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ABSTRACT

Nanofluids are effective heat transfer fluids, exhibiting enhanced heat transfer than conventional
fluids such as deionized water (DIW) and ethylene glycol (EG). In this study, nanofluids with a
volume concentration of 0.06% were prepared by dispersing silicon nitride (SisN4) nanoparticles
in DIW, EG, and different ratios (60:40 and 40:60) of DIW-EG using a two-step method. The
phase and structural analysis of the nanoparticles were conducted using X-ray diffraction and
scanning electron microscopy. The stability of the prepared nanofluids was investigated using
visual sedimentation, zeta potential, and UV-VIS spectroscopy measurements. Thermo-physical
properties such as thermal conductivity and viscosity of SisN4/DIW, SisN4/EG, SizN4/DIW-EG
(60:40), and SizN4/DIW-EG (40:60) were evaluated across a temperature range from 30°C to
80°C. The results showed that SisN4/DIW exhibited high stability as compared to SisN4/DIW-EG
(60:40), followed by SisN4/EG and SizN4/DIW-EG (40:60) nanofluids. The maximum thermal
conductivity enhancements of 14% and 9.4% were observed for SisN4/DIW and SizN4+/DIW-EG
(40:60) nanofluids, respectively. The rheological properties of SizNs nanofluids exhibited
Newtonian behavior in DIW, EG, and the (60:40 and 40:60) DIW-EG mixtures, with and without
surfactant, as indicated by a linear relationship between shear stress and shear rate. However,
adding OLAM to the SizN4/EG nanofluid changed its flow behavior from Newtonian to dilatant.
At a constant volume fraction, the viscosity of the nanofluid decreased with increasing
temperature, with the most significant reduction in viscosity relative to the base fluid observed at
80°C. The visual sedimentation, zeta potential, and UV-VIS spectroscopy, results indicated that
SisN4/DIW/OLAM nanofluid remained stable up to 5 months. Overall, the results suggest that
SizN4/DIW/OLAM is the most suitable nanofluid for enhancing heat transfer and energy efficiency
in industrial applications.

Keywords: SisNs-nanofluids; Surfactants; Stability; Thermal conductivity; Rheology; Viscosity
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CHAPTER 1: INTRODUCTION

1.1. Heat Transfer Fluids

Conventional heat transfer fluids for example oil, water, and ethylene glycol play a vital role
in many industrial applications like power generation, chemical processes, heating and cooling
processes, biomedical, microelectronics, and transportation. The thermal properties of
conventional heat transfer fluid possess low thermal conductivity compared to solid materials.
That is the main reason for enhanced heat transfer. Using fins, variation of surface,
suction/vaccination of fluid, and electrical or magnetic fields have made it to a dead stop. So novel
technologies with the upcoming strength for thermo-physical properties of traditional fluids have
been the domain of noble research [1]. Heat transfer fluid transports heat to the storage tank as
well as the steam generator. Therefore, they should have low viscosity and high thermal capacity
for efficiency. Water, artificial oil, and liquid salt are heat transfer fluids. Water is a high-quality
heat transfer fluid as it has a high thermal range and low viscosity. It is economical because it is
used in direct steam generation saves the price of the heat exchanger. However, it is unbalanced
and hard to control at high temperatures. Oil has a higher boiling point than water and is preferred
for accumulating high-pressure conditions. The problem with heavy oil is that rapid hydrocarbon
breakdowns when heated within 400°C so that is the temperature limit at which concentrated solar
power (CSP) can work. Molten salt is a mixture of sodium nitrate and potassium nitrate and can
significantly control higher temperatures up to 550°C compared to other fluids like water and oil.
These properties allow steam turbines to run with enhanced efficiency. One of the major
drawbacks of this heat-transfer fluid is the risk of freezing salt in extended receiver length [2].

Some of the characteristics which is important to choose heat transfer fluid.

I.  Low viscosity eases fluid flow and reduces pumping expenses.
I1.  Select non-corrosive fluid to decrease pipe replacement and lower maintenance costs.
1. High thermal conductivity and thermal diffusivity will enhance the rate of heat transfer

across the fluid.



High boiling and freezing points of fluid will help to keep the fluid in the same phase while

exchanging heat by these complications of equipment design decrease [3].

This thesis will discuss the analysis of the stability of NFs for heat transfer improvement as
one of the key uses of nanotechnology for energy efficiency development.

1.2. Development of Nanofluids

Nanofluids are a fluid in which nanometer-size particles are smaller than 200 nm suspended
in a liquid medium. Nanofluid exhibits enhanced thermos-physical properties like thermal
conductivity, viscosity, thermal diffusivity, and heat transfer coefficient compared to their base
fluid. The main factor of nanofluid is its good thermal conductivity. They exhibit exciting
applications in diverse fields of science and technology. Efficient production of nanofluids with
controllable microstructures enabled through chemical solution method. The capability to design
microstructure that could have the potential to control chemical reactions that happen quickly and
require precision of a high degree. The industrial production of nanofluids depends on future
research improvements to become achievable. They offer us feasible solutions for our latest
technological issues. The technology can only develop if the manufacturing costs are enhanced
and better stability is attained for nanofluids [4]. The scientist Maxwell examined that millimeter
or micrometer-sized particles dissipate in fluids enhance the thermal conductivity, and then
investigated to increase thermal properties of fluids achieved. Although micro particles settled
speedily in the fluid leading to corrosion and clogging in the flow medium, regulate further
research into suspensions in fluids [5]. Choi et al. developed that the addition of metal and metal
oxide particles to the base fluid improves the thermal conductivity significantly [6]. Further
nanocomposite has enabled the production of hybrid nanomaterial and researchers have been
investigating hybrid nanofluid properties. It analyzed various factors that affect thermal
conductivity like type of nanoparticle, amount of nanoparticles, types of base fluid, size of
nanoparticles, temperature, addition of surfactants, pH variations, and ultra-sonication time
analyzed in previous research. The preparation of hybrid nanocomposites and hybrid nanofluid
show excellent physical characteristics and stability as compared to mono nanofluid. On the other

way, nanofluid contains only one type of nanoparticle more likely to form clusters [7]. Compared



to micro and Milli-sized particles, the importance and benefits of Nano-sized have been

investigated and it could be listed as shown in Fig. 1.1.

I ™
High thermal
properties
~ ™
| ”~ ™
Small size and Reduced the
larger surface area ] required heat
Benefits of , transfer area
suspension
Higher optical JEaviicee "
P compared to micro
characteristics i
suspension

Fig. 1.1. Benefits of suspension of Nano-sized particles.

Some of the challenges for nanofluids that cause homogeneous dispersion. Firstly,
enhancing the similarity between nanomaterials. Secondly, enhancing base fluids by leveraging
the combined characteristics of two phases could be a promising solution. The shape and structure
of nanoparticles play a significant role in improving nanofluid properties. Therefore, developing
advanced nanofluid synthesis methods that allow for controlled microscopic structures will present
a remarkable research challenge. Thirdly, suspension stability is a critical problem for practical
applications and scientific research. More research is needed on the long-term stability of
nanofluids for practical conditions and after thousands of thermal cycles. Fourthly the thermal
performance of nanofluids at high temperature need more investigation. This limits the potential
application area of nanofluid in high-temperature energy storage and high-temperature solar
energy absorption. More work is needed on the high-temperature performance of Nanofluids by
using surfactants which may produce more foams. Lastly, the stability of nanofluid strongly

depends on the shape and properties of the added nanoparticles [8]. There should be good
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compatibility to achieve long-term stability between nanoparticles and the base fluids hydrophilic
nanoparticles are easily dispersed in polar solvents and hydrophobic in non-polar solvents.
Stability affects not only the thermos-physical properties but also the performance of thermal
systems. These days, using surfactants in hybrid nanofluids decreases the fluid’s surface tension,

enhances Brownian motion, and improves heat transfer properties [9].

1.3. Research Motivation

In recent years, nanofluids have obtained important motivation owing to their potential to
transform different areas, along with engineering, pharmaceutical, and environmental science.
Nowadays, the cooling of mechanical and electrical components has become problematic in fast-
growing technology. Due to the advancement of faster speeds and reduced volumes of heat-
exchanging devices, the heat required to reject is increasing continuously, and more output power
is needed for engines. However, for heat transfer, three ways are used for heating or cooling
applications, but the advantages of heat flux of convection and conduction is the best and most
effective ways of consuming fluids. Heat transfer fluids have many civil and industrial
applications. The poor thermal conductivity of these fluids is a confined factor in cooling systems
design. The increase of power with the decrease in the size of equipment is considered to be
innovative heat transfer technology. Moreover, the ability of nanofluids to work as modern
functional fluids in different fields, like biomedicine and renewable energy, has raised interest in
their advancement. There are two ways to meet the cooling/heating requirements. Designing
advanced heat exchanging devices, for example, micro-channels, extending the surfaces by fins,

improving the heat transfer properties of the fluids, and homogenized spot cooling [10].

While enhancing the design of heat-exchange devices has traditionally been a reliable
method to improve heat transfer rates, its potential has now reached a limit [11]. With the growing
demand for machines and devices to function efficiently, there is an urgent need to discover
advanced heat transfer fluids that offer higher thermal conductivity and superior cooling
capabilities. Current research and development efforts are focused on enhancing the heat transport

properties of conventional fluids. [12].



Liquid metals become increasingly popular for its unique properties like electrical and
thermal conductivity, melting point, low freezing and low viscosity. These properties make it ideal
for different applications including chemical synthesis, flexible electronics and biomedicines [13].
The resulting functional materials can significantly expand the application range of low melting
liquid metals like alloying and fabrication of micro-droplets and have a wide range of applications
in areas like 3D printing, soft robotics, and drug delivery. Liquid metals usually have high thermal
conductivity, which make them off from other fluids such as oil, water, glycols [14]. Thermo-
physical properties of liquid metals are shown in Table 1.1.

Table 1.1. Liquid Metals Thermodynamics properties [15].

Name of 3 Melting Thernfa.l Specific -
liquid metal Density/m point /°C C(/)‘I)l‘:l(unclt?(’:l;y heat/ le.(kg.K)
Mercury 13.546 -38.87 8.34 0.139

Potassium 664 63.2 54.0 0.78
Sodium 926.9 97.83 86.9 1.38
Lithium 51.5 186 41.3 4.389

Tin 6.940 232 15.08 0.257

The current cooling techniques convectional conduction and force-air convection
techniques may not be enough for advanced electronic systems. However, researchers are
exploring new solutions such as thermoelectric cooling, liquid cooling, heat pipes, and vapor
chambers. Recently using liquid metals or alloys with a low melting point as coolant has shown
potential to reduce the chip temperature significantly. However, the techniques raised many
fundamental and practical problems that must be addressed. The focus will be on the thermal
properties of liquid metals with low melting points or their alloys and their potential applications

in chip cooling. The liquid metal cooling method should be revolutionized by computer chip
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cooling due to its advantages over traditional coolants [15]. To improve thermal conductivity,
Maxwell suggested the concept of the addition of more thermally conductive powderd particles
into fluids. Firstly Maxwell's idea was conceptual, and the next studies of many researchers
achieved little success [5]. The factor which increase the thermal conductivity was the size of
particles, and the synthesis methods for tiny particles available at that time could not control the
size effectively. S.U.S Choi and J Eastman in the 1990s, prepared nanofluid with suspension of
metallic particles having nanometer size in EG (ethylene glycol) and oils, respectively, as well as
suspension of carbon nanotube. The results were varied but inspiring as seen in measurements of
nanofluids prepared by Choi and Eastman in 1996, 1997 and 1999 respectively [4] [6] [16]. To
prepare nanofluids from the literature, it is predicted that the particle concentration is commonly
from 0.1% to 10% which enhance thermal conductivity. According to the research for instance at
a volume concentration of 0.01(1 vol%), CNT- ethylene glycol suspensions showed a 12.4%
thermal conductivity. On the other hand, synthetic engine oil suspensions displayed a 30%

enhancement in thermal conductivity at a volume fraction of 0.02% [17].

The most extensive studied extensively studied NPs are the ZnO, TiO2, and Al2Os. Over
the last decade, zinc oxide (ZnO) has attained pronounced interest from the research community,
due to its exponential physical properties, mainly its enormous thermal and electrical conductivity
[18]. However, the major problem with using ZnO is its long-term stability and thermos-physical
properties. Additionally, ZnO nanoparticles exhibit anti-microbial properties, making them ideal
for use in different applications in nanofluid technology, including industrial and biomedical fields
[19] [20].
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Fig. 1.2. Thermal conductivity of nanoparticles, at room temperature [21].

1.4. Applications of Nanofluids

Nanofluids have become a popular subject of study of engineering materials due to their
unique composition of nano-sized additives and base fluids. Their exceptional thermal properties
and potential applications make them exciting prospects for researchers [22]. In literature
nanoparticles are various types, such as metallic, nonmetallic, and intermetallic compounds ( such
as Ni[23], Cu [24], Au [25], Ag [26], and others.) Additionally, there are different kinds of ceramic
compounds like carbide oxides and sulfides or carbon-based materials such as carbon nanotubes

[17], graphene, or graphene oxide [27].

Base fluids are water, ethylene glycol, propylene glycol [28], water-ethylene glycol
mixture [29], polyethylene-water [30], engine oil [31] vegetable oil [32], and others. After the
introduction of the concept of nanofluids, the potential features of nanofluids have attracted the
attention of many researchers across different areas. That’s why a lot of researchers are working

toward various purposes and applications.

In the literature, the number of applications of nanofluids in diverse areas such as

biomedical, electronics, mechanical, heat transfer, automotive, energy, and others have been



described in Fig. 1.3, showing some possible applications of nanofluids in various fields. Other
applications are solar fields, nanofluid detergent magnetic sealing, reactor heat exchangers, optical
fields, electronic cooling, and petroleum industries [33]. Recently nanofluids have been
synthesized by dispersing nanoparticles in conventional lubricating oil that successfully improve
the anti-wear property as a result at which fraction is reduced. Based on the research, it has been
found that the minimum quantity of lubricants is suitable for green machining. This technique has
been utilized with vegetable oils, mineral oils, and nanofluid-based cutting fluids across various
machining processes, including drilling, turning, and grinding. It has demonstrated effectiveness
in enhancing surface quality and reducing cutting forces, tool wear, coefficient of friction, and

cutting zone temperature compared to both wet and dry machining methods [33, 34].

Applications of Nanofluids

Electronic Biomedical Energy

Heat

Mechanical Other

SR Automotive

Apﬂlcatlons
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Microscopic (‘ Solar Magnetic Nanofluid-
: id i s ‘ancer i
oot 1 € applications Microbial
. Fuel Cell
SYST_"“ Brake and Sensing and uette
cooling -
: oﬁhcr R Mass transfer
Extraction of vehicular Enhan .
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Fig. 1.3. Applications of Nanofluids [36].

1.4.1. Thermal Applications of Nanofluids

Nanofluids have emerged as an innovative solution for enhancing the efficiency and cost-

effectiveness of thermal systems across commercial, residential, and industrial applications. The
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benefits of enhanced efficiency in thermal systems are the reduction of, lower energy consumption,
environmental impact, and lower cost. As a result, hybrid nanofluids are being increasingly used
in thermal systems like solar collectors, heat exchangers, and hybrid photovoltaic-thermal (PVT)
solar systems with a focus on the life cycle approach [37]. Nanofluid can be used in transport
systems like automotive and automobiles to cool the engine [38] in metal processing they can be
utilized in metal cutting [35]. They can also be used as an efficient coolant in data science and

compact electronic cooling systems [37,38].

Several studies have highlighted the promise of nanofluids in energy-related applications
such as in the fabrication of innovative phase change materials (PCM) for storing thermal energy
and also for solar absorption in solar collectors in which the introduction of nanofluids could

improve the absorption properties of working fluids [41].

Data-center T

Thermal Metal processing\’
uses Of Transportation \‘

Nanofluids

Cooling/heating

Thermal energy storage \‘

Fig. 1.4. Thermal applications of Nanofluids.

1.5. Problem Statement and Research Objectives

In the context of climate change and the pursuit of sustainability goals, there is an increasing
need for energy-efficient systems across various applications. Traditional heat transfer fluids are
being replaced by nanofluids, which integrate more conductive nanoparticles, to enhance heat
transfer efficiency. However, the stability of these nanofluids remains a significant challenge,
limiting their widespread use. This study focuses on addressing this issue, as the existing literature

does not adequately explore the stability of nanofluids, the role of surfactants, and the effect of



different base fluids on the thermophysical properties and stability of SizsNs4 nanofluids. The
addition of surfactants helps reduce the intermolecular forces between nanoparticles, thereby

improving their suspension in the base fluid.

e Preparation of silicon nitride-based nanofluids by two-step method.
e Effect of surfactants on stability of prepared nanofluids.
e Determination of thermophysical properties and rheology analysis of various combinations

of base fluids.

1.6. Research Limitations

The extensive research on nanofluids reveals several limitations that make their use quite
specialized. The base fluid must be carefully selected according to the temperature range and the
nanoparticle's chemical nature. The addition of surfactants can increase viscosity, and high
nanoparticle concentrations can reduce the effectiveness of Zeta potential and UV-vis
spectroscopy for stability analysis. Furthermore, the high cost of nanoparticles is a significant
hurdle, particularly for small-scale applications.

Summary

To achieve efficient heat transfer, fluids with high thermal conductivity like water and
ethylene glycol are often used. Adding nan-sized particles to these fluids can further improve
efficiency. These nanoparticles enhance heat transfer by increasing convection through Brownian
motion. The particles' size, shape, and type influence their dispersion and thermophysical
properties. Inadequate dispersion can lead to agglomeration, reducing Brownian motion and
thermal conductivity. Techniques such as ultrasonication, pH adjustments, and surfactant addition
are applied to stabilize nanofluids. This study investigates various surfactants for stabilizing SizNa
hybrid nanofluids and assesses their impact on the nanofluids thermophysical and rheological

characteristics.

Dissertation Organization
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Thesis write up is separated into six main sections as;

Chapter 1 gives the introduction of research work, motivation behind the selection of this topic
and what to do in this work, objective statement of work and limitation of current study.

Chapter 2 covers the literature review regarding nanofluids preparation techniques, different
techniques used to enhance performance of thermal system and describes the parameters effecting
the performance of such systems. This chapter also covers the role of stable nanofluids for heat
transfer enhancement and study of various factors effecting the stability and stability enhancement

techniques.

Chapter 3 presents the experimentation method adopted for preparation, characterization methods
for nanofluids, and testing methods used to find the stability and thermophysical properties of

nanofluids.

Chapter 4 discusses the results obtained from various characterization techniques (XRD, SEM,),
of nanoparticles for nanofluids. Results obtained from nanofluids preparation methods of
suspended nanoparticles with and without using surfactant to evaluate the stability and
thermophysical properties of nanofluids are also mentioned in this section.

Chapter 5 concludes the outcomes research project and elaborates possible future prospective and

probable recommendations of current work.
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CHAPTER 2: LITERATURE REVIEW

2.1. Nanofluids as Heat Transfer Fluids

There has been a growing interest in research studies related to nanofluids in recent years.
This is because of the increasing demand for nanofluids as a heat transfer in various applications
[38]. Nanofluids are suspensions of nanoparticles in base fluids. With the rising need for more
high efficiency of thermal systems, researchers are exploring the potential of nanofluids as a
promising option [42]. The enhancement in thermal conductivity examined in these fluids with
nanoparticles was unexpected. Alternative heat transfer mechanisms have been investigated, as
suspensions with micrometer-sized particles do not show such a pronounced improvement. To

develop a comprehensive theory, efforts are being made to understand this difference [33].

Nanofluids are fluids composed of a mixture of solid and liquid phases. The addition of
powdered nanoparticles to the specific fluid can increase the thermal conductivity of the fluid,
thereby enhancing its heat transfer characteristics. It has been proven that adding a single
nanoparticle to the base fluid can improve its heat transfer and flow characteristics. In recent years,
researchers have focused on studying nanofluids containing composite nanoparticles, which are
made up of more than two nanoparticles in the base fluid. Studies have shown that hybrid or
composite nanofluids enhance the base fluid's thermal and rheological characteristics more than
mono-nanoparticle-based nanofluids [43]. The stability of nanofluid is a main challenge that needs
to be addressed for its widespread industrial use. Without proper stability, the performance of the
system will gradually decrease over time. Therefore, it is essential to address the long-run stability
of nanofluid and ensure its successful for industrial use. It is essential to study the stability of
nanofluids under various conditions such as shear rate, pressure, confinement, temperature,

salinity, composition, magnetic field, etc. [44].

2.2.  Nanoparticle Synthesis Approaches and Methods
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When it comes to nanomaterial composition, understanding the properties of the material
is crucial. This includes chemical, physical, optical, and mechanical properties, which all play a
key role in determining how the material can be behave and used. Chemical properties like surface
energy, oxidation process, chemical potential, and catalysis play important roles in shaping the
composition of nanomaterials. On the other hand, the physical properties of nanomaterials are
dependent on factors like shape, size, color, and particle morphology. Optical properties including
reflection, light emission, transmission, and absorption are determined by their electronic structure
which in turn, depends on surface atoms [43, 44]. Lastly, mechanical behavior is characterized by
high strength conditions and high speed plasticity, which are influenced by material structure, grain
size, porosity, hardness, adhesion, elastic modulus, and friction [47]. Methods of synthesizing

nanomaterials are top down and bottom up approaches.
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Fig. 2.1. Top-down and Bottom-up synthesis technique for nanostructure.

2.2.1. Top-Down Approach

This method involves converting bulk material into nano-sized particles. However, it is not
very effective in producing irregular shapes and extremely small particles despite being relatively
easy to use. Obtaining the required particle size and shape can be difficult, which is the main

disadvantage of this approach [45]. This approach is more effective in fabricating thin films. These
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techniques are frequently implemented when creating electrical circuits that require a high level

of integration and connectivity [48].

2.2.1.1. Mechanical Milling & Ball Milling Process

In the top-down approach, ball milling is the simplest and most efficient process to produce
nanoparticles by attrition. The process transfers kinetic energy from the grinding medium to break
down the material, producing various nanoparticles and metal alloys. The impact of the balls with
one another and with the vessel walls can result in high-pressure and high-temperature conditions,
driving severe phase transformations. A fixed quantity of powder materials is loaded into a milling
jar and processed by the interaction between the jar and milling balls. A range of reactions can be
produced that do not happen at ambient temperature. [43, 47, 48]. Ball milling is used for many
purposes including reduction of particle size, change in the structure of particles, growth of particle
size, and agglomeration. It can also be used to mix phases of two or more materials or modify
fixed material characteristics like density, or work hardening, or flow ability. The temperature
increases during milling due to several factors, including collisions between balls and powders,
collisions between balls and walls, collisions between balls, and the frictional forces generated.
The overall temperature rise of particles during milling can contribute to these factors [51]. The
advantages of this process are lost if large crystallites form instead of nanocomposites due to high-
temperature reactions taking place. To avoid an accident, it is crucial to understand the condition
of exothermic reactions that may occur during the manufacturing process and lead to ignition.
When it comes to milling energetic materials in powder particle form, this statement holds more
significance [52]. In Fig. 2.2 the schematic diagram is shown.
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Fig. 2.2. Schematic diagram of ball milling technique.

2.2.1.2. Thermal Evaporation

Thermal evaporation is a widely used technique for producing stable, uniformly dispersed
suspensions that can self-assemble. The method relies on heat to break a chemical link in a
molecule, leading to its breakdown. The thermal evaporation setup comprises an alumina crucible
for powder containment, a resistive heating system, and a consistent distance between the source
and substrates. Prior to the evaporation process, substrates are cleaned using acetone and ethanol.
Key factors like furnace temperature, evaporation duration, and the gap between the source and
substrate play a crucial role in influencing the outcome [45]. A significant benefit of this approach
is that it avoids the use of solvents, ensuring uniform deposition on substrates, especially for
ultrathin layers. It provides precise control over film thickness by monitoring the deposition rates
of each precursor. This method is particularly well-suited for materials with low melting points.
Shutters and masks were employed due to the line of sight trajectory and limited-area sources. The
process allows for easy monitoring and control of the deposited material, with residual gases and

vapors readily detectable during deposition [53].
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2.2.1.3. Laser Ablation

This method's main goal is reducing the particle size to the nano level using laser
irradiation. In this process, a solid material is coated with a thin layer and then subjected to pulsed
laser irradiation. The most common lasers used for this method include Nd: YAG (neodymium-
doped yttrium aluminum garnet), Ti: Sapphire (titanium-doped sapphire), and copper vapor lasers.
When the laser irradiates the target material, it causes fragmentation of the solid material into
nanoparticles, which remain in the liquid surrounding the target and assemble a colloidal solution.
The laser pulse time and energy determine the amount of ablated particles and atoms formed.
Moreover, various parameters including laser pulse time duration, wavelength, time of ablation,
fluency of laser, and the surrounding liquid medium whether with or without surfactant can affect

the efficiency of ablation and the characteristics of the resulting metal particles [54].

2.2.1.4. Sputtering

In this method, the sputtering process can be made more efficient by using magnetron
sputtering. For this, a magnetic field is employed to deposit a thin film onto the substrate. By
confining electrons within a magnetic field around the target, the plasma is intensified, leading to
increased ionization of argon atoms and accelerated bombardment ions, thereby enhancing the
deposition rate [55]. This method provides benefits such as uniformity, precise thickness control,
rapid deposition rates, strong adhesion, and the capability to cover large areas effectively, suitable
for both RF and DC sputtering techniques [56]. In ion sputtering, in an evacuated vacuum chamber
sputtering gas is introduced and the pressure is maintained at 0.05 and 0.1 bar. A high voltage is
applied to the target, or cathode causing free electrons to spiral around the magnetic system. These
electrons collide with the sputtering gas usually argon, and cause ionization, resulting in the
formation of glow discharge or plasma. The positively charged ions are attracted towards the
target, where they continuously impinge. The process repeatedly occurs between metal atoms, gas
molecules, a scattering of atoms, and forming a diffuse cloud. When the collision energy
approaches the binding energy of the surface, an atom can be expelled [52, 55].

2.2.2. Bottom-Up Approaches
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The bottom-up method is the opposite of top-down. Nanomaterials are formed through the
self-assembly and growth of atoms and molecules as their building block resulting in well-defined
shape, size, and chemical composition [45]. lonic and molecular self-assembly is a typical example
of a bottom-up approach, where physical or chemical forces are used to gather individual building
blocks or molecules into larger ones through non covalent bonds like ionic and hydrogen bonds,

Van der Waals forces, and water-mediated hydrogen bonding [48].

2.2.2.1. Chemical VVapour Deposition (CVD)

In the bottom-up approach, nanomaterials are created through a simple materials process.
A layer of gaseous reactant is applied onto a substrate using this method. When the gas or vapor
interacts with a heated substrate, a reaction takes place inside a reaction chamber, leading to the
formation of a thin layer on the substrate. This thin film is then etched out and utilized accordingly
[45]. This reaction can be activated by thermal, plasma, laser, or photo-laser-methods. Thermal
CVD activated o high temperatures above 900 employs a gas supply system, deposited chamber,
and exhaust system. Plasma CVD involves plasma at a temperature between 300°C and 700°C to
start the reaction, and laser CVD-activated pyrolysis happens by laser thermal energy and deposits
materials on an absorbing substrate. Photo-laser-induced UV radiation reaches chemical bonds,
allowing deposition at room temperature [58].

2.2.2.2. Hydrothermal Method

The hydrothermal method which involves the reaction of aqueous solution vapors with
solid materials at high-temperature and high-pressure, results in the deposition of nano-size
particles. In this method, cations precipitate in polymeric hydroxide form, and these hydroxides
undergo dehydration, and facilitate the formation of metal oxide crystal structures. The presence
of a second metal cation helps control the formation process, preventing the formation of complex
hydroxides by adding base in a metal salt solution [54]. This approach significantly advances
science and technology by promoting homogeneous precipitation, offering an environmentally
friendly solution, ensuring cost efficiency, scalability, and yielding a pure final product.
Furthermore, this method can be divided into hydrothermal synthesis, treatment, crystal growth,

organic waste treatment, crystal growth, and preparation of functional ceramic powder [45].
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2.2.2.3. Co-Precipitation

In this synthesis method, solid particles are produced by dissolving material into solvent.
It is the simplest method for nanoparticles produced on a large scale, and cost effective among all
the wet methods. This method can form both micro-particles and nanoparticles at low temperatures
depend on the salts used. The process involves inorganic metal salts, like nitride and chloride,
dissolved in water. These factors such as temperature, type of solvent pH value, mixing rate of
reagent and solvent, and post-treatment may affect the properties of the final nanoparticle formed.
However, controlling the particle size due to these factors' influence is not easy, leading to typically
broad size distribution [43, 57].

2.2.2.A4. Sol-Gel Method

The sol-gel method is a widely used bottom-up approach for synthesizing nanomaterials
due to its straightforward process. It combines two stages: sol and gel. In this technique, "sol"
refers to a colloidal solution of solid particles dispersed in a liquid, while "gel" denotes a
macromolecule dispersed in the liquid phase [45]. Colloidal particles used in this process are much
larger than normal molecules and nanoparticles. However, when mixed with a liquid collide
appears bulky, while nano-sized molecules look clean. The process involves the evolution of
networks through the formation of a colloidal suspension (sol) and gelatin to create a network in a
continuous liquid phase (gel). It involves the use of metal alkoxides and alkoxysilane ions, with
tetraethoxysilane (TMOS) and tetraethoxysilanes (TEOS) being the most widely used ones for
synthesizing silica gels. These are organic precursors that are used to form silica, aluminum,
titanium, zirconium, and other materials. Mutual solvent alcohol is commonly used. Initially, a
solution of one or more selected alkoxides is created. A catalyst is then used to initiate the reaction
and control pH levels. This process consists of four stages: hydrolysis, condensation, particle

growth, and particle agglomeration [57, 58].

2.3.  Nanofluids Preparation Techniques

The preparation of nanofluids is a crucial step in experimental studies with nanofluids. To

produce nanofluids, nanometer-sized solid particles are dispersed into a base fluid like water, EG,
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oil, etc. However, agglomeration is a major issue. It is necessary to prepare nanofluids delicately
they have specific requirements, such as an even and stable suspension, low particle
agglomeration, and no chemical changes in the fluid [8]. Adding nanoparticles in base fluids
significantly improves thermal conductivity compared to those of conventional heat transfer fluids,
and this makes nanofluids a promising option for enhancing heat transfer capabilities [43].
Nanofluids can be prepared using either by one-step or two-step method as shown in Fig 2.3. In
one step method nanoparticles are directly dispersed in a base fluid and mainly through chemical
means [61]. On the other hand, in the two-step method, nanoparticles are first prepared in the form

of powder using physical or chemical methods and then suspended in a base fluid [4].
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Fig. 2.3. Preparation Method (a) Single-step method (b) Two-step method [62].

2.3.1. Single-step Method of Nanofluid Preparation

In the one-step method, nanofluids' preparation involves producing particles while
dispersion them directly into the base fluid [1]. This approach presents several advantages such as
preventing oxidation of nanoparticles, achieving uniform dispersion, enhancing stability, and
reducing accumulation during storage, drying, and transportation. However, there are some
limitations to this method, such as a slow production process, restrictions to low-pressure fluids,

and the possibility of nanoparticle collision at low concentrations in certain cases [22].
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2.3.1.1. Direct Evaporation Method

In this method, metals can be transformed into nanofluids through various techniques. One
such technique involves heating the metals to their critical point and then subjecting them to base
fluids. This technique involves passing a high voltage pulse of 300 V in a thin wire, causing it to
evaporate and transform into plasma within microseconds. The plasma is subsequently condensed
into nanoparticles by interaction with inert gases such as argon and nitrogen. The resulting is then
combined with nanoparticles to develop a hybrid nanofluid [63]. Another method, for producing
ultrafine nanoparticles is vacuum evaporation onto an oil substrate. In this method, metals or non-
metals with high thermal conductivity are evaporated in a vacuum onto the surface of flowing oil,
where ultrafine particles are subsequently formed on the oil's surface. VEROS offers several
advantages, including the ability to produce extremely fine particles that are uniformly dispersed
in oil or base fluids. The production rate is also faster than the gas evaporation method. The
apparatus features a rotating disk within the work chamber, where oil or a base fluid is introduced
at the disk's center. Centrifugal force drives the evaporation of metal atoms, which subsequently
deposit onto the flowing oil. The resulting oil or base fluid, now infused with ultrafine metal

particles, is then collected in a container [22].

2.3.1.2. Physical Method

J. C. Kim et al. [64] studied a one-step physical method to prepare Cu nanofluid,
synthesized through a one-step electrical explosion of wire in EG exhibits stable properties without
surfactants. It has been reported the addition of only 0.1 vol% Cu nanoparticles dispersed into
ethylene glycol can increase its thermal conductivity by up to 5.2%. Ho Chang et al. [65] studied
utilizing the plasma arc discharge system to quickly vaporize aluminum by releasing a high-energy
plasma arc. The control parameters for this process include working current, plasma gas, and
protective gas flow rate. The pressure control system creates a pressure differential to transport
vaporized particles into a collection chamber. To prevent excessive particle growth, the nanofluid
collection and cooling system pre-condense deionized water, enabling low temperatures during
nanofluid collection. The vaporized metal is then induced into a collection piping, where it mixes
with pre-condensed deionized water, instantly condensing into nanoparticles to form a fully mixed

nanofluid.
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2.3.1.3. Chemical Method

Chemical methods have several advantages over physical ones, such as being more
economical and faster. A recent study explored various kinds of chemical methods and
summarized several of them in a section. For instance, the researchers investigated a pioneering
work that utilized a single-step chemical method. To synthesize copper nanofluid, a mixture of 25
ml of 0.1 M CuS0O4.5H,0 and 5 ml of 0.01 M polyvinylpyrrolidone in ethylene glycol was
prepared. The mixture was then subjected to microwave for 5 min followed by the addition of 25

ml of 0.1 M sodium hypophosphite. The result is the color change from blue to dark red [66].

The mixture included 50 ppm of CuO, 96% WCO biodiesel, 3% water, and 1% ethylene
glycol. They used a one-step chemical synthesis that involved dissolving 50 mg of copper acetate
in 30 ml of distilled water and adding distilled water and adding diethanol amine and hydrazine
hydrate. The resulting brownish-black CuO nanofluid was characterized using UV-visible
spectroscopy, which showed absorption bands at 223 nm and 293 nm, confirming the formation
of CuO. After that, transmission electron microscopy (TEM) revealed an average particle size of

6 nm.

2.3.2. Two-Step Method

In this method, dry nanoparticles are formed and then dispersed into a base fluid. However,
since nanoparticles have a high surface energy, clustering, and aggregation are unavoidable and
can easily occur. Eventually, the particles tend to settle at the bottom of the container, making it
challenging to create a homogeneous dispersion using a two-step method. However, techniques
such as high shear and ultrasound can be used to minimize this problem. Different methods to
discussed for making nanofluids. The method is suitable for producing nanofluids containing oxide
particles and carbon nanotubes. While this method works, well with oxide nanoparticles and is
attractive to the industry due to its simple preparation method, it has the disadvantage of quickly
agglomerated particles. Consequently, it presents many challenges nowadays. Since nanoparticles
disperse partially, the dispersions are poor, and sedimentation occurs, requiring a high volume
concentration to increase heat transfer (10 times per single step). As a result, the cost would be as

much as loading [67]. The two-step method is useful for applications with particle concentrations
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greater than 20 vol%, though it faces limitations with metal nanoparticles. However, some surface-
treated nanoparticles showed excellent dispersion [68]. The first materials tried for nanofluid
preparation were oxide nanoparticles, mainly because they are easy to make and chemically stable
in solution [5].

2.3.2.1. Ultrasonic Sonicator

Ultrasonication is the widely employed method for nanoparticle dispersion in nanofluid
preparation, but there are no standardized procedures for the pulse on-off duration and amplitude
percentage. Some researchers have found that indirect sonication, which involves an ultrasonic
bath, may not be as effective for dispersing dry powders, especially in highly viscous base fluids.
On the other hand, direct sonication using probe sonication is considered more suitable for
preparation of nanofluid. The choice between direct and indirect sonication depends on various
factors, such as the nature of the nanoparticle and the viscosity of the base fluid [22]. The delayed
nanoparticle oxidation post-sonication is the cause of the scattered sedimentation in nanofluids at
10°C and 20°C. On the other hand, flocculated sedimentation in other samples results from particle
oxidation during the preparation phase. The noticeable hydrogen generation is dispersed
sedimentation nanofluids exhibit a distinct oxidation timing highlighting its connection to settling
behavior [69].

2.3.2.2. High-pressure homogenizer

The high-pressure homogenizer, which consists of two micro-channels that divide a liquid
stream into two separate streams stream is then recombined in a reacting chamber. These streams
are then recombined in a reacting chamber. The increased velocity of the pressurized liquid streams
in the microchannel causes cavitation to form in the liquid, which in turn generates high energy
that is used to break up clusters of nanoparticles. [70]. In this setup, tiny particles are pushed
through a narrow tube into an even narrower microchannel, where they speed up dramatically and
cavitation bubbles form. This fast flow, along with impacts on the chamber walls and high shear
rates, breaks up particle clusters, resulting in highly homogeneous suspensions with reduced

particle aggregation [22].

2.3.2.3. Mechanical Stirring
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Agglomeration among particles can be reduced by mechanical stirring or ultrasonication.
Mechanical mixing aids in breaking large agglomerates into smaller agglomerates/particles and a
well-dispersed nano-suspension is obtained. Methods such as high-pressure homogenizers,
ultrasonic sonicator and mechanical stirrers are effective for preparing liquid samples under
atmospheric conditions at room temperature. However, with this fluid in a gaseous phase, these
methods may not be suitable. Some fluids like refrigerants can improve performance when mixed
with ultrafine particles, forming a “nano-refrigerant”. The Shaker method is used for low-
temperature fluids or those in the gaseous phase, but it may not improve stability. To keep the
nano-refrigerant stable, it’s kept inside an orbital incubator shaker with a temperature control unit,

and the temperature must be below the refrigerant’s boiling point to prevent vaporization [36].

2.4. Stability of Nanofluid

The stability of nanofluids depends on maintaining dispersion, Kinetic, and chemical
stability. Dispersion stability relates to the aggregation of nanoparticles within the nanofluids,
while kinetic stability relates to the Brownian motion of nanoparticles in the base fluid. This
random motion helps to prevent sedimentation due to gravity. Chemical stability involves the
potential chemical reactions between the nanoparticles themselves or between the nanoparticles
and the base fluid. However, in cooling applications, any chemical reactions are undesirable [71].
Therefore, nanoparticle agglomeration leads to microchannel blockages and decreased thermal
conductivity in nanofluids. Stability issues are therefore a significant concern, influencing the
properties and performance of nanofluids, which requires detailed study of the factors affecting
their dispersion stability [72]. The DLVO theory, proposed by Derjaguin, Landau, Verwey, and
Overbeek, explained colloidal suspension stability. This theory is based on the following
assumptions: (1) suspended particles are VVan der Waals attractive forces and electrostatic forces,
(2) the particle suspended in dilute, (3) gravity and buoyancy forces are neglected, (4) the colloidal
suspension is homogeneous, and (5) the distribution of ion throughout the colloidal system is
influenced by three factors: Brownian motion, and entropy-induced dispersion [44]. To enhance
the stability of nanofluids, several techniques have been developed: Surfactants (These are cost-
effective and require minimal amounts to alter the system surface characteristics), Modification

techniques (This approach involved altering the surface properties of the nanoparticles), Steric
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Repulsion and Electrostatic Repulsion (These mechanisms are used to prevent the aggregation of

nanoparticles) [73].

2.4.1. Stability Measuring Techniques

The stability of nanofluid solutions can sometimes be inferred from visual observations: a
stable nanofluid typically appears as a homogeneous mixture, whereas an unstable one may exhibit
inhomogeneity. However, due to the minute size of nanoparticles, more precise characterization

techniques are necessary to predict stability and instability accurately [38].

2.4.2. 3w Method

A recent study has demonstrated a method for evaluating the stability of nanofluids by
observing the increase in thermal conductivity resulting from nanoparticle sedimentations across
a broad range of nanoparticle volume fractions [74]. This method measures the thermal
conductivity and stability of nanofluids. It involves introducing a sinusoidal heating. The metal's
temperature variation with the same angular frequency as the substrate. Both the electrical
resistance and the temperature of the metal have linear relations of temperature. By evaluating the
temperature oscillation directly, the magnitude of the temperature can be used to calculate the

substrate’s thermal conductivity [22].

2.4.3. Sedimentation and Centrifugation

Sedimentation is the technique for evaluating stability, which depends on sediment settling
to the bottom of the container due to gravity. A longer time required for a nanofluid to form a
precipitate indicates superior stability. Researchers have utilized sedimentation method to find
stability of nanofluid. Centrifugation is a quick way to access the stability of nanofluid and is an
alternative to sedimentation. In this technique, the centrifugal force far outweighs the gravitational
force, enhancing the sedimentation process [44]. Numerous researchers have employed this
method to test the durability of nanofluids. The stability time of water/EG-based TiO.-SiO>
nanofluid exceeded one month, as visualized through the sedimentation method [75]. Ouikhalfan
and Labihi [76] determined the stability period of CTAB and SDS-treated TiO> nanofluid using
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the sediment photograph technique. Thus capturing images of sedimentation has proven to be an

effective means of assessing nanofluid stability.

2.4.4. Zeta potential Measurement

The zeta potential measurement is used to assess the stability of colloidal dispersions
[41,42]. Zeta potential refers to electrostatic repulsion between the surface of particles and the
stationary layer of fluid surrounding them. The significance of zeta potential values is directly
linked to the stability of nanofluids. High positive or negative zeta potential values are directly
linked to the stability of nanofluids as shown in Table 2.1. High positive or negative zeta potential
values indicate a stabilized condition, whereas low values suggest instability [30,43]. Therefore,
zeta potential values of 0 mV, 15 mV, 30 mV, 45 mV, and 60 mV, correspond to unstable
conditions, slightly stable conditions with rapid particle settlement, moderately stable conditions,
slightly stable conditions with rapid particle settlement., moderately stable conditions, good
stability, and excellent stability, respectively [79]. The water-based Al>O3 nanofluid has a zeta
potential ranging from -30 mV to -26 mV. When SDS surfactant is added to improve stability, the
zeta potential changes to a range of 14 mV to 2 mV in surfactant-free nanofluids [80]. Given its
importance as a measure of colloidal suspension durability, many researchers utilize the zeta

potential test in their investigations [78-80].

Table 2.1. Zeta potential values.

Zeta potential Stability

+20 mV Poor Stability
+20—+40 mV Moderate Stability
+40—+60 mV High Stability
>+60 mV Extreme Stability
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2.4.5. Absorbance and Transmittance Analysis

Spectral transmittance and absorbance measurements provide a quantities assessment of
nanofluid stability. This evaluation method is typically employed when nanoparticles suspended
in the base fluid exhibit an absorption peak between 200 and 1100 nm. Colloids and suspensions

react differently to incident light due to the phonon vibrations of the particles [84].

The analysis of absorbance and transmittance can help predict the stability of nanofluids.
According to the Beer-Lambert Law, absorbance intensity (A,) has a linear relationship with the

concentration of particles through which light passes:
Ai-10g10 () = a*I*c (2.1)

Where A, is absorbance, | is the length of the light path, a represents absorptivity, and c is the

particle concentration, lo, I, a, and c [30,50].
Transmittance intensity is determined using this formula:
Ta=1/lo (2.2)

Where T, is transmittance, | is the laser intensity after incidence, and 10 is the incident laser light

intensity.

A decrement in absorbance indicates an un-stable nanofluid, with measurements taken
using a UV-vis spectrophotometer. Absorbance and transmittance depends on several properties,
such as working temperature range, pH of the base fluid, and thermal conductivity. Some metal
oxide nanoparticles yield good results using this method [86]. However, it is less effective for

dark-colored nanoparticles and those with high concentrations [50].

2.4.6. Electron Microscopy

Particle clustering or agglomeration can be studied through electron microscopy

techniques, including scanning electron microscopy (SEM) and transmission electron microscopy
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(TEM). These methods are instrumental in assessing the stability of nanofluids [87]. TEM is useful
for observing particle agglomeration in nanofluids and can serve as an alternative measure for
determining nanofluid stability through particle size distribution measurement. High-resolution
TEM images provide detailed two dimensional visuals of nanoparticles suspended in the base
fluid. Numerous Researchers have employed this technique to evaluate the extent of particle
aggregation, and the shape and size of different nanofluids [85-87]. On the other hand, the
procedure for SEM involves placing a nanofluid drop on sticky tape, fixing the tape onto a
specimen holder, heating it in a vacuum heater, and then allowing it to dry naturally in the air.
Once dried, the sample is placed in the SEM vacuum chamber for image capture [91]. Rubalaya
Valantina et al. [92] examined two nanofluid samples (ZnO and ZnZrO in rice bran oil) using
SEM, both with and without antioxidants. The ZnO samples demonstrated a uniform distribution,
while the ZnZrO samples displayed significant aggregation.

2.4.7. Dynamic Light Scattering

Dynamics light (DLS) is a technique used to measure the particle size distribution in
colloidal suspensions. A DLS measurement setup includes key components such as a laser that
illuminates the nanoparticles dispersed in a base fluid and a photon detector that monitors the
scattered light fluctuations caused by the particles’ Brownian motion. The diffusion coefficient is
derived from these intensity fluctuations by using light scattering theory. This coefficient is then

used to calculate the particle size through the Stokes-Einstein equation. [93]

Ry = 25 (2.3)

~ 6muD

Rn is the hydrodynamic radius, D is the translational diffusion coefficient, kg is the Boltzmann
constant, T is the absolute temperature, and p is the viscosity.

By measuring particle size at different intervals over an extended period, DLS can indicate
the tendency of nanoparticles to agglomerate. Instability in the nanofluid leads to cluster formation,
which eventually results in sedimentation. Therefore, an increase in particle size over time can
indicate nanofluid instability. For example, Kole et al. [94] observed a ~7 times increase in the
cluster size of CuO nanoparticles in gear oil (base fluid) compared to their primary particle size,

due to nanofluid instability.

2.5. Destabilization Factor and Mode
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The performance of nanofluids can degrade irreversibly due to destabilization factors that
affect their stability. These factors cause particles to irreversibly aggregate, deposit on surfaces,
and change morphology, impacting the rheological, thermal, and optical properties of nanofluids.
Understanding failure mechanisms and the factors causing colloidal and chemical destabilization
is essential for designing robust nanofluids. Physical destabilization occurs through particle
agglomeration, aggregation, surface deposition, sedimentation, and surface deposition, while
processes like base fluid oxidation, particle oxidation, fragmentation and oxidative etching, drive
chemical destabilization. The text below delves into these destabilization mechanisms.

2.5.1. Aging

Nanofluids tend to degrade with time because of various factors, including the
agglomeration of the nanoparticles, which leads to Kinetic instability. In perkinetic clustering
dominated by Brownian motion, the energy barrier for particles to remain stable ranges from 15 -
25 kgT, indicative of kinetically stable colloidal dispersions [22]. The stability of nanofluids can
span from a few seconds to several decades [43]. As storage duration increases, particle

interactions become more pronounced, resulting in greater nanoparticle clustering.

The Smoluchowski equation models the changing concentration of particles as a function

of time:

_ __ 3upeN(0)
N(t) - 4kp TNO(t)+3ppr (24)

Here, N(t) denotes the number of particles at time (t) in seconds, T is the temperature in Kelvin,

and Lt is the dynamic viscosity of the base fluid.

2.5.2. Concentration

The clustering frequency of particles, a key factor in destabilization, is directly related to
the square of the particle number density. For instance, in two colloidal dispersions, one with 200
nm particles and the other with 20 nm particles, the latter will have 1000 times the particle

concentration and a collision frequency 1,000,000 times higher. Increased particle concentration
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leads to a higher clustering frequency. The average separation between particles can be calculated
using Eq. (1):[95].

h;j = D, {((%)O'Sj + 1} (2.5)

Where hij represents the mean static surface-to-surface interaction between particles distance i and
J, Dp is the particle diameter, and ¢p is the volume fraction of particles. The study indicates that
increasing particle concentration decreases the average separation, resulting in clustering.
However, very much separation would be ineffective [96]. The particles concentration in
nanofluids is related to the Reynolds number, with localized regions depending on the fluid's flow
conditions [97].

2.5.3. Share Rate

In nanofluids, a high shear rate can break down large nanoparticle clusters, reducing the
viscosity of the base fluid. When the shear rate decreases, encourages clustering, contributing to
inccrement viscosity. The shear rate also affects the rheology of nanofluids; higher shear rates tend
to make nanofluids behave like Newtonian fluids, while lower shear rates can result in Newtonian
and non-Newtonian behaviors [98]. Chen et al. highlighted the relationship between viscosity,
stability, and shear rate. Shear stress can either break up or form clusters, and orthokinetic
clustering, due to fluid movement under a velocity gradient, can increase the frequency of particle
collisions. Brownian motion also contributes to this, though the impact of fluid circulation on
clustering frequency is not fully understood [99]. This shearing phenomenon is also relevant to
reducing drag in lubrication-related applications. Witharna et al. [100] reported that factors like
particle concentration, temperature, shear rate, and duration of shear affect the stability of TiO2-

EG nanofluid, noting that high shear rates and temperatures can alter particle cluster sizes.

2.5.4. Phase Change

The processes of evaporation and boiling in nanofluids can lead to particle deposition,
affecting wettability and surface roughness, potentially causing severe fouling issues such as algae

growth and corrosion [101]. At higher temperatures, the ionic strength increases as ionic particles
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accumulate due to evaporation, compressing the Electrical Double Layer and reducing the
electrostatic repulsion between nanoparticles. The impact of melting and freezing on nanofluids
optical properties and stability has not been extensively explored. Xinxin et al. [102] suggested
that combining glycols and water can effectively lower the freezing point of nanofluids, thereby

minimize phase change instability.

2.5.5. Solution Chemistry

Nano-materials particularly face the issue of chemical destabilization, such as oxidation,
[103] which is a common issue in nanofluids. This effect often arises at elevated working
temperatures or when minimal air infiltrates the fluid system, accelerating nanofluid oxidation.
Variations in pH, [104] the presence of chemical entites, and electrolytes can also induce
nanoparticle oxidation [101] and cause corrosion in the container walls [105]. Dissolved oxygen
can significantly damage the spectral profile of nanofluids due to nanoparticle oxidation at elevated
temperatures [106]. Furthermore, oxidation can lead to other physical and chemical issues [107].
For instance, Zhang et al. found that the rate at which citrate-coated silver nanoparticles clustered
increased by 3-8 times due to surface oxidation. Additionally, oxygen presence can promote ionic
etching and irregularities in nanostructures [103]. Changes in electrolyte and pH levels can
neutralize surface charges by decreasing the electrical double layer around nanoparticles, leading

to a sharp decrease in electrostatic repulsion [108].

2.5.6. Surfactant

Surfactants are materials that lower the surface tension of liquids, which is essential for
phase change distribution. They have a beneficial impact on both liquid -liquid and solid-liquid
systems. When used to stabilize powdered particles in a liquid, these surfactants are called
dispersants [109]. Surfactants consist of two components: one that is soluble and another that is
insoluble. These components align so that the soluble part interacts with the liquid, while the
insoluble part interacts with the solid surface. Dispersants are classified into four main categories
based on the structure of their head group. However, there are some drawbacks to using dispersants
for stabilizing nanofluids, such as the potential breakdown of the bond between nanoparticles and

the surfactant [110]. Additionally, an excess amount of surfactant can adversely affect the thermal
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properties of the nanofluid by decreasing thermal conductivity and increasing viscosity [111].
Research has demonstrated that the adding of surfactants like benzalkonium chloride,
benzethonium chloride, and CTAB improves the stability and heat transfer efficiency of SiO>
nanoparticles (15 nm in diameter) dispersed in synthetic oil and Therminol-66, with benzalkonium

chloride offering the greatest stability [112].

2.6.  Thermal Conductivity

The thermal conductivity of nanofluids is influenced by various factors, including the size,
shape, and material of the particles, the material of the base fluid, and the temperature.

Factor Affecting the Thermal Conductivity of Nanofluid

2.6.1. Particle Size

The nanoparticle size has a major impact on the thermal conductivity properties of
nanofluids, which consist of fluids mixed with nanoparticles. S. Sudarshan et al. [113] found that
nanoparticles with diameter of 30 to 40 nm led to a significant increase in thermal conductivity,
up to 100% with only 1.5 volume percent of nanoparticles. This suggests that nanoparticles in this
size range are particularly effective at enhancing thermal conductivity in nanofluids. T P Teng et
al. [114] investigated the thermal conductivity ratio of alumina (Al>Os)/water nanofluids with
exploring particle sizes of 20, 50, and 100 nm concentrations (0.5, 1.0, 1.5, and 2.0 wt%). They
also considered different temperatures (10°C, 30°C, and 50°C). Their results exhibited that smaller
nanoparticle sizes correlated with higher thermal conductivity ratios. Additionally, they found that
higher temperatures enhanced this effect, indicating an enhanced sensitivity to nanoparticle size at

elevated temperatures.

2.6.2. Particle Shape

Normally the cylindrical nanoparticles, distinguished by their significant length-to-
diameter ratio, play a key role in nanofluid studies. R Yun et al. [115] explored the impact of
nanoparticle shapes, including nearly rectangular and spherical, on the thermal conductivity of

ZnO nanofluids across various volume concentrations. At a 5.0 vol.% concentration, thermal
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conductivity increased by up to 12% for spherical nanoparticles and 18% for nearly rectangular
nanoparticles. P.B. Maheshwary et al. [116] also investigated the influence of nanoparticle shape
on the thermal conductivity of TiO.-water-based nanofluids. They found that altering the shape of
TiO2 nanoparticles, particularly utilizing cubic shapes at 2.5 wt.%, resulted in the highest

enhancement in thermal conductivity.

2.6.3. Particle Material and Base Fluid

Different categories of particle materials, including oxide metal carbides, nitrides, metals,
ceramics, and non-metals, are utilized in the preparation of nanofluids. Carbon nanotubes, whether
single or multiwall, are also employed as particle materials due to their notably high thermal
conductivity. Base fluids commonly used for the preparation of nanofluids for heat transfer

applications include water, ethylene/propylene glycols, bio-fluids, and engine oil.

2.6.4. Temperature

The thermal conductivity of nanofluids is influenced by both the temperature of the base
fluid and the nanoparticles themselves. Temperature changes affect Brownian motion and
clustering of nanoparticles, which in turn impact the thermal conductivity of the nanofluids. Wei
Yuetal. [117] investigated how temperature affects the TC enhancement of nanofluids containing
ZnO nanoparticles. They observed that as temperature increased, so did the thermal conductivity
of the nanofluids. Similarly, T K Dey et al. [118] explored the TC enhancement of CuO—gear oil
nanofluids, finding that it varied with temperature. At room temperature, the maximum
enhancement was 10.4% with a 0.025 volume fraction of CuO nanoparticles, which increased to
11.9% at 80 °C. Rajan K S et al. [119] demonstrated higher TC of sand in PG with 46.2%
enhancement for 2 vol% nanofluids at 10 °C.

2.6.5. Additives

Additives are employed to maintain nanoparticles dispersed and prevent their
agglomeration, thereby facilitating thermal conductivity enhancement in nanofluids. W. H. Zhong
et al. [120] explored the potential of various nanomaterials in augmenting fluidic heat transfer
applications through investigations into thermal conductivity. Conductive nanomaterials like
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copper nanoparticles (CuNPs), carbon nanotubes (CNTS), and gold nanoparticles (AuNPs), as well
as their hybrids such as CuNP-CNT or AuNP-CNT, were utilized to boost the thermal
conductivity of fluids. The study revealed that mono-nanoparticle suspensions exhibited the
highest increased in TC, with CuNPs demonstrating the most significant improvement.
Conversely, hybrid suspensions did not exhibit the same level of enhancement. Eastman et al.
[121] tested Cu in EG both with and without additives. The findings indicated that additives could

substantially enhance the thermal conductivity of nanofluids.

2.6.6. Acidity (pH)

There is a limited amount of research exploring the influence of base fluid pH on the
thermal conductivity of nanofluids. In their study, X F Li et al [122] examined how pH and the
presence of sodium dodecyl benzenesulfonate (SDBS) surfactant affect the thermal conductivity
of nanofluids. Their findings indicated that the enhancement of thermal conductivity in Cu-H20
nanofluids is notably influenced by the nanoparticle weight fraction, pH levels, and SDBS
surfactant concentration in the nano-suspensions. Xie et al. [123] were among the pioneers in
investigating the impact of increasing pH on the thermal conductivity ratio, conducting tests on
Al;0O3/DIW nanofluids. Their findings demonstrated that the TC enhancement of Al.O3/DIW
nanofluids ranged from 23% to 19% as the pH varied from 2 to 11.5.

2.6.7. Clustering

Clustering represents another variable impacting the thermal conductivity of nanofluids.
At higher concentrations and prolonged durations, nanofluids tend to form clusters, thereby
diminishing the effective surface area for thermal interaction among particles, resulting in reduced
fluid thermal conductivity. J. Philip et al. [124] investigated the thermal conductivity increment
observed in nanofluids based on ethylene glycol and water. They attributed the substantial increase
in thermal conductivity to the nanoparticles' finer size and uniform distribution. Experimental
findings underscore the significant influence of nanoparticle size, polydispersity, cluster

dimensions, and particle volume fraction on thermal conductivity.

2.7.  Viscosity
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Viscosity is crucial for heat transfer applications because it affects pressure drop and
pumping power. It depends on the base fluid’s viscosity, particle loading, particle size,
temperature, and type of nanoparticles used. More research is essential to find the effects of these
factors on the viscosity of nanofluids. Instruments such as rotational rheometer, piston-type
rheometer, and capillary viscometers are widely used for nanofluid viscosity measurement.
Understanding viscosity is important for designing efficient nanofluids for heat transfer because
pressure drop and pumping power are influenced by it. Compared to studies on thermal
conductivity, there have been fewer investigations into the rheological behavior of nanofluid [67].

Factor Affecting the Viscosity of Nanofluid

2.7.1. Volume Concentration

The concentration of nanofluids plays a important role in determining the viscosity of
coolant media. Researchers have found that viscosity of nanofluid the viscosity of nanofluids is
directly affected by the weight percentage of nanoparticles. Although the exact reason for non-
linearity requires further investigation, it is found that different concentrations could be a possible
reason for the increase in viscosity with an increase in particle concentration. Particle size also
affects the density and viscosity of nanofluid, with viscosity showing a more significant difference.
Experiments on viscosity were conducted over a wide temperature range to demonstrate their
applicability in cold regions. The nanoparticle diameter can also affect the rheology of nanofluids,
with non-Newtonian behavior observed at sub-zero temperatures for certain particle volume
concentrations. Researchers have developed correlations between viscosity and particle volume
percent and nanofluid temperature based on experimental data [104-106].

S Wongwises et al. [39] found that increase in viscosity is primarily due to the particle
volume concentration. Hung and Chou [40] measured the suspension performance of nanofluids
as influenced by additive concentrations, as demonstrated in experiments with MWCNTSs and
Chitosan in water. P Estelle et al. [41] measured the [36-38] viscosity of carbon nanotubes water-
based nanofluids behave as shear-thinning materials for high particle content, while lower particle
content shows Newtonian behavior. M.H.K Darvanjooghi et al. [42] investigated the effect of

temperature and mass fraction on the viscosity of crude oil-based nanofluids containing oxide
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nanoparticles increases significantly with higher-density nanoparticles. All nanofluid samples
exhibit Newtonian behavior at different shear rates. Sardinia et al. [130] investigations into CuO-
based oil nanofluids showed that particle weight fractions from 0.2% to 2% maintained Newtonian

behavior under various temperature conditions.

2.7.2. Morphology

The morphology, including both shape and size, of nanoparticles can significantly affect
the pumping power of a cooling system and viscosity. M Farbod et al. [131] examined CuO-engine
oil nanofluid-containing nanoparticles with various nanostructures such as nanorhombics and
nanorods. They found that the viscosity of the base oil and nanofluids, ranging from 0.2 to 1 wt.%,
followed a Newtonian behavior and was influenced by the morphology of the nanoparticles.
Specifically, the nanofluid containing 0.2 wt.% of nanorods exhibited higher viscosity compared
to other nanostructures and the base fluid. Conversely, the nanofluid with nanorhombics
demonstrated a lower viscosity than the base oil, indicating its potential suitability for lubrication
purposes. Nguyen et al. [132] evaluate the impact of particle size, considering Al.O3 nanoparticles
with sizes of 36 nm and 47 nm their findings revealed that 47 nm Al>O3 particles exhibited higher

viscosity compared to the 36 nm particles.

2.7.3. Shear Rate

The influence of shear rate on viscosity in non-Newtonian nanofluids is a significant
parameter. P Estelle et al. [133] investigated experimental investigations on the effect of shearing
time on viscosity for Al>Os/water and CNT/water nanofluids at low concentrations and
temperatures. They found that CNT water-based nanofluids exhibit Newtonian fluid behavior at a
high shear rate, while Al,O3 water-based nanofluids display non-Newtonian behavior within the
investigated range of low temperatures. T X Phuoc et al. [134] observed the impact of particle
volume fractions and shear rates on shear stress and viscosity in FeO3/DW nanofluids with
Poly(ethylene oxide), PEO, as dispersants. They noted that Fe,Os/DW at 0.2% PVP nanofluids

with particle volume fractions.

2.7.4. Temperature
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Temperature is a critical factor influencing viscosity, as demonstrated in several studies.
Karimipour et al. [135] investigated the impact of temperature on the dynamic viscosity of liquid
paraffin-based nanofluids. Their findings revealed that as the nanoparticle concentration increased,
the ratio of nanofluid dynamic viscosity to that of the base fluid also increased. However, as the
temperature rose, the viscosity of the nanofluid notably decreased. M Afrand et al. [136] examined
the viscosity of SWCNTSs dispersed in EG from 30°C to 60°C for various solid volume fractions.
They found that at 30°C and a volume fraction of 0.1%, the nanofluid's viscosity increased to 3.18
times that of the base fluid. S Wongwises et al. [137] studied TiO2 nanoparticles dispersed in water
and were investigated at 15°C to 35°C, with varying particle concentrations. Results indicated that
both the viscosity and thermal conductivity of nanofluids increased with higher particle
concentrations, surpassing those of the base liquids. Additionally, while thermal conductivity
enhanced with rising temperatures of nanofluid, viscosity decreased. Suganthi and Rajan [138]
experimentally studied ZnO nanoparticle-dispersed water nanofluids, focusing on temperature's
effect on the hydrodynamic size distribution and zeta potential variations during heating and
cooling cycles. Their results demonstrated a decrease in relative viscosity with increasing
temperature within the range of 35°C to 55°C.

Below are the steps for making a new chapter. This will help to begin a new chapter using this

template. This will also help to get the page numbers correctly.

2.8. Recent Studies of Different Research Groups

Zyla et al. investigated the thermophysical properties of SisN4—EG nanofluids with
different nanoparticle volume fractions. They found that the nanofluids exhibited non-Newtonian
shear thinning behavior, with thermal conductivity and refractive index increasing linearly, while
electrical conductivity showed a strong nonlinear relationship. Absorption, especially in the UV
region, improved with higher nanoparticle volume fractions. Zyla and J Fal [139] investigated the
basic thermophysical properties of AIN — EG nanofluids, prepared using a two-step method with
commercial AIN nanoparticles. The dynamic viscosity, thermal conductivity, and electrical
conductivity were measured at 298.15 K, revealing a non-Newtonian behavior, a linear increase
in thermal conductivity with nanoparticle concentration, and a significant rise in electrical

conductivity with nanoparticle concentration.
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Esmaeili et al. [140] synthesized aluminum nitride-carbon (AIN-C) nanocomposites using
a green mechano-chemical method and dispersed them in ethylene glycol without surfactants. The
nanofluids maintained outstanding stability for up to three months at a low concentration of 0.22
vol% and improved the heat transfer coefficient by 24% compared to the base fluid in a laminar
flow regime. Zyla et al. [141] experimentally investigated the thermophysical properties of EG-
based nanofluids with titanium nitride nanoparticles. It was found that smaller nanoparticles
increased thermal conductivity and surface tension, while larger ones enhanced dielectric
properties and electrical conductivity. The nanofluids transitioned from Newtonian to shear-
thinning behavior with smaller nanoparticle sizes, and rheological properties varying based on
nanoparticle concentration and size.

Villarejo et al. [142] investigated boron nitride nanotube-based nanofluids using Triton X-
100 as a surfactant, achieving stable dispersions with particle sizes of 150 to 170 nm and a
potential of around —25 mV. The fluids exhibited Newtonian behavior and showed an 8% increase
in isobaric-specific heat and a 10% increase in thermal conductivity, with no significant change in
viscosity. This indicated their potential as effective options for thermal system applications due to
their improved thermal properties and stable rheological behavior. Zyla et al. [143] conducted an
experimental study on the thermal conductivity of boron nitride (BN) plate-like particles in EG,
using a two-step method to prepare nanofluids. The study tested concentrations up to 20 wt.% and
measured thermal conductivity from 293.15 K to 338.15 K. Results showed that increase in
thermal conductivity with concentration of nanoparticle but varied minimally with temperature.

Villarejo et al. [144] prepared boron nitride nanotube-based nanofluids using a two-step
method and assessed their stability, rheological, and thermal properties. The nanofluids remained
stable for a month with no significant change in surface tension. It showed up to a 33% increase
in thermal conductivity and an 18% improvement in heat transfer coefficients, indicating potential
for solar thermal applications. A. K. Sleiti, et al. [144] investigated PAO oil combined with
hexagonal Boron Nitride (hBN) to develop nanofluids for heat transfer and lubrication. The study
found that PAO/hBN nanofluids exhibited Newtonian behavior, improved thermal conductivity,
and enhanced heat transfer performance compared to pure PAO, although viscosity and specific
heat were influenced by concentration and temperature. Heat transfer enhancement ranged from

10% to 29% based on hBN concentration, due to increased thermal conductivity.
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Singh et al. [145] investigated silicon carbide-water nanofluid for heat transfer applications
at a volume concentration of 4 vol. % to 7 vol. %. The viscosity of nanofluid did not notably
change with the temperature tested up to 85°C and thermal conductivity increased 28% to make it
useful for heat transfer. Ezekwem et al. [146] studied the thermal and electrical conductivity of
silicon carbide-based nanofluid which had superior heat transfer properties than traditional fluids
such as EG, water, and engine oil at concentrations of 0.5-5 vol% by using a two-step method. The
highest absorbency for SiC/DW and SiC/EG nanofluids exhibits at 265 nm and 271 nm, and
SiC/DW shows greater stability as compared to SiC/EG. The highest thermal conductivity is
enhanced by 25% and 16% and electrical conductivity increases 58 and 148 times with SIC
nanoparticles at 5% volume concentration.

Guo et al. [147] investigated silicon oxide nanofluids electrical and thermal conductivity
in an ethylene glycol/water mixture. The two-step method was used to prepare nanofluid and
variation in thermal and electrical conductivity as a function of EG concentration (0-100%, v/v)
and temperature 25-45°C. The results showed that the thermal and electrical conductivity
decreased as the percentage of EG content increased. Zyla et al. [148] investigated the viscosity,
thermal, and electrical conductivity of SiO: nanoparticles suspended in ethylene glycol (EG). They
measured the dynamic viscosity, electrical, and thermal conductivity across various particle
fractions at 298.15 K, finding that all properties increased linearly with nanoparticle concentration.
The study also evaluated heat transfer performance and the thermo-electrical conductivity (TEC)
ratio based on the results.

H Jin et al. [149] investigated the physical properties of SiO2-mineral oil nanofluids with
varying nanoparticle volume fractions. They found that the thermal conductivity increased with
temperature, while the viscosity remained nearly unchanged above 20°C. P.K. Namburu et al.
[127] investigated the viscosity and specific heat of SiO> nanoparticles with diameters of 20, 50,
and 100 nm in a 60:40 ethylene glycol-water mixture. They examined nanofluids with particle
volume percentages from 0 to 10%, observing non-Newtonian behavior at sub-zero temperatures.
From the experimental data, they developed a new correlation relating viscosity to particle volume
percentage and temperature. R Ranjbarzadeh et al. [150] conducted an experimental study where
silica nanoparticles were synthesized from a rice plant source and used to produce eco-friendly
water/silica nanofluids. The stability of the nanofluids was confirmed through DLS, TEM tests,

and visual observation over six months, showing excellent stability. The thermal conductivity
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enhancement reached a maximum of 38.2% at 55°C with a 3% solid volume fraction, with a novel
correlation introduced for its prediction. R Mondragon et al. [151] studied the stability and
agglomeration of silica nanofluids, which were prepared using an ultrasonic probe for effective
dispersion. They found that solid content was the most critical factor, and despite agglomeration
at high concentrations, nanofluids with low viscosity were achieved at 20% mass load. The
stability of nanofluids was controlled by pH, with more stable conditions under basic pH values,

far from the isoelectric point.
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Table 2.2. Literature review of Silicon and nitride base nanofluids.
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EG: water
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2.9. Why silicon nitride?

Recent studies indicate that silicon-based nanoparticles have effectively improved
stability and thermophysical properties. The positive results achieved with SiO2[154] and SiC
[9] nanoparticles inspire the exploration of silicon-based nanomaterials for similar
advancements. SisN4 was selected due to a scarcity of literature, and its notable high thermal
stability properties. According to the author, the investigations involving the physical
properties of EG nanofluids incorporating SisN4 nanoparticles have been conducted by Zyla et
al. [155]-[152] focusing on the isobaric heat capacity, density, thermal conductivity, optical,
electrical, and rheological properties. However, the existing literature does not adequately
address nanofluids' stability, surfactants' impact, and the exploration of various base fluids on

the thermophysical properties of SisN4 nanofluids.

2.10. Research Gap

Despite considerable effort in working with silicon nitride nanoparticles suspended in
deionized water and ethylene glycol, and testing their long-term stability with four different
surfactants, it is important to investigate the effects of these nanoparticles on thermophysical
properties like viscosity and thermal conductivity, alongside rheological properties and overall

stability, both before and after addition of surfactant.

Summary

Nanofluids can be synthesized using either a single-step or a two-step process. The
single-step method involves the simultaneous preparation of nanoparticles and nanofluids,
while the two-step method first creates nanoparticles separately before mixing them into a base
fluid. Each method has its own set of advantages and disadvantages, depending on the intended
application. Once prepared, assessing the stability of nanofluids is crucial. Different
techniques, such as sedimentation analysis, zeta potential, and UV-VIS spectroscopy
measurement, are employed to evaluate stability. To enhance stability, chemical methods like
surfactant addition and pH adjustment, as well as mechanical techniques such as magnetic
stirring, ultrasonication, and high-shear mixing, are applied. Additionally, it is essential to
assess the thermophysical properties, including thermal conductivity, viscosity, density, and

flow behavior (Newtonian or non-Newtonian) of nanofluids.



CHAPTER 3: EXPERIMENTAL PROCEDURES

3.1. Materials

This study investigated the dispersion of silicon nitride (SisN4) nanoparticles in two
different base fluids: De-ionized Water (DIW) and Ethylene Glycol (EG). Four different
surfactants i.e. OLAM (Oleyl amine), SDS (Sodium dodecyl sulfate), SDBS (Sodium dodecyl
benzene sulphonate), and Tween-80, were also used to investigate their effect on the stability
of nanofluids. This research aims to understand the dispersing of silicon nitride nanoparticles,
which has significant implications for various applications in material science and
nanotechnology. The characteristics of the nanoparticles, base fluids, and surfactants utilized

are outlined in Table 3.1.

Table 3.1. Characteristics of the nanoparticles, base fluids, and surfactants.

Materials Used (l::t;‘imﬁzl Type Density l\:]zlszr Supplier Purity (%)
(g/cm®)  (g/mol)
Silicon Nitride SizNa Non-Polar 3.17 140.28 Sigma-Aldrich >99
EG CH3(OH): Polar 1.11 62.07 Merck KGaA >99
OLAM CisHa7N Non-ionic 0.813 267.493 Sigma-Aldrich >70
SDS NaCi2H25S04 lonic 1.01 288.38 Sigma-Aldrich >98
SDBS Ci1sH30NaOsS lonic 1.02 348.48 Sigma-Aldrich >99
Tween-80 CeaH124026 Non-ionic 1.06 1310 Sigma-Aldrich >97

3.2.  Preparation of Nanofluids

Nanofluids were prepared through a two-step process. Initially, nanoparticles were
produced as dry powders using chemical or physical approaches. These dry nanoparticles were
then dispersed into a base fluid, undergoing intensive homogenization to achieve a stable and
even distribution within the fluid. In this analysis considered three base fluids: DIW, a mixture
of DIW and EG (60:40 and 40:60), and EG. For, a given percentage of volume concentration,
the required quantity of nanoparticles was estimated using the formula [156].
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Where ‘m’ represents the mass of the nanoparticle and mass of base fluid, ‘@’ represents

the volume concentration of nanofluid, and ‘p’ is the density of the nanoparticle and base fluid.

The mass of the nanoparticles was accurately measured using a high-precision
electronic balance (model AS 220, R2, RADWAG, with an accuracy + 0.2 mg). Nanofluid
were prepared by taking base fluid in a beaker and directly mixing the required quantity of
SisN4 nanoparticles using a mechanical stirrer for 20 minutes. Subsequently, a 15-minute probe
sonication was conducted using a probe sonicator (Q Sonica, LLC model Q500 operating at
500W/20kHz). This process was carried out within a cooling water cold water bath to regulate
the temperature and prevent excessive heating. To further improve the stability of the
nanofluid, 1-hour bath sonication was carried out using an Ultrasonic cleaner operating at
400W/50Hz. Four different surfactants, namely oleyl amine (OLAM), Sodium Dodecyl Sulfate
(SDS), Tween 80, and sodium dodecyl benzene sulfonate (SDBS) were added to optimize
stability. As suggested in the literature, all the surfactants were proportionally mixed at the
same ratio (1/10™) of the number of nanoparticles [157]. First, the surfactant was mixed with
DIW, a mixture of DIW and EG (60:40,40:60), and EG and stirred by a mechanical stirrer for
10 minutes to ensure a homogenous mixing surfactant with the base fluid. Then the
nanoparticles were added and using the same surfactant the process was repeated for each of
the nanofluids. The stability of nanofluid with different surfactants was assessed, and OLAM

was selected for further experiments.
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Fig. 3.1. Preparation of nanofluid by two-step method.
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3.3.  Characterization and Stability

The crystalline size of SisNs is determined through X-ray diffraction (XRD) analysis
using Cu Ka radiation, ranging from 5° to 80°, as shown in Fig. 2. The calculation, performed

with the Debye-Scherrer equation (Eq. 4) and confirmed its presence in nanoparticle form,
D = (k M/(BcospB) (3.2)

Where ‘A’ represents the X-ray wavelength, ‘cos®’ denotes the diffraction angle, ‘k’ is
typically a constant equal to 1 and g refers to the peak width known as Full Width at Half
Maximum (FWHM) [158].

Photographic images of prepared SisN4/DIW, SisN4/60 DIW, SisN4/60 EG, and
SizsN4/EG nanofluids are shown in Fig. 4 with and without surfactant. The dispersion stability
of nanofluid suspension was assessed using a UV-VIS spectrometer that operates within a
wavelength range of 200 nm to 1100 nm. The absorbance measurements were obtained over
time following the preparation of nanofluid to evaluate its stability. The UV-VIS spectrometer
detects changes in the intensity of the light due to absorption and scattering in fluid. Initial
background scans were taken with reference and sample solutions in the cuvette. Samples with

high absorption were diluted before measurement to ensure light could pass through the
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solution. Measurements are taken within 300 nm to 800 nm using the same cuvettes for

consistency as shown in Fig. 4.4.

The zeta potential (WALLIS instruments, utilizing ZetaQ software, measuring range -
200mV to 200 mV), representing electrostatic repulsion between nanoparticles and base fluid,
is one of the key indicators of nanofluid stability. According to Babita et al. [159] a high zeta
potential indicates stronger repulsive forces, inhibiting aggregate formation and ensuring
greater stability. Nanofluids with zeta potential measurements over + 30 mV indicate moderate
stability and + 60 mV demonstrate exceptional stability. In this study, four types of surfactants
were employed: two ionic (SDBS and SDS) and two non-ionic (Tween-80 and OLAM).
Surfactants were added at a ratio of 1/10" of the nanoparticle amount in the base fluid to
enhance homogeneity. OLAM exhibits the highest zeta potential value indicating nanofluids
have good stability shown in Fig. 6 and maintained a homogeneous mixture for over 40 days,
unlike SDS, SDBS, and Tween-80 which failed to achieve through mixing with the

nanoparticles.

3.4.  Thermophysical Properties of Nanofluid

This study involved the preparation of SisN4 nanofluid with a volume concentration of
0.06 vol. % by dispersing nanoparticles in various base fluids. The thermal conductivity of the
prepared nanofluid samples was determined using the DTC 300 from TA Instruments across a
temperature range from 30°C to 80°C. The 'Guarded Heat Flow Meter' method, following
ASTM E1530 standards, was used for TC measurements, which had an accuracy between *
3% to 8%.

AMETEX Brookfield’s DV2T instrument was used to measure the nanofluids' viscosity
and rheological behavior. The viscosity and rheological properties of the nanofluid were then
measured across the temperature range from 30°C to 80°C. Additionally, viscosity and shear
stress measurements were taken at various shear rates ranging from 70 s%,100 s, 120 s%, 150
s1,180s?, and 220 sX. To ensure accuracy, shear stress and viscosity measurements were taken
three times. Subsequently, the nanofluids' average values for dynamic viscosity and shear stress

were calculated.

Table 3.2. Specifications details of the instruments used.
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Sr. No. Instruments Specifications
AS 220, R2,
1 Electronic balance Model RADWAG
Accuracy
+0.2mg
Model D8-Advance
X-ray source CuKa
” XRD Wavelength 5°-80°
(By Bruker Germany) Detector Lynxeye
Time step 0.1 Sec
Power 12w
SEM Model JSM-649A
3 (Made in Japan Magnification 0.5um-10pum
Company Jeol) Accelerating voltage 20kV
Multi ith
ultiparameter  wit oH range 2 00-19.99
4 10m cable probe (Made instrument drift <40uV/°C
in ROMANIA) H
Model Q500
Q Sonica LLC Power S0OW
5 Fre 20kHz
vm?é 230V~AC 50/60
Hz 6.3A Max
Model FSF-080S
6 Ultrasonic cleaner Input 220V/50Hz
Power 400W
7 UV-VIS spectroscopy Wavelength range 200nm-1100nm
WALLIS instruments Model 552820901
8 (CORDOQAN Software 200mV to 200
technologies, France) Range
mvV
Spindle speed 1-200rpm
9 DV2T instrument by Spindle type RV
AMETEK Brookfield Accuracy +8%
Temperature sensing 0°C to 100°C
Guarded  heat
. Meth
10 DTC 300 instrument by The:rrzgl conductivity range flux meter
TA instruments AcCCUrac yrang 20°C to 80°C
y +3% t0 8%
Summary

Nanofluids were synthesized using a two-step method: initially, SisN4 nanoparticles
were fabricated, and then these nanoparticles were dispersed in base fluids (DIW, DIW/EG

mixtures, EG). The volume concentration of nanoparticles was calculated using their mass and

46



density. To improve nanofluid stability, surfactants (OLAM, SDS, Tween 30, SDBS) were
added at a ratio of 1/10 relative to the nanoparticles, with OLAM proving to be the most
effective stabilizer. The nanofluids were characterized using XRD to determine crystalline size,
SEM for morphology analysis, and UV-VIS spectroscopy for dispersion stability. Zeta
potential measurements revealed that OLAM-stabilized nanofluids exhibited the highest
stability. Thermal conductivity was measured with the DTC 300, while the rheological
properties and viscosity of all samples were evaluated using the AMETEX Brookfield DV2T
instrument over temperatures ranging from 30°C to 80°C and various shear rates (70 s, 100

s, 12057, 150 s7%, 180 s, and 220 s7)
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CHAPTER 4: RESULTS AND DISCUSSION

4.1.  Phase Analysis

The X-ray diffraction (XRD) analysis (Fig. 2) without further procurement of SisN4
reveals characteristic peaks at angles of 13.4°, 27.05°, 33.62°, 36.03°, 38.94°,41.49°, 52.13°
and 70.12° which are typically attributed to -SisN4 crystal structure and also compared with
JCPDS card no0.33-1160 [160]. By employing Scherer’s equation, which relates full width at
half maximum (FWHM) of diffraction peaks to particle size, the average crystalline size of

silicon nitride nanoparticles is determined to be less than 60 nm.
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Fig. 4.1. XRD pattern of SizN4 nanoparticles.

4.2. Impact of Temperature on Ultra-Sonication
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Ultrasonication is an effective technique for enhancing the dispersion of nanoparticles
within a base fluid. Applying ultrasonic waves makes nanoparticles better distributed
throughout the fluid, improving the resulting nanofluid's stability. Proper dispersion achieved
through ultrasonication helps prevent issues like settling or clustering of nanoparticles.
Maintaining this stability is essential for ensuring the nanofluid retains its desired properties
over time. Optimal ultrasonication parameters, including time and power, are crucial for
achieving long-term stability and performance of the nanofluid. Asadi et al. [161] found that
using more efficient ultrasonic probe devices instead of ultrasonic baths and lower
ultrasonication times and power led to better results. Unlike the dispersed cavitation that occurs
in the fluids of ultrasonic baths, probe devices provide focused and intense ultrasonication
directly beneath the probe, resulting in a more effective and controllable dispersion of
nanoparticles. However, increasing the ultrasonication time and power can cause some
nanofluids to become less stable. While ultrasonication is used to break down particle
agglomerates and disperse particles more uniformly, excessive ultrasonication can have the
reverse effect. Over time, the particles might agglomerate due to the high energy inputs leading
to unstable suspensions. Moreover, the increasing temperature generated by both probe
sonicator and bath sonicator can induce oxidation, a challenge encountered frequently during
experimentation. To prevent heating during sonication and reduce the probability of oxidation,
a cold water bath was used to control the temperature of the nanofluid. The heating issue was
effectively resolved by maintaining the temperature below 25°C.

4.3. Stability Analysis Using Visual Sedimentation Method

Silicon nitride nanofluid samples were prepared using DIW, EG, and DIW-EG ratios
(60:40, 40:60) and were initially stable, as shown in Fig. 4.3 (a). The SisN4/DIW nanofluid
exhibited complete instability, leading to full sedimentation within 72 hours. On the other hand,
SisN4/60 DIW, SisN4/60 EG, and SisN4/EG nanofluids exhibited different levels of
sedimentation. SisN4/60 EG nanofluid showed complete nanoparticle sedimentation after 5
days, whereas SizN4/60 DIW nanofluid exhibited entire nanoparticle agglomeration and
sedimentation after 10 days. SisN4/EG nanofluid demonstrated stability over 40 days with
slight nanoparticle sedimentation, as shown in Fig. 4 (b) and (c).

After consulting literature, it was noted that the addition of surfactant could enhance
the stability of nanofluid. Therefore, the impact of four different surfactants (OLAM, SDS,
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Tween 80, and SDBS) on the stability of silicon nitride nanofluid was investigated. It was
found that SDS, Tween 80, and SDBS were not effective in dispersing the SizsN4 nanoparticles
throughout the base fluid due to their low surface activity, leading to poor stabilization and
dispersion [38]. OLAM, a non-ionic surfactant, offered steric stabilization by effectively
dispersing the silicon nitride nanoparticles [22]. When OLAM was used, the SisN4/DIW
nanofluid remained stable for over five months without any sedimentation. Whereas, SizN4/60
DIW and Si3sN4/60 EG were stable for 20 days. It was concluded that OLAM was the only
surfactant that provided the necessary surface activity to effectively coat the nanoparticles and

prevent their agglomeration and sedimentation.
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Fig. 4.3. Visual analysis of prepared nanofluids on (a) day 1, (b) day 20, (c) day 40, and
month 5.

4.4. Stability Analysis using UV-VIS Spectroscopy

UV-VIS spectrum, ranging in wavelength from 300 nm-800 nm was used to evaluate
the nanofluid stability. Various experiments are conducted utilizing SizN4 nanoparticles with
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different base fluids to investigate the impact of UV absorbance. The results show that higher
absorbance correlates with more nanoparticle distribution within the nanofluid, indicating
improved stability. However, SisN4/60 EG/OLAM nanofluid exhibits the highest absorbance
peak on the first day followed by SisN4#/60 DIW/OLAM, SisNs/EG/OLAM,
SisN4/DIW/OLAM, SisN4/EG, SisN4/60 DIW, SisN4/DIW, and SisN4/60 EG nanofluids. It was
observed that adding of surfactant (OLAM) enhanced the absorptivity of nanofluids,
contributing to stability. However, over time, the nanofluids observe a slight decrease in
absorptivity. Even after 20 and 40 days, UV- VIS spectroscopy was performed again on all
samples presented in Fig. 4.4. Even after 20 days, SisN4+/DIW/OLAM nanofluid demonstrates
the same absorption peak, and other SisN4s/60 EG/OLAM, SisN4/60 DIW/OLAM,
SisN4/EG/OLAM nanofluids show a slight drop of absorption where SizN4/60 DIW nanofluid
shows maximum drop of absorption because of sedimentation and SisN4/DIW, SisN4/60 EG
shows zero absorption peak because of complete sedimentation. After 40 days, UV-VIS was
conducted again on stable samples, where SisN4/DIW/OLAM showed the highest absorption
peak, followed by SizN4/60 EG/OLAM, SizN4/EG/OLAM, SizN4/60 DIW/OLAM, and
Si3N4/60 DIW shows zero absorption because of complete sedimentation. Consequently, it was
confirmed that SisN4/DIW/OLAM, SisN4/60 EG/OLAM, SisN4/60 DIW/OLAM,
SisN4/EG/OLAM and SisN4/EG nanofluids are more stable than others. K Palanisamy et al.
[162] used the prepared nanofluids characterized by UV-VIS Spectrophotometer. They found
that over time, the nanofluids showed a significant reduction in light absorption strength.

52



1.6

| ——Si:N/DIW —@—SisNo/DIW/OLAM SisN+/EG—@—SisNJ/EG/OLAM
14 | —A—Si;N./60DITW—9—SisNs/60DIW/OLAM SisN/60EG
' SisN4/60EG/OLAM

12

10 F

=)
< - ‘\0\'
8 08 I~ . F «*K
c I
3
< 0.6
o
(72]
o)
< o4t
0.2 |
0.0 .
—-0.2
0 20 40
Time (days)

Fig. 4.4. UV-visible spectra of prepared nanofluids over various time intervals.

4.5. Stability Analysis using Zeta Potential

Zeta potential measures the effective electric charge on the surface of the suspended
nanoparticles in the base fluid [163]. A positive zeta potential indicates that particles will
deposit on the cathode (the negative electrode), whereas a negative zeta potential, indicating
the particles are expected to migrate toward the anode (the positive electrode) [164]. Generally,
zeta potentials greater than £30 mV are considered good stability, meaning the nanoparticles
will likely remain suspended for longer periods without significant aggregation [165].

The zeta potential of various nanofluids at day 1, day 20, and day 40 is shown in Fig.
4.5. On day 1, SisN4/DIW/OLAM had the highest zeta potential value, indicating superior
stability to all other samples. SisN4/EG/OLAM, SisN4/60 EG/OLAM, SisN4/EG, and SizN4/60
DIW showed moderate stability. However, SisN4/60 DIW, SizN4/60 EG, and SisN4/DIW had

the lowest zeta potential value, indicating the lowest stability.
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After 20 days, the zeta potential value was assessed for stability. SisN4#/DIW/OLAM
and SisN4/60 EG/OLAM, maintained their stability, with only slight decrement in zeta potential
values. SisN4/EG/OLAM, SisN4/EG, and SisN4/60 DIW exhibited the highest decrease in zeta
potential. SisN4/60 DIW, SisN4/60 EG, and SisN4/DIW showed the lowest zeta potential value,

indicating instability and suggesting them unsuitable for heat transfer applications.

After 40 days SisN4+/DIW/OLAM shows the highest zeta potential value and SisN4/60
EG/OLAM, whereas, SisNs/EG/OLAM, SisN4/EG, and SisN4/60 DIW show a significant
decrease of zeta potential value. SisN4/60 DIW, SisN4/60 EG, and SizN4/DIW show complete

sedimentation.

The stability trend after 40 days was as follows: SisN4/DIW/OLAM > SisN4/60
EG/OLAM > SisN4/EG/OLAM > SisN4/EG > SisN4/60 DIW > SizN4/60 DIW > SisN4/60 EG
> SisN4/DIW. Cauca et al. [166] evaluated the effect of surfactants on the zeta potential. The
findings show nanofluid stability by electrostatic repulsion between SizNa nanoparticles and
show that OLAM surfactants provide optimal dispersion conditions based on their zeta
potential values, ensuring excellent stability. High zeta potential values indicated that the
nanofluids are well-stabilized, with SisNs nanoparticles effectively repelling each other
sufficient to overcome the natural tendency of particles to aggregate due to van der Waals

attractive forces, thus remaining evenly dispersed.
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Fig. 4.5. Zeta potential graph of prepared nanofluids.

4.6. Thermal Conductivity

The thermal conductivity results of SisNa/nanofluids across a temperature range of
30°C to 80°C had been examined. The thermal conductivity (TC) of DIW-based nanofluids
increases with the adding of SisN4 nanoparticles, achieving a 2.5% enhancement at 80°C. When
the OLAM surfactant was added to the SisNs nanofluids, thermal conductivity improved
significantly at 80°C, showing 14% and 11.07% increases compared to DIW and SisN4/DIW,
respectively. This improvement was due to the greater stability of SizN4/DIW/OLAM
nanofluids which maintains particle suspension and enhances both convection and heat
transfer. In contrast, SisN4/DIW nanofluids exhibit low stability and cluster formation, as
shown in Fig. 4.6 (a). This clustering reduces Brownian motion, negatively affecting
convection and decreasing thermal conductivity. Almitani et al. [167] investigated the effect of
different surfactants (CTAB, SLS, and PS20) on the thermal conductivity of aqueous silica

nanofluid. The findings indicate that the TC increases with increasing temperature and volume
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concentration of nanoparticles. The optimum surfactant ratio significantly impacts the TC of

nanofluids.

In Fig. 4.6. (b), the thermal conductivity of EG increased by 4.69% with the addition
of SiaN4 nanoparticles. However, it decreased by 1.44% when the surfactant OLAM was added
compared to pure EG. When the surfactant was introduced to the SisN4/EG nanofluid, a
significant increase in viscosity was observed compared to any other nanofluid under study.
This increase in viscosity was attributed to the strong interaction between the surfactant and
nanoparticles, which reduces the Brownian motion. Consequently, this reduction in Brownian

motion limits convection, thereby decreasing the thermal conductivity.

Subsequently, the TC of SisNs nanoparticles with different DIW and EG ratios is
evaluated. In Fig. 4.6. (c), adding SisN4 nanoparticles to 60 DIW decreases TC by 5.6%, and
adding surfactant OLAM results in a further decrease of 9.4% than the base fluid 60 DIW. The
Si3N4/60 DIW nanofluid was visually unstable due to sedimentation, which reduces TC. The
addition of OLAM surfactant in SizN4/60 DIW can change the heat transfer mechanisms within
the fluid because OLAM molecules can hinder the movement of fluid molecules, thus
decreasing the convective heat transfer component.

In Fig. 4.6. (d), adding SisN4 nanoparticles to 60 EG increases TC by 8.1% at 80°C, and
adding surfactant OLAM results in a further increase of 9.4% compared to 60 DIW and by
1.21% compared to SisN4/60 EG. The SisN4/60 EG enhanced the heat transfer properties of the
fluid through Brownian motion, facilitating better energy transport. The addition of surfactant
increases the nanoparticle’s surface area and provides a greater interface for heat transfer

between the fluid and the particles.

Finally, it is concluded that nanofluid containing SisN4 nanoparticles at a volume
concentration of 0.06% has exhibited a maximum enhancement of thermal conductivity of 14%
by using OLAM compared to DIW due to the highest stability. Furthermore, the enhancement
is observed at 9.4% compared to a mixture of 60% EG and 40% DIW by using an OLAM
surfactant. Additionally, it shows an 8.1 % increase relative to 60 EG and 4.7% compared to
pure EG without surfactant.

The overall trend of TC is SisN4/DIW/OLAM > SisN4/60 EG/OLAM > Si3sN4/60 EG>
SisN4/EG > SizsN4/DIW
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Fig. 4.6. Thermal conductivity of nanofluid with the influence of temperature (a) SisN4/DIW,

(b) SisN4/60DIW, (c) SisN4/60EG, and (d) SisN4/EG.

4.7. Rheological Behavior of Nanofluids

Rheological behavior describes the relationship between shear stress (t) and shear rate

(), with viscosity (1) representing the fluid’s resistance to flow. Newtonian fluids show linear

behavior while non-Newtonian fluids exhibit non-linear behavior between shear stress and
shear rate [168].

The rheological properties of 0.06 vol. % SizN4 nanofluids are observed at the 30°C to

80°C temperature range. The shear stress trend at various shear rates (70 s, 100 s, 120 s,

150 s1, 180 s%, and 220 s1). In Fig.8, the plotted graph shows the result of shear stress against

the shear rate and for a clear understanding, the data for each temperature is plotted across all

shear rates. The data in Fig.8 (a-d), indicates a linear relationship between shear rate and shear

stress, showing Newtonian behavior. These findings highlighted the consistent Newtonian
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behavior across temperature ranges. This characteristic was essential for applications where
the fluid was subjected to varying shear conditions, but a steady viscosity is required for reliable
performance. Similar observations had been reported by Ghasemi and Karimipour [135], for
increasing shear rate (13 s, 27 s%, 39 s, 66 5%, 93 s%, and 132 s using CuO nanoparticles in
liquid paraffin, demonstrating Newtonian behavior and viscosity reduction with increasing

temperature.

Fig. 4.7. (b) shows that adding OLAM to SisN4/EG nanofluid changes its flow behavior
from Newtonian to dilatant. The alteration arises from modification in internal structure and
interactions among EG molecules. Specifically, changes in the internal structure involve
variations in hydrogen bonding networks or the relative orientation of hydroxyl groups,
affecting flow behavior. W. Tseng and S. Li [169] observed a similar change from Newtonian
to dilatant behavior in BaTiOa/distilled water nanofluid when NH4PA was used as a surfactant.
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Fig. 4.7. Rheological behavior of nanofluid at different temperatures (a) SisN4/DIW, (b)
SisN4/DIW/OLAM, (c) SisN4/EG, (d) SisN4/EG/OLAM, (e) SisN4/60DIW, (f)
SisN4/60DIW/OLAM, (g) SisN4/60EG, and (h) SisN4/60EG/OLAM.

4.8. Viscosity

As mentioned before, the viscosity of nanofluid is another property that needs to be
studied because of its significant effect on heat transfer and pressure drops. Similar, to
conventional fluids, temperature was the main effective parameter on the viscosity of

nanofluids. Fig. 4.8, illustrates the relationship between viscosity and temperature

The viscosity of nanofluids by dispersing SisNs with and without surfactant at 0.06
vol.% is measured over a temperature range of 30°C to 80°C at various shear rates (70 s, 100
s?,120s11505s?, 180 stand 220 s1). According to the findings, the viscosity of the nanofluid-
containing surfactant was higher than that of the mono nanofluid without surfactant. However,

the viscosity results showed that each of the eight prepared nanofluids viscosity decreased with
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the increasing temperature across all shear rates due to the reduction in intermolecular and
adhesion forces between nanoparticles. Similar behavior was observed by P.S Kishore et al.

[170] viscosity decreased when the temperature increased.

From Fig. 4.8. (a-d) the viscosity trend is described as follows: SisN4/EG/OLAM >
SisN4/EG > Si3N4/60 EG > Si3sN4/60 EG/OLAM > SisN4/60 DIW/OLAM > SisN4/60 DIW >
SisN4/DIW/OLAM > SizN4/DIW. This was mainly due to the higher viscosity of EG when
compared to water. Additionally, the impact of OLAM varies in viscosity depending on the
type of base fluid used [171]. This study showed that the addition of OLAM surfactant
increases the viscosity of nanofluids at all shear rates. This was because OLAM surfactant
improves the interaction between nanoparticles and the base fluid, leading to greater resistance
to flow and increased viscosity. The reduced viscosity behavior at all shear rates is only
observed in the case of a base fluid 60:40 EG-DIW ratio. When added to a 60 EG, OLAM
molecules align at the boundary between the 60 EG and SizN4 nanoparticles. This alignment
reduced the attractive forces between the 60 EG molecules on the surface, consequently
reducing surface tension. This decrease in surface tension led to resistance to flow, resulting in
lower viscosity. Whereas, all other nanofluids exhibited increased viscosity upon the addition
of surfactant OLAM.
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Fig. 4.8. Viscosity of nanofluid at shear rate (a) 100s, (b) 150s?, (c) 180s™ and (d) 220s™.

Relative Analysis

In this study, we have examined various base fluids, their different ratios, and
surfactant’s impact on the stability and thermophysical properties of SizN4 nanofluids. Table 2
provides a comparative analysis with previous literature, focusing on nanomaterials impact on

thermophysical properties and stability.
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Table 4.1. A summary of previous literature on nanofluid.

Nanopatrticles

SisN4

SisN4

AIN

AIN-C

TiN

BN

BN

BNNTSs

Base fluid

EG

EG

EG

EG

EG

Water

EG

Biphenyl:
Diphenyl
oxide

Concentrations

0.01-0.1 vol%

0.06vol%

0.05-0.20 vol%

0.027-0.22 vol%

0.01-0.05
mass%

0.01-0.03 vol%

0.05-0.2 vol%

0.35vol%

Surfactant

Triton X-
100

Triton X-
100

Stability

3 months

25 days

month

Thermal
conductivity

0.2665 WmK*

0.29 WmlK?

0.2969 WmK*

Increasing

linearly with
vol.%

0.2585 WmK*

0.635 WmK™

0.6453 WmK*

0.19 WmK

Viscosity &
Rheology

Non-Newtonian at
higher concentration

Newtonian

Non-Newtonian at
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hBN

SiC

SiO2

SisN4

SiO2

Polyalpha-
Olefin oil

EG, DW

EG: water

DIW, EG

EG

0.25-1 vol%

0.5-5vol%

0.3 mass%

0.06vol%

0.1-0.05 vol%

OLAM

SiC/DW
more
stable till 2
weeks

0.169 WmK1

0.32 WmlK?
(SIC/EG)

0.64 WmK

0.682 and 0.29
wmiK?

0.2526 WmK*!

Decreases with
temperature

Newtonian

Newtonian
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[147]

This
study

[148]
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Summary

The XRD patterns of nanoparticles were analyzed and validated against existing
literature. We investigated the stability, rheology, and thermophysical properties of various
nanofluids. Among these, SisN4/DIW with OLAM demonstrated exceptional stability for
over 5 months, with a zeta potential of 59.18 mV. OLAM also enhanced the viscosity and
thermal conductivity of all samples at 80°C. All samples displayed Newtonian behavior,
characterized by a linear relationship between shear rate and stress. However, OLAM
modified the flow behavior of Si3N4/EG, causing it to become dilatant. The addition of
surfactants generally led to an increase in viscosity, though viscosity decreased with rising

temperature. In contrast, thermal conductivity increased with temperature.
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATION

5.1.

Conclusions

The study employed a two-step method to prepare SisNs nanofluids with different base
fluids: DIW, EG, 60 DIW, and 60 EG at a concentration of 0.06 vol.%. Different

surfactants, including OLAM, Tween-80, and SDBS, were incorporated into the base fluids

to enhance stability. The stability of the nanofluids was determined using visual

sedimentation, zeta potential analysis, and UV-VIS spectroscopy. Additionally, the

thermophysical properties of the nanofluids were measured across a temperature range

from 30°C to 80°C, while viscosity and rheological characteristics were assessed at shear

rates ranging from 70 s! to 220 s7'. Results can be listed as follows:

SizN4/DIW with OLAM shows excellent visual stability for over 5 months, as
OLAM prevents particle aggregation and sedimentation. SisN4/60 EG with OLAM
remains visually stable for around 40 days, indicating that the combination of 60
EG and OLAM provides less stability than DIW. SisN4/EG without surfactant stays
stable for about 20 days after which a transparent layer appears, indicating the start
of particle settling or aggregation.

Zeta potential values remain consistent and correlated with UV-VIS absorptions.
SizN4/DIW nanofluids exhibit a zeta potential of 59.18 mV after adding OLAM,
while SizN4 /60 EG shows 47.15 mV. Conversely, SisN4/EG without surfactant has
35.5mV.

The thermal conductivity is enhanced as the temperature increases. The
SizN4/DIW/OLAM nanofluid shows a maximum enhancement of 14% at a
concentration of 0.06 vol. % and a temperature of 80°C. Additionally, the
enhancement in thermal conductivity is observed to be 9.4% for SisN4/60
EG/OLAM and 4.7% for SisN4+/EG nanofluids.
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e All samples exhibit Newtonian behavior, with a linear relation between shear stress
and shear rate. However, adding OLAM to the SisN4/EG nanofluid changed its flow
behavior from Newtonian to dilatant.

e The addition of OLAM increased the viscosity of all nanofluids. However, the
viscosity decreases only in the case of the SisN4/60EG/OLAM nanofluid. This is
because the base fluid aligns OLAM molecules at the interface with SizNa
nanoparticles, which reduces surface tension and viscosity. Additionally, as the

temperature increases, the viscosity decreases further.

In this study, the stability of SisN4/DIW nanofluid is enhanced by adding surfactant
for long-term applications. It is evident from the results that OLAM is one of the most
promising surfactant for SisN4 due to its excellent stability, moderate viscosity, and
thermal conductivity. It enhances TC by 14 % at 80°C and increases viscosity at 30°C.
However, its stability is more than 5 months making it appropriate for prolonged heat
transfer applications.

5.2. Future Recommendation

This study examines various base fluids such as DIW, EG, and ratios of DIW-EG
(60:40 and 40:60) to determine the most effective surfactant for SisN4 mono nanofluid.
However, preparing hybrid nanofluids with SizN4 nanoparticles remains a challenging task

for further research.
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