefits to patients. However, there is still
need of better and controlled release of drugs at the specific targets by choosing an
appropriate support in conjugation with nanoparticles. The last 50 years have seen

Table 2 Role of modified gold nanoparticles with various loaded drugs

Drug loaded Modifying/coating agent Target/role References

Paclitaxel PEG Liver cancer Bao et al. (2014)

DOX Transactivator of
transcription
(TAT) peptide

Brain tumor Cheng et al.
(2014)

Quinacrine dihydrochloride Chitosan-modified gold
nanoparticles (AuChi)
onto the liposome
surface

Bacterial
infection

Thamphiwatana
et al. (2014)

DOX Cysteamine (cyst) Breast cancer
(MCF-7)

Mohammad and
Yusof (2014)

Resveratrol – Human lung
cancer cell line
(A549)

Ganesh et al.
(2014)

DOX Cancerous
cells (HeLa
cells)

Dharmatti et al.
(2014)

Cisplatin Chitosan Oral cancer Goldberg et al.
(2015)

Idarubicin (IDA) Poly
(lactic-co-glycolic-acid)
(PLGA),
maleate-polyester
(MPE)

Cancer cell
death

Blaudszun et al.
(2014)

9-aminoacridine hydrochloride
hydrate (9AA-HCl), acridine
yellow (AY), acridine orange
(AO), and proflavine (Pro)

Citrate Antibacterial
efficacy

Mitra et al.
(2014)

DOX Xanthan gum Lung cancer
cells

Pooja et al.
(2014)

5-fluorouracil (5-Fu) and folic
acid (Fa)

Pullulan Liver cancer
cell

Ganeshkumar
et al. (2014)

DOX Folic acid (FA) Neuroblastoma Alexander et al.
(2014)

DOX – Breast cancer Latorre et al.
(2014)
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tremendous development in drug delivery process, although the nanotechnological
drug delivery in terms of particle size was explored in early 1970s, while the
first-generation (1G), second-generation (2G), and third-generation (3G) delivery
process was based on the mode of administration (Fig. 8). In future, the targeted
drug delivery with the help of nanoparticles or use of nanoparticles as drug itself
will be improved at specific site. However, understanding of new approaches will
be the thrust area of research over coming years (Bae et al. 2013).

The nanoparticle-based approach in drug delivery has demonstrated exciting
efficacy against small tumors in animal models; however, the outcome at clinical
stage still needs enough attention in future. The new technology, squalenoylation,
nano metal oxides are generated to improve the drug loading and reduce their
sudden release in the cell (Couvreur 2013). The multifunctional nanoparticles in
combination with drugs acting directly on DNA by intercalation can be a thrust area
for future drug delivery. The “nanotheragnostics” is also a promising mode of
preparation of multifunctional nanoparticles. The integration of nanoparticle drug
delivery and nano pharmacology is a major challenge to solve the problem of
controlled delivery and release of drugs carried by nanoparticles. The challenge can
be dealt in future by novel attitude with improved mechanism of understanding of
nanomaterial behavior at cellular and molecular levels. The generation of
eco-friendly and biologically compatible nanoparticle-based drug delivery systems
could be a new hope to recover a large number of rejected drugs. The use of safe
nanoparticle drug delivery system will add new marketable values to nano phar-
maceuticals. Moghimi et al. (2011) stated that generation of biologically and

Fig. 8 Development of controlled drug delivery systems; figure adapted from Bae et al. (2013)
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environmentally safe nanoparticulate drug delivery systems makes possible to
formulate drugs in an optimal way and for personalized therapies ( Moghimi et al.
2011).

5 Conclusions

The advent of engineered nanoparticles as drugs or carriers of drugs has not only
opened up a new area of drug delivery process but also has overcome the problems
of delivering the suspension of effective drugs. The prepared nanoparticles in
combination with different drugs are best alternatives to address this problem. The
presence of rich functional group surface of nanoparticles makes it prone to
alteration by modifying polymers or other organic compounds. This property of
nanoparticles has added extra advantage of carrying the drug to specific target. In
addition, nanoparticles in combination with magnetic properties can enhance both
therapeutic and imagining properties. Thus, the present book chapter has provided
very recent information about the milestones achieved by different researchers in
addressing the challenges faced by drugs to be delivered at specific sites and their
alternate solutions.
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