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Ph.D Synopsis

The water crisis is an expanding global issue expected to increase in the next few years due to
population expansion and restricted freshwater resources. Presently, 20% of the global
population experiences water scarcity, with estimates indicating an increase to 40% during the
next 15 years. Although the majority of the Earth's surface is covered with water, merely 0.5%
is available for human utilisation. Desalination, the process of extracting salt from seawater
and brackish water, has emerged as an essential solution to tackle water scarcity. Solar
desalination, an energy-efficient and cost-effective technique, shows significant potential, but
it presently absorbs merely 13% of solar energy. Desalination methods can be primarily
classified into thermal and membrane-based procedures. Thermal desalination, illustrated by
multi-effect distillation (MED) and multi stage flash (MSF) are used to evaporate and
subsequently condense the water, yielding potable water. Desalination, however, requires
substantial energy (75.2 TWh per year) and contributes to carbon emissions, which are

projected to increase by 2040.
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Developing an economical resolution to the water shortage presents a significant
challenge, and numerous strategies have been created to tackle it. Conventional heat transfer
fluids, including water, engine oil, and ethylene glycol, are widely utilised in industries such
as desalination, cooling, and power generation; nevertheless, their suboptimal thermal qualities
constrain efficiency. Researchers are currently concentrating on identifying novel, eco-friendly
fluids with enhanced thermal conductivity. Nanomaterials, recognised for their remarkable
thermal, mechanical, and electrical characteristics, have facilitated the production of
nanofluids. These fluids, comprising nanoparticles less than 100 nm in size, enhance
thermophysical parameters such as thermal conductivity and viscosity, thereby significantly
enhancing heat transfer efficiency in industrial systems. Following sections summarizes the
thesis.

The initial part of the thesis mainly focuses on the studies of nanofluid and its thermal
behaviour through experimental and theoretical methods. Density functional theory (DFT) has
been performed to investigate the stability of a bio based nanofluid. Dihydrolevoglucosenone,
commercially known as Cyrene, is a biodegradable solvent with a multitude of potential
applications in chemical reaction and heat transfer media. We report a nanofluid comprising
Cyrene as a potential bio-organic thermal base media dispersed with multi-walled carbon
nanotube (MWCNT) and carboxylic functionalized multi-walled carbon nanotube (MWCNT-
COOH) nanoparticles. Two volume fractions (0.0016 and 0.0032) for MWCNT and 0.03 VVol%
for MWCNT-COOH nanoparticles were added to enhance the heat transfer capacity of the
resulting nanofluids. Thereafter, thermophysical properties were investigated in the
temperature range of 30-85°C for both base fluid and nanofluids. The measured values were
then compared with few commercial heat transfer fluids, such as, Paratherm GLT and
Therminol VP, within the temperature range of 30-85°C. Further, the stability of the nanofluid

was investigated by a combination of microscopic analysis, and zeta potential measurements.
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Thereafter, forced convection experiments were performed in a circular tube section under both
laminar and turbulent conditions to measure the local heat transfer coefficient alongside
temperature profiles. Results showed that the nanofluid possessing 0.0032 volume fraction of
MWCNT-Cyrene nanofluid at Nre =1881 gave the highest heat transfer coefficient. The heat
transfer coefficient of the nanofluid exhibited an upward trend with the increase of the
Reynolds number. DFT was used to investigate the microstructure formed by Cyrene on the
surface of single-walled carbon nanotube (SWCNT). The orbital energy and influence of
interaction energy on the van der Waals (vdW) interactions of Cyrene and ethylene glycol with
SWCNT and SWCNT-COOH were examined and correlated with the dispersive forces within
the fluid. The orbital energy revealed the fact that the HOMO-LUMO energy gap of the
Cyrene/SWCNT and Cyrene/SWCNT-COOH systems were reduced due to the mobility of
Cyrene towards SWCNT surface, making it a stable nanofluid system. Reduced density
gradient (RDG) analysis further demonstrated that weak vdW interactions were the primary
driving force between solvent-SWCNT systems, primarily through X m interactions. The
thermal conductivity at various weight percentages of nanoparticles was determined using the
reverse non-equilibrium molecular dynamics (NEMD) simulations and validated with
experimental values. The microstructure of Cyrene on the surface of a single-walled carbon
nanotube (SWCNT) and SWCNT-COOH was examined using DFT calculations. Our study
shows that the composition of CNTs and the nanofluid temperature significantly impact the
thermal conductivity of pure Cyrene.

The thesis also reports hydrophilic heat transfer fluid (HTF) containing deep eutectic
solvent (DES) and MWCNT nanoparticles. The DES had a combination of
methyltriphenylphosphonium bromide (MTPB) as hydrogen bond acceptor (HBA) and
ethylene glycol (EG) as hydrogen bond donor (HBD) at a molar ratio of 1:4. Thereafter, the

corresponding nanofluid was prepared by dispersing 0.02wt% MWCNT having a diameter 10-
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30 nm in the base fluid. Prior to dispersion, the shape and morphology of the MWCNT were
ascertained using both Field Emission Scanning Electron Microscope (FESEM) and Field
Emission Transmission Electron Microscope (FETEM). The crystallinity and functional
groups were investigated by X-ray Powder Diffraction meter (XRD) and Fourier Transform
Infrared Spectroscopy (FTIR). The stability of the prepared nanofluid was initially performed
using visual observation followed by zeta potential measurements. Thermo-gravimetric
analysis (TGA) was performed to check the stability of nanofluid at a temperature close to
500°C at a heating rate of 10°C /min under nitrogen environment. Thermophysical properties
such as density, viscosity, thermal conductivity, and specific heat of nanofluid were measured
in the temperature range 25-85°C. It is evident from the experimental data that viscosity and
density decrease with an increase in temperature. On the contrary, the specific heat and thermal
conductivity of the nanofluid were found to increase with temperature. This is due to the
induced Brownian motion of the nanoparticle, which results in higher kinetic energy at high
temperature. In the penultimate section, Molecular Dynamic (MD) simulations were performed
to compare and validate the results of thermal conductivity of nanofluid.

Further the thesis focuses on the application of the DES in the synthesis and
characterization of amine functionalized graphene oxide (GO-NH.) nanoparticles and its use
as a heat transfer media in desalination application. It also reports the thermal properties and
stability analysis of DES and GO-NH> based nanofluid. DES is here composed of Diphenyl
ether as HBA and DL-Menthol as a HBD in the molar ratio 1:1. Nanofluid was prepared by a
two-step method where two different concentrations of functionalized graphene nanofluids,
namely 0.0033 volume fraction (NF1) and 0.0101 volume fraction (NF2) were reported. XRD
and FTIR analyses were used to validate the nanoparticle's identity. Additionally, the
morphology and composition of GO-NH2 nanoparticles were investigated using FESEM,

FETEM, and EDS analysis. Therafter, the stability of nanofluids was assessed using zeta
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potential measurements. The zeta potential measurements revealed increased stability,
indicating that no agglomeration occurred in the DES-based nanofluid. Excellent thermal
conductivity enhancement was observed at a higher temperature for the GO-NH. nanofluid.
The density and viscosity of the base fluid and nanofluid decreased with an increase in
temperature from 25-85°C. Further, the specific heat capacity of nanofluids also increased with
the increase in temperature and volume fractions of nanofluid. Thermo-gravimetric analysis
(TGA) was also performed to evaluate the thermal degradation of the nanofluid under nitrogen
atmosphere. The nanofuid was used in a brine recirculation multistage flash desalination where
the gained output ratio (GOR) of less than 10 was obtained using ASPEN simulations.

In the conclusion part of the solvent, a natural deep eutectic solvent (NADES) was
considered as a new class of bio-based heat transfer fluid. NADES are environmentally friendly
solvents derived from natural, biodegradable substances such as sugars, amino acids, and
organic acids. NADES serve as sustainable substitutes for conventional solvents, encouraging
the use of ecologically conscious methods. Here the NADES comprises of lauric acid and DL
menthol as HBD and HBA at specific molar ratio. Two nanoparticles, MWCNT and MWCNT-
COOH are dispersed to prepare different volume fractions of nanofluids. Different
characterization methods, including XRD, FT-IR, Raman, EDS, FESEM, and FETEM were
used to characterize the MWCNT and MWCNT-COOH nanoparticles. The measurement of
viscosity, density, and specific heat was performed in the temperature range of 30-90°C.
Thermal conductivity, one of the key factors in thermal energy storage, was measured and
compared to the Hamilton-Crossover model. The maximum enhancement of thermal
conductivity was found to be 40.93% and 108.05% at 50 °C for MWCNT and MWCNT-COOH
nanoparticles respectively. Dispersion behaviour and stability analysis have been evaluated
through zeta potential analysis. Heat transfer coefficients, Nusselt number, and fluid

temperature of base fluid NADES and 0.125 vol% of MWCNT-COOH concentration
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nanofluids were evaluated under constant heat flux through forced convection experiment. The
experiment was carried out at three different Reynolds number in the laminar region. Higher
heat transfer coefficient was observed for nanofluids compared to the NADES. The DFT
calculation, including QTAIM and non-covalent interaction (NCI), demonstrated the
interaction between nanoparticles and base fluid. The results showed that MWCNT-COOH
based nanofluids could be prepared successfully on a large scale, and their exceptional
performance highlights their potential utility in thermal energy systems. A graphical abstract

and summary of the entire thesis is given below.

Keywords: Nanofluid, Deep Eutectic Solvent, Multi Walled Carbon Nanotube, Density

Functional Theory, Molecular Dynamics Simulations
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1. Introduction

1.1 Green energy

Global energy consumption is expected to double by 2050 and more than quadruple by the end
of the century. Even incremental improvements to existing energy networks will not be
adequate to address increasing demand sustainably. Securing an adequate supply of renewable
energy for the future is an enormous task for humanity. The substantial gap between our present
use of solar energy and the large untapped capacity of this energy source is a prominent concern
in energy research. Abundant and clean solar electricity is the most optimal solution to fulfil
our future energy requirements. The fact that it is easily available, free of international conflict,
and does not pollute the environment or change the climate is a huge advantage [1]. With the
recent demand for renewable energies, it is important to give attention to cost-effective
techniques dealing with solar energy.

Solar energy is one of the major renewable sources for thermal applications, including
desalination systems, due to the ease of availability and predictability[2]. Many solar based
thermal systems are used for generating electricity, water desalination, buildings air-
conditioning, and water heating. Among the renewable energy sources, solar energy have the
potential to reduce the negative effects of climate change and encourage the development of
renewable energy sources [3]. Hence, the advancement of solar energy will have a crucial
impact on ensuring a sustainable future for Earth. But the efficiency of the thermal performance
of solar energy-based desalination systems is the primary concern among the researchers.
Modification of efficiency can be categorized based on improving solar radiation absorption,
improving the efficiency of the applied media, and improving the heat transfer media [4].

Water crisis is one of the global challenging and it will be more scared in the
forthcoming years. Due to the rapid growth in the population, there is a limited availability of

fresh water sources, which has led to the development of advanced technologies for
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desalination of brackish water and seawater. These technologies aim to fulfil the growing
demand for safe drinking water, addressing both social and economic demands [5]. Globally
20% world population experiences water scarcity and it is believed that this value will increase
approximately up-to 40% in next 15 years. Figure 1.1 reflect the reservoir of water storage in
India. The remaining fresh source of water cannot fulfil the current global demand [6].
Although the earth'’s surface is mostly covered with water, only a small fraction of around 0.5%
is accessible and appropriate for human use. Out of the total water, 99.5% is made up of
freshwater, which may be further divided into a polar ice caps and glaciers (2.5%) and, sea-
and brackish water sources (97%). Desalination is a potential method to tackle water scarcity

by extracting salt from marine and brackish water sources.
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Figure 1.1 State specific reservoir storage in India (data obtained from Scopus)

Solar desalination technique is the existing technique that has huge potential to purify

saline water with low energy and operating cost. Only 13% of solar energy can be harvested
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directly by sea water from the solar energy. Numerous desalination techniques have been
developed, and the annual energy consumption of these procedures worldwide amounts to
around 75.2 Terawatt hours (TWh). However, desalination facilities emit around 76 million
tonnes (Mt) of carbon dioxide (CO2) annually; by 2040, this amount is predicted to rise to 218
Mt [7, 8].

In general, desalination techniques can be broadly divided into two distinct categories:
thermal desalination techniques and membrane-based techniques. Both these processes
separate salt water into low salt concentration water or potable water. The high salt
concentration water is referred as brine water. Some of the important desalination process are

shown in Figure 1.2

Thermal
Tecnology

Membrane
' i
distillation(MSF) distillation

| [ H ]
Vapour Multistage flash ; Vapour
compressed distillation(MS lt\j/glsjtlitlllzftfigﬁ compressed
distillation F) distillation

Figure 1.2. Classification of desalination process

In phase change or thermal desalination process, heating phenomena is involved where
salt containing water is heated and evaporated. It is collected as condensed vapor with high
pressure to produce distilled water [9]. Important commercial thermal desalination process
involves Multi Stage Flash (MSF), Mechanical VVapor Compression (MVC) and Multi Effect
Distillation (MED). The MED or the first desalination unit contain series of stages. Each stage
has different ambient pressure. For the first stage, a heat source is employed to raise the input

water's temperature to 110 °C. This heat can be produced by a boiler powered by a renewable
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energy source, waste heat, or fossil fuel. In order to further boil saltwater, steam is created in a
serial pattern and sent from the first stage through a tube to the succeeding stages[10, 11]. The
feed water is initially heated to its boiling point and then distributed evenly across the several
stages. Subsequently, the heated water is dispersed onto the surface of the tubes and the surface
of the tubes are heated by the application of steam, causing the steam contained within the
tubes to undergo condensation. As a result, water on the surface of the tubes are vaporized.

In many parts of the world, particularly the Arab Gulf states, the most popular method
for desalinating water is the multi-stage flash (MSF) procedure. The MSF method currently
accounts for more than 80% of saltwater desalination in Gulf countries[12].The MSF process
possesses numerous attractive attributes that distinguish it from alternative desalination
techniques. Since its establishment in the late 1950s, considerable field expertise has been
acquired in domains such as process technology, design, construction, and operation. This has
resulted in the establishment of clear and reliable operational protocols. Moreover, innovations
have addressed and mitigated numerous operating issues, including scale accumulation,
foaming, fouling, and corrosion [13-15]. Kabeel et al [16] used Al>O3 nanoparticles containing
brine water in solar still. Productivity of corrugated wick solar still was further improved by
285 % and 255 % using Cu20 and Al>Oz nanoparticles [17]. Nowadays, nanofluids have gained
prominence in solar energy applications. Many researchers have investigated the thermal
performance of direct adsorption solar collector using different nanofluids. Otanicar et al. [18]
used different nanofluids (graphite, carbon and silver) and calculated the thermal performance
of direct absorption parabolic trough collector (DAPTC) both experimentally and numerically.
Results showed that thermal efficiency was enhanced with an increase in the volume fractions
of nanofluid. Bortola et al. [19] calculated the thermal efficiency of SWCNT-water nanofluid
in DAPTC experimentally. They got an 87% increment in thermal efficiency but found lack of

stability of nanofluid. Multi Stage Flash (MSF) desalination system is the first choice of many
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researchers and industries over RO and MED plants as MSF plants can be used to produce both
electricity and water and the plant is not affected by high feed temperature and salinity. Overall
it produces high quality of feed water. Considering the aforementioned factors, it is clear that
the Multi-Stage Flash (MSF) system is likely to remain the predominant desalination method,

especially in the Middle East. The configuration of the MSF unit has been displayed in Figure

1.3.
Heated salt Condenser Inlet salt
water water
I
- Distilled water
l Distillate tray
Nanofluid in (TSI Demister pad
ﬁ Vapour
_

Nanofluid out

o

Figure 1.3: Schematic diagram of a MSF unit

‘ Brine to next stage

Each MSF unit consist of different parts including brine pool, demister pad, distillate
tray and feed pre heater [20]. The saline solution having a specific flow rate gets heated in the
heat exchanger up to the top brine temperature. In an MSF process, the heating of the saline
water enters chamber at decreasing pressures. Because of the reduced pressure, sudden flashing
of the saline solution takes place, which results in the formation of vapors of fresh water

formed. The vapors then pass through the demister pad. The demister pad is employed to
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prevent flow of brine droplet with the fresh water vapors such that the distillate products free
of salt. The vapours subsequently condense on the pre-heater's surface, transferring their latent
heat of condensation to the recycled brine circulating through its tubes. The distillate is
gathered in the distillate tray. The residual concentrated brine and distillate then enters the
subsequent chamber, which operates at a lower pressure than the preceding one. The flashing
of brine occurs once more, results in the formation of vapours. The latent heat of vapour
condensation at each stage is employed to heat the recycled brine. The procedure is thus
repeated through each flashing chamber, and distillates are collected at the last flashing stage
[21]. The heat rejection stages and the heat recovery stages make up the two portions of the
total number of stages in the BR-MSF system. The recovery heat section is utilised to extract
the latent energy of vapors. The heat rejection portion is designed to dissipate excess heat

through the heat exchanger system using cold ocean water.

1.2 Requirement of Nanofluids in Heat Transfer Application

Conventional fluid like water, engine oil, ethylene glycol plays an important role in many
industrial applications including desalination system, refrigerating system, cooling tower,
power sector, food processing industries and refineries. A challenging part of these industries
is low thermal behaviour of heat transfer fluid. Due to poor heat transfer properties and because
of environmental concern, researchers have explored heat transfer fluid which is basically low
toxic, environment friendly and shows good heat transfer characteristic [22]. Nanomaterials
have captured the attention of research groups across various fields, including material science,
electronics, mechanics, and healthcare. Their exceptional optical, mechanical, electrical, and
thermal properties make them highly sought after. The progress in nano materials has led to
the development of a new class of fluids called nanofluids [23]. Small size nanoparticles, size

< 100 nm when dispersed into the base fluid, enhances its thermophysical properties including
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thermal conductivity, viscosity, specific heat and density. This improves the thermal

performance of the heat transfer system [24].

Nanofluid was first designed by Stephen U.S. Choi in the year 1995 at Argonne
National Laboratory, USA [24]. Thereafter, numerous articles are published on nanofluids
from 2006 to 2023 (Figure 2.1). Nanofluid has wide applications in solar energy sector,
industrial cooling applications, nuclear reactor and extraction of geothermal power [25].
Further nanofluid can also be found in the application of pharmaceutical industries [26, 27],
reducing building pollutant [28, 29], biomedical applications [30] and sunscreen product [29].
Long term stability of nanoparticle dispersion is a key challenge. Nanofluids are primarily
defined through the overwhelming influence of Brownian motion, which prevents any settling
caused by gravity. Therefore, a nanofluid may be considered stable in theory, as long as the
particles remain sufficiently small, typically about 100 nm. Literature reports the different
stabilization method of nanofluid which includes (i) changing the pH value of suspension, (ii)
using surface activator and (iii) using ultra-sonication. The use of these approaches is

dependent upon the specific application of the nanofluid.
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Figure 1.4. Number of articles published on nanofluids from 2006 to 2023, as per Scopus

database

Garg et, al.[21] reported a desalination unit using multistage flash (MSF) system with
brine recirculation (BR) configuration. Nanofluid was used to heat the BR-MSF which is
coupled with direct absorption solar collector (DASC) with the help of counter current heat
exchanger. Aim of the study was to measure the system performance in terms of gain output
ratio (GOR) along with thermal performance of the DASC based brine recirculation multi stage

flash desalination system.

Another desalination system based on parabolic trough collector (PTC) was performed
and results were compared with the DASC based BR-MSF system. It has been found that the
thermal performance of the DASC based system is 11% higher as compared to the PTC-based
system. Nafey et. al [31] reported a small desalination unit using single stage flash evaporation

process. A nanofluid was used to increase the heat transfer coefficient and thermal properties
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of the nanofluid were improved by dispersing different concentration of the nanoparticles.
Sabiha et. al [32] reported an enclosed type Evacuated U-Tube Solar Collector (ETSC) by
using water based Singled Walled Carbon Nanotube (SWCNT). Different volume
concentrations of SWCNT nanofluid namely 0.05, 0.1, 0.2 were carried out and thermal
performance was measured. Both water and SWCNT nanofluid at different flow rates of 0.008,
0.017 and 0.025 kg/s were used and thermal performance of the collector was measured. It was
found that the performance efficiency of the collector with SWCNT nanofluid was much higher
than that of water as a working fluid. Efficiency was higher at 93.43 % for 0.2 vol% SWCNT
nanofluid. Tong et. al [33] conducted an experiment on an enclosed type evacuated U-tube
solar collector (EEUSC) by using Multi Water Carbon Nanotube (MWCNT)-water nanofluid.
It had been shown that heat transfer coefficient of the MWCNT nanofluid was much higher
than that of water. An analytical method (simulation) was developed to measure the
performance of the U-tube solar collector efficiency and it was found that by increasing the

solar radiation in low radiation condition, thermal efficiency of the collector increases.

Amrollahi et. al [34] measured the heat transfer coefficient of functionalized nanofluid
under both laminar and turbulent boundary condition flowing through a horizontal tube. It has
been reported that at lower temperature, heat transfer coefficient in turbulent region is much
higher than the heat transfer coefficient in laminar region and heat transfer coefficient is 25%
more than in the pure water. Arshad et. al [35] also studied graphene based nanofluids and
their preparation, characterization, transport characteristics and industrial applications. Xuan
and Li [36] measured heat transfer coefficient and friction factor of a working fluid in a tube.
Here, Cu-water nanofluid was used as a working fluid. They investigated convective heat
transfer features and flow performance of nanofluids in turbulent fluid. The nanoparticles
enhanced the heat transfer coefficient of the nanofluid and friction factor when compared to

the base fluid under same Reynolds number. Pak and Cho [37] investigated experimentally the
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turbulent friction and heat transfer behaviour of dispersed fluids (i.e. ultrafine metallic oxide
particles suspended in water) in a circular pipe. Two different metallic oxide particles, y-
alumina (Al203) and titanium dioxide (TiO2) with mean diameters of 13 and 27 nm, were used
as a suspended particle. They found that Nusselt number of the dispersed fluid increases with
increasing volume concentration as well as Reynolds number. Frolov et. al [38] studied the
effect of salt at different concentrations on carbon nanotube (CNT) which is dispersed in
organic solvents like N-methyl-2-pyrrolidine (NMP). They used Sodium lodide (Nal) salt to
study the mechanism of interaction between salts and CNT surface. They observed that NMP-
CNT dispersion becomes less thermodynamically stable when salt concentration increases. As

the salt concentration increases the aggregation of the CNT occurred.

1.2.1 Nanofluid Preparation and Types of Nanofluid
Nanofluids are determined in the manner they are dispersed in a specific base fluid. Diverse
nanoparticles, including metallic particles such as copper, silver, and gold; ceramics such as
aluminium oxide, copper oxide, titanium oxide, and silicon oxide; carbon-based materials such
as single and multi-walled carbon nanotubes and graphene; as well as hybrid and functionalised
nanoparticles, are dispersed in various base fluids like water, oil, glycols, ethylene, and acetone
to create nanofluids. The formulation and stability of nanofluids are essential prerequisites for
their effective investigation and use in many applications.

Figure 1.5 illustrates the preparation techniques for nanofluid: (a) the one-step [39] and
(b) two-step approaches[40], together with their respective advantages and disadvantages. The
efficient and cost-effective approach for the large-scale production of nanoparticles is via the
two-step process. In two step preparation method, nanofibers or any other nano-structured
materials are initially synthesized as dry powders via physical or chemical methods. Thereafter
the synthesized dry powders are dispersed in base fluids. Dispersion stability of nanoparticle

is studied by TEM, centrifugal, dynamic light scattering and zeta potential. A schematic
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diagram of two step preparation method is shown in Figure 1.6. Another approach, the single-
step process entails the prompt production and distribution of nanoparticles within the base
fluid. This technique prevents drying and storing, leading to reduced sedimentation, absence
of oxidation, and very stable nanofluids. Nevertheless, the output of nanoparticles is
exceedingly poor, rendering applicable for small-scale production. The two step method
involves the use of ball mills, ultra-sonication and homogenisers depending on the specific
requirements. This approach is significantly more successful in enhancing performance
compared to the one-step method. Nevertheless, nanofluids synthesised with the two-step
process exhibit significant agglomeration, resulting in reduced stability compared to those

produced by the one-step method [41].

Simultaneous preparation and dispersion

* No oxidation

¢ High stability

¢ Suitable for low scale production
e Low yield

e Minimum sedimentation

Nanofluids

* Simple and economic
* Rapid sedimentaiom
* High surface energy
* Enhanced self weight
* Requires additives

¢ Agglomeration problem

Preparation, dispersion and ultra-sonication

Figure 1.5. Preparation methods of nanofluid
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Adding nanoparticles into base fluid
Base fluid )
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Figure 1.6. Schematic diagram of two step preparation method

The types of Nanofluids are listed below

(@) Single material nanofluid: Nanofluid that form from the mixture of base fluid and

single element of nanoparticles like, MWCNT/Water, Al.Os/water, Cu/ethylene

glycol.

(b) Hybrid nanofluid: This kind of nanofluid contains more than one nanoparticle
dispersed in the base fluid. This novel technique aims to improve the thermal
characteristics of nanofluid beyond the capabilities of individual nanoparticles. Here it
involves a combination of metallic (e.g., copper, silver), metal oxide (e.g., aluminium
oxide, titanium dioxide), carbon-based (e.g., graphene, carbon nanotubes), or other
types of nanoparticles. Ensuring the long-term stability of hybrid nanofluids remains a

challenge, as nanoparticles tend to settle or agglomerate over time [42].

1.2.2 Base Fluid Used in the Nanofluids
Nanofluids can be formulated with a variety of base fluids, each chosen based on the desired
application and properties. Base fluid has the biggest impact on the thermophysical properties

of the nanofluid, including thermal conductivity enhancement which largely depends on the
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based fluid. Some of the basefluid includes water, ethylene glycol, engine oil and ionic liquids.
Researchers and engineers modify nanofluids for various applications, such as industrial
cooling and heating, complex energy systems, and biomedical applications, by the selection of
an appropriate base fluid. Figure 1.7 display the number of publications on base fluids used in

the synthesis of nanofluid.

1.2.2.1 Water and Ethylene Glycol Base Fluid

Water-based nanofluids represent a promising advancement in the field of heat transfer and
thermal management. Their enhanced thermal properties make them suitable for a variety of
applications, though challenges related to stability, cost, and environmental impact need to be
addressed for widespread application. Fedele et al [43] used three nanoparticles namely
titanium oxide (TiOz), copper oxide (CuO) and single wall carbon nanohorn (SWCNH),
dispersed in water by homogenization method. To eliminate agglomeration of nanoparticles,
four dispersant compound (citric acid, hydrochloric acid, polyethylene glycol(PEG) and

sodium n-dodecyl sulphate(SDS)) has been used.

Results found that PEG and SDS showed good dispersion for TiO2 and SWCNHs.
Water/SWCNHs at 0.01, 0.1 and 1 wt% proved to be very stable for at least 25 days. Murshed
et al [44] dispersed spherical rod shaped TiO2 nanoparticles in de-ionized water and prepared
0.5-5 vol% nanofluid. It was reported that the thermal conductivity for TiOz/water nanofluid
for 15mm TiO2 nanoparticles showed 29.70% enhancement at 5% particle volume
concentrations, whereas TiO2 with 10 nmx40 mm rod shaped nanoparticle showed a 32%
enhancement. Similar results have been reported by Masuda et al [45] where Al>O3 (13 mm)
nanoparticle dispersed in water gave 32% enhancement when volume concentration increased

from 1-4.3%. Rashmi et al [46] used both water and ethylene glycol and mixed them with
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multi walled carbon nanotube at 0.1 and 0.02 wt% in order to study their corrosion rate and
heat transfer efficiency. They reported that the corrosion rate for aluminium, stainless steel and
copper) were found to be lower using CNT nanofluid. The rate of corrosion increased with the
increasing temperature. Ray and Das [47] used water and ethylene glycol at 60:40 and prepared
nanofluids with three nanoparticles Al>O3, CuO and SiO> at particle volume concentrations 1-
6 vol%. It was observed that 1 vol% concentration of nanofluid showed better thermal property
results compare to higher volume concentrations. Similar nanoparticles have been used by
Sidik et al.[48] used where water and ethylene glycol at 50:50 molar ratios was used to prepare
nanofluid.

Computational studies have been performed to investigate the heat transfer
performance. The study determined that the thermal conductivity of nanoparticles has a direct
and proportionate impact on the thermal conductivity of nanofluids. Paul et al. [49] utilised
mechanical alloying to produce Al-5 wt% Zn nanoparticles, which were subsequently
dispersed in ethylene glycol at a concentration of 0.01-0.10 vol%. The thermal conductivity of
nanofluids is shown to be significantly influenced by factors such as the volume concentration,
particle size, fluid temperature, and stability of the distributed nanoparticles in the base fluid.
An increase in thermal conductivity of 16% was reported for AlgsZnes nanofluids with a volume

concentration of 0.10%.

1.2.2.2 Engine Oil Base Fluid

Kole and Dey [50] used engine oil nanofluid using CuO nanoparticles and studied the thermal
conductivity of the nanofluid. Measurement of thermal conductivity was done at temperature
range between 5-80°C. their result showed 10.4% thermal conductivity enhancement at 0.025
volume fraction at room temperature. The enhancement gave a higher thermal conductivity up

to 11.9% at 80°C. Saeedinia et al. [51] investigated the viscosity of stable CuO-base oil
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nanofluids. This experiment was conducted with varying particle weight fractions of 0.2% to
2% at multiple temperatures. Experimental results clearly demonstrated that dynamic viscosity
markedly increases with the elevation of nanoparticle concentration. A greater increase was

noted at the lower temperatures of the nanofluids.

w004 1954

Number of articles

Figure 1.7 Number of publications on base fluids used in the synthesis of nanofluid

1.3 Nanofluid as Heat Transfer Fluid

The nanofluids have already been documented and are known to enhance the thermo-physical
properties of the fluid [23, 52]. Overall they should have high thermal stability at high
temperature, high thermal storage capacity, high heat capacity, thermal conductivity, heat
transfer coefficient and constant heat flux. It is reported that the thermal conductivity and heat
transfer coefficient increases with the concentration of nanoparticle [44, 53-58]. Further the

specific heat and viscosity of the nanofluid is also a function of concentrations and
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temperature[51, 59-65]. To maintain high thermal conductivity for a longer time span, the
nanofluid needs to inhibit the aggregation behaviour. To overcome this, functionalized multi
walled carbon nano tube (MWCNT) conjugated with either Hydrogen Bond Acceptor (HBA)
or Hydrogen Bond Donor (HBD) molecules can be one of the desired improvement. The base
fluid or the deep eutectic solvents (DES) and is the present interest of the thesis. Deep Eutectic
Solvents are solvents which were first introduced by Abott et. al [66]. DES is a new class of
ionic liquids (ILs) which have more advantages to use than ILs as a thermal fluid [67].

Garg et, al.[21] reported a desalination unit using multistage flash (MSF) system with
brine recirculation (BR) configuration. A nanofluid was used to heat the BR-MSF which is
coupled with direct absorption solar collector (DASC) with the help of counter current heat
exchanger. Aim of this study was to measure the system performance in terms gain output ratio
(GOR) along with thermal performance of the DASC based brine recirculation multi stage flash
desalination system. Another desalination system based on parabolic trough collector (PTC)
was performed and results were compared with the DASC based BR-MSF system. It has been
found that the thermal performance of the DASC based system is 11% higher as compared to
the PTC-based system. Nafey et. al [31] reported a small desalination unit using single stage
flash evaporation process. A nanofluid was used to increase the heat transfer coefficient and
thermal properties of the nanofluid was improved by a higher concentration of the
nanoparticles.

Sabiha et. al [32] reported an enclosed type Evacuated U-Tube Solar Collector (ETSC)
by using water based Singled Walled Carbon Nanotube (SWCNT). Different volume
concentrations of SWCNT nanofluid namely 0.05, 0.1, 0.2 were carried out and thermal
performance was measured. Both water and SWCNT nanofluid at different flow rates of 0.008,
0.017 and 0.025 kg/s were used and thermal performance of the collector was measured. It was

found that the performance efficiency of the collector with SWCNT nanofluid was much higher
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than that of water as a working fluid. Efficiency was higher at 93.43 % for 0.2 vol% SWCNT
nanofluid. Tong et. al [33] conducted an experiment on an enclosed type evacuated U-tube
solar collector (EEUSC) by using MWCNT-water nanofluid. It had been shown that heat
transfer coefficient of the MWCNT nanofluid was much higher than that of water. An
analytical method was developed to measure the performance of the U-tube solar collector
efficiency and it was found that an increase in the solar radiation in low radiation condition
increases the thermal efficiency of the collector.

Amrollahi et. al [34] measured the heat transfer coefficient of functionalized nanofluid
under both laminar and turbulent boundary condition through a horizontal tube. It has been
reported that in lower temperature heat transfer coefficient in turbulent region is much higher
than the heat transfer coefficient in laminar region. The heat transfer coefficient was also found
to be 25% more than in the pure water. Arshad et. al [35] studied graphene based nanofluids
and their preparation, characterization, transport characteristics and industrial applications.
Xuan and Li [36] measured heat transfer coefficient and friction factor of a working fluid in a
tube. Here Cu-water nanofluid was used as a working fluid. They investigated convective heat
transfer and flow performance of nanofluids in turbulent fluid.

Pak and Cho [37] investigated experimentally the turbulent friction and heat transfer
behaviour of dispersed fluids (i.e. ultrafine metallic oxide particles suspended in water) in a
circular pipe. Two different metallic oxide particles, y-alumina (Al>O3) and titanium dioxide
(TiO2) with mean diameters of 13 and 27 nm, were used as suspended particles. They found
that Nusselt number of the dispersed fluid increases with increasing volume concentration as
well as Reynolds number. Frolov et. al [38] studied the effect of salt at different concentrations
on carbon nanotube (CNT) which is dispersed in organic solvents such as N-methyl-2-
pyrrolidine (NMP). They used Sodium lodide (Nal) salt to study the mechanism of interaction

between salts and CNT surface. They observed that NMP-CNT dispersion becomes less
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thermodynamically stable when salt concentration increases. With high salt concentration
aggregation of the CNT occurs. Kharisov et. al [68] studied the atomistic simulations of the
solubilisation of the single walled Carbon nanotube (SWCNT) in toluene. They investigated
the entropy of the toluene and solvation Gibbs free energy for nanotube in toluene. It was found
that suspension of SWCNT in toluene is not stable. Walvekar et al. [69] studied thermal
stability of CNT/DESs based nanofluid mainly, Methyl-triphenylphosphonium bromide
(MTPB) as HBA and choline chloride (ChCl), and ethylene glycol (EG) and triethylene glycol
(TEG) as HBD. The incorporation of CNT in DESs improved their thermal stabilities,
activation energies, and kinetic characteristics. The observation implies that the thermal
stability enhanced from 105 °C and 128 °C to 130 °C and 220 °C for EG and TEG respectively.
Mohsenzadeh, et al.[70] also reported enhanced heavy oil recovery using deep eutectic
solvents. They conducted core flooded experiment at reservoir condition. Arikaya, et al. [71]
reported DES used in esterification of lactic acid with ethanol.

Lee et. al. [72] reported thermal conductivity of fluids containing oxide nanofluids.
They measured thermal conductivity by hot wire transient method. They found that nanofluids
containing small amount of nanoparticles have high thermal conductivity than the same liquid
without nanoparticles. Fang et. al[73] used phosphonium based Deep Eutectic solvents to study
the conductivity and specific heat of the graphene based nanofluids. Different molar ratio of
halide salts and HBD were used to synthesis DES. They found thermal conductivity
enhancement upto 87% by stable graphene based nanofluids. Specific heat of the nanofluid

were also found to increase with increase in temperature and concentration.
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1.4 Stability and Thermophysical Properties of Nanofluid

The stability of nanofluids, crucial for better thermal performance, is frequently undermined
by electrostatic and van der Waals interactions between nanoparticles and the surrounding
liquid [74]. Aggregation of nanoparticles is due to the following reasons: (1) the van der Waals
attractive forces on the particle surfaces induce attraction among the particles, leading to the
formation of clusters of nanoparticles which settle down at the bottom of the vessel and ; (2)
the steric and electrostatic repulsion mechanisms of the electrical double layer repulsive force,
which tend to separate the particles from one another [75, 76]. Additional causes of instability
include the shape and nature of the nanoparticles and the duration of the ultra-sonication
process during formulation.

Some of the methods that can evaluate the stability of the nanofluid are sedimentation,
spectral absorbency, zeta potential and microscopic observation. To verify stability,
sedimentation in the generated nanofluid is monitored using photos taken over a predetermined
time period. The primary disadvantage of this approach is a longer observational period. By
detecting the absorption of nanofluids using UV-vis spectral analysis, the variation of
nanofluid concentration with sedimentation time is reported.

Zeta potential analysis is another common method which uses electrophoretic
behaviour [77]. The stabilisation theory [78] states that if zeta potential has a high absolute
value, the electrostatic repulsions between the particles increase, which results in enhanced
suspension stability. This is because the free charges in the base fluid get attracted to the
opposite charges on the particle surface. It forms a layer also known as the stern layer, as shown
in the Figure 1.8. The produced stern layer is surrounded by a second layer known as the diffuse
layer, which is more diffusive and has its own unique charges. The potential difference between
the base fluid and the stern layer in contact with the scattered particles, as depicted in Figure

1.8, is known as the zeta potential. When nanoparticles approach one another, the dominance
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The presence of a high repulsive interaction potential is vital for maintaining stability.
In cases where the nanofluid possesses a relatively lower magnitude, the van der Waals force
gains strength, thereby contributing to the instability of the nanofluid. In order for nanofluids
to remain stable, it is imperative for repulsive forces to prevail within the solution. According
to Vandsburger [79], nanofluids reach a state of near-stability when their particles have a zeta
potential value of about 30 mV. Optimal stability for nanofluids is achieved when the zeta
potential value is in proximity to 45 mV. The exceptional stability of a nanofluid is realised
when its zeta potential value exceeds £ 60 mV. The accepted zeta potential values are tabulated
in table 1.1. By examining the size, shape, and distribution of the nanoparticles, which are often
obtained using high magnification electron equipment like TEM and SEM, one can ascertain

the accumulation of nanoparticles in the base fluid.

Table 1.1 Summary of zeta potential value

Zeta potential (mV) Stability
0 Unstable
15 Unstable
30 Moderate stability
45 Good stability, possible settling
60 Very good stability, little settling

Nanofluids have superior thermophysical properties, including thermal conductivity,
thermal diffusivity, viscosity, and convective heat transfer coefficients, in comparison to base
fluids such as oil or water [80, 81]. Over the past decade, ongoing research has focused on

enhancing the thermo-physical properties.
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Figure 1.8 Schematic diagram of zeta potential of nanoparticles

1.4.1 Thermal Conductivity
Thermal conductivity is one of the governing parameter of the nanofluid applications. As
discussed in the previous section thermal conductivity can be effected by various factors
including Brownian motion, nanoparticle size and shape, nanoparticles clustering, type of base
fluid, temperature and pH additives [82]. Teng et al. [83] discussed the nanoparticle size effect
on thermal conductivity of Al.Osz/water nanofluid. Experimental results demonstrate the
increase in thermal conductivity with decrease in particle size. Alwi et al. [84] group
investigated the influence of particle concentration and temperature on thermal conductivity of
CuO/R134a nano-refrigerant. Their study reports the increase in thermal conductivity with both
temperature and concentration of particles. VVadaz [85] reported thermal conductivity of
nanofluid that enhances heat transfer efficiency.

It has been reported that large number of parameters, such as chemical composition of

the solid particles, surfactant, particle properties, concentration of nanofluid and poly-
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dispersity influences the thermal conductivity. Along with all of these, there are additional
factors that can affect thermal conductivity of nanofluid, such as liquid nanolayer development
around the nanoparticles, clustering of nanoparticles, and thermophoresis [86]. More
significant are the van der Waal attraction forces, which attempt to attract and reduce the
surface area of neighbouring carbon tubes, resulting in a reduction in heat conductivity.
Munyalo and Zhang [87] reviewed the thermophysical properties of nanofluids based on
nanoparticle size. It was found that a larger nanoparticle size decreases the thermal conductivity
of the Nanofluid. Zhu et al. [88] reported the stability and improvements in thermal
conductivity of Al.03—H>0 nanofluid. It is reported that nanofluids exhibit a strong dependence
on pH values. The thermal conductivity is found to enhance with the incorporation of an
optimised SDBS dispersant. The outcome of thermal Conductivity exhibited a peak boost at
10.1% at 0.15 wt% suspension of nanoparticles.

Brownian motion is one of the important factor for enhancement of thermal
conductivity of nanofluid. Furthermore, with temperature rise, kinetic energy of the
nanoparticles increases which results in clustering of the nanoparticles due to the van der Waals
attractive force. However, the stability of the nanofluid is affected by the formation of bigger
clusters, which lowers its thermal conductivity. Evans et al. [89] conducted both experimental
and molecular dynamics simulation of nanofluid and reported significant impact of Brownian
motion on thermal conductivity. Thermophoresis is the movement of nanoparticles through the
nanofluid under the influenced of thermal gradient [90]. This thermal gradient causes the
particles to experience the net force in the direction of decreasing temperature. However, such
Brownian motion-based movement results in convective currents that disturb the heat in the
nanofluid system and thereby increase the thermal conductivity of nanofluid. Formation of
nano layer of liquid around the nanoparticle plays an important role in thermal conductivity

enhancement. The layer of liquid formed right next to the nanoparticles is expected to have
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thermal conductivity that is comparable to the solid nanoparticle [91]. Along with Brownian
motion, clustering and interfacial stacking also aid in heat transfer enhancement. In general,
the MWCNT conducts heat energy via the vibrations of individual atoms or molecules. The
atomic or molecular vibrational energy of the nanoparticles is referred to as phonons in this
context. Thus, heat is transferred through nuclear vibrations via the transmission of phonons
rather than electrons. Additionally, the rise in temperature allows for the expansion of the
liquid. This thereby promotes the molecule's free mobility, boosting intermolecular collisions

and heat transmission through conduction.

1.4.2 Viscosity

Viscosity is the another important property of nanofluid that influence the heat transfer
applications as the pressure drop and cost of pumping power directly depends on it. There exists
a limited number of papers addressing the rheological behaviour of nanofluids. Kang et al. [92]
quantified the viscosities of ultra-dispersed diamond/ethylene glycol, silver/water, and
silica/water nanofluids, observing viscosity increase of 50%, 30%, and 20% for UDD/EG,
silver/water, and silica/water nanofluids at volume concentrations of 1%, 2%, and 3%,
respectively. Prasher et al.[93] demonstrated the viscosity from shear rate in alumina/propylene
glycol (PG) nanofluids. They reported the Newtonian characteristics of nanofluids and the
increase in viscosity with higher nanoparticle volume concentration. A 30% increase in
viscosity was seen at a 3% volume concentration, which was attributed to the aggregation of
nanoparticles in the nanofluid, with the aggregates being approximately three times the size of
the individual nanoparticles. Einstein was the first to compute the effective viscosity of
suspended particles in the base fluid by utilising the phenomenological hydrodynamic

equations. Einstein law of viscosity here is given by
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£ = (1+25¢) (1)
Upf

Where u represents the viscosity of the nanofluid, u, denotes the viscosity of the base
fluid, and ¢ signifies the nanoparticle volume fraction. The effective viscosity of nanofluid is
influenced by many parameters including, base fluid, nanoparticles concentration, shape and
size of the particle, type of particles, temperature and pH. Nguyan et al. [94] examined the
effect of temperature and particle volume concentrations on Al>Os/water nanofluid. They
reported significant decline of viscosity with temperature and increase with particle volume
concentrations. In their experiments, an additional factor emerged, known as the critical
temperature. When this temperature is exceeded, the behaviour of the particle suspension
seems to fluctuate, leading to a hysteresis effect. Kwak and Kim [95] shown that significant
gains in heat conductivity are associated by significant increase in viscosity at low (<1%)

nanoparticle volume fractions.

1.4.3 Density

Density is a crucial thermophysical characteristic, significantly influencing the evaluation of
heat transfer performance in nanofluids. It directly influences the Reynolds number, friction
factor, pumping power, pressure loss, and Nusselt number. The experimental investigations on
the evaluation of the 'p' of nanofluids are insufficient. Consequently, the formulation of
empirical correlations for the density (p) of nanofluids, considering nanoparticle morphology,
base fluid, temperature, and concentration, is crucial for ascertaining precise density values.

Pak and Cho used the equation (2) for micrometer size particles for nanometer size particles to

calculate density.

Pnr = 0pp + (1 — @)ps (2)
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Pastoriza-Gallego et al. [173] conducted an experimental investigation on three distinct
nanofluids including varying concentrations (0.5% to 7% by weight) of Al>O3 nanoparticles
suspended in water as base fluid. The density was determined at three temperatures mainly,
283.15 K, 298.15 K, and 313.15 K. The impact of smaller particles on volumetric behaviour
was more pronounced. The density increases with the concentration of the nanoparticles.
Vajjha et al [96] studied the density of alumina (Al203), antimony-tin-oxide (Sb205:Sn03) and
zinc oxide (ZnQO) nanofluid. Their studies reported 8% variation with equation (2) for ZnO
nanofluid, whereas excellent agreement was observed for Al,Oz and Sh205:SnO> nanofluid.
Khanafer [97] provided a critical synthesis of the variations in the thermophysical
characteristics of nanofluids. They established a correlation for the density of Al.Oz/water

nanofluid utilising the experimental data from Ho et al.[98]

1.4.4 Specific heat

Fluids with improved heat capacity are essential for economical and efficient heat transfer
operations [74]. It directly correlates the thermal properties and performance of any material.
For instance, materials with elevated specific heat capacity demonstrate their potential to store
significant amounts of energy. Robertis et al.[59] employed the modulated temperature
differential scanning calorimetry (MTDSC) method for the assessment of specific heat,
indicating a strong correlation between the measured and tabulated values of the constituent
components of nanofluids (ethylene glycol and copper). The findings indicated that, throughout
the whole studied temperature range, the presence of copper nanoparticles in the base fluid
modifies the properties of the melting and crystallisation processes and lowers the specific heat
values of nanofluids. Tiznobaik and Shin [99] used four different sized silicon dioxide

nanoparticles dispersed in a molten salt eutectic solvent. The findings indicated that the specific
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heat capacity of nanomaterials uniformly increased by 25% as compared to the base fluid,

irrespective of the size of the embedded nanoparticles.

1.5 Application of Nanofluid

Nanofluids exhibit superior heat transfer characteristics relative to conventional heat transfer
fluids. The current research establishes that nanoparticles are employed to improve the thermal
conductivity of base fluids. The increase in effective thermal conductivity is a crucial element
for improving the heat transfer of traditional fluids. Nanofluid have shown great potential in
many applications which includes, new generation cooling fluid in thermal management
systems, in medical applications, antibacterial applications, medical applications, power
generations, generation of new sensors, reactors, and transmission system. Figure 1.9 shown

some applications of nanofluid.

Nuclear Geothermal
reactor power
Energy Naneofluid Heat
storage Applications exchanger
Medical Thermal
management
Transport

sector

Figure 1.9 Applications of nanofluid [100]
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1.6. Deep Eutectic Solvents (DES)

The innovative discovery of DESs, achieved by combining two or more distinct molecules in
precise proportions, represents an important step in the field of alternative 'green' solvents
[101]. Since its introduction by Abbott et al [101], in 2003 as choline chloride-urea deep
eutectic solvent, other classes of deep eutectic solvents have also been discovered by various
research groups.

A DES typically consists of two or three inexpensive and secure components that can
interact via hydrogen bonds to generate a eutectic mixture. The resulting DES is characterised
by melting values that are lower than those of each individual element. DESs typically exhibit
considerable freezing point depression, remaining in a liquid condition at ambient temperatures
up to 70°C. Figure 1.10 illustrates the binary phase diagram of a combination of A and B at
different compositions. This helps us to examine the melting point of the mixture as a function
of the mole fractions of the individual components. When mixed, the melting point of the
combination progressively declines until it attains a minimum melting point composition
known as the 'Deep eutectic point,’ resulting in a mixture referred to as a 'deep’ eutectic solvent
(DES). The deep eutectic point is indicated in Figure 1.10 by the red arrow, where the
emergence of a distinct liquid is observable. The most significant decrease in freezing point,

ATy, is linked to the eutectic point.
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Figure 1.10 Solid-liquid schematic phase diagram of a binary mixture of two compounds A

and B showing eutectic behaviour

The composition of the eutectic point is distinct to two compounds and cannot be
changed, but one can operate above the eutectic point line depending on need and application
and not always at the eutectic point. Based on the characteristics and groups of the precursor
materials, four types of DESs (type I, type Il, type IlI, and type 1V) have been generally
categorised since their creation. Recent research achievements have identified a novel category
of deep eutectic solvents (DESs) consisting of non-ionic molecules as precursor components,
designated as Type-V DES. This category of DESs predominantly comprises environmentally
benign and innocuous substances that are readily available, hence presenting enhanced
potential [102]. While it shows a reduction in melting points similar to DESs, it does not
involve any ionic interactions. Instead, hydrogen bonding plays a particularly dominant role in

this class of DESs[103]. Some of the common HBD and HBA are displayed in table 1.2.
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Table 1.2. Classification of deep eutectic solvents
Types Formula Terms Example
Type | Cat*X+zMCly M=Zn, In, Sn, Al, Fe ChCl+2ZnCl>
Type Il Cat* X M=Cr, Ni, Cu, Fe, Co ChCIl+CoCl2.6H20
+zMCIx.yH20
Type I Cat*X +zRZ M=Cr, Ni, Cu, Fe, Co ChCI +U rea
Type IV MCLx +zRZ M=Zn, Al, and Z=0OH, ZnCl; + Urea

CONH:

Earlier studies predominantly used metal salts and their hydrates, as well as organic

salts in conjunction with neutral substances, for the synthesis of deep eutectic solvents (DESSs).

These materials were favoured due to their cost-effectiveness and ease of manipulation, along

with several other appealing characteristics, including low volatility, reduced toxicity,

improved biocompatibility and biodegradability, and a non-corrosive nature, all of which were

ideal for a solvent [104]. Consequently, the volume of publications has significantly risen in

recent years regarding the utilisation of Deep Eutectic Solvents (DESs) across various

applications, including metal ion extraction and removal, metal treatment, de-aromatization,

desulfurization, denitrification of fuel, extraction of proteins, amino acids, and biomaterials, as

well as electrochemistry and heat transfer fluid. Figure 1.11 illustrates the effective application

of DESs across various scientific disciplines due to their numerous advantageous solvent

properties.
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Figure 1.11 Potential applications of DES[105]

DES-based nanofluids exhibit significant potential for diverse applications, particularly
in energy, heat transfer, and electrochemical domains, due to their adjustable features,
environmental sustainability, and capacity to improve performance when integrated with
nanoparticles. A typical preparation process for DES-based nanofluid was developed by Liu et
al. [106] using silica nanoparticles and glycerol/ChCI. In this process, 100 ml of DES was
mixed with a certain silica nanoparticle mass fraction, agitated for 2 hours at 353 K, then cooled

to room temperature. After 2 hours of sonication, the suspension achieved homogeneity and
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increased stability for the final nanofluid. Different DESs/carbon nanotube (CNT) nanofluids
have been developed by Walvekar et al. [69] using ethylene glycol or triethylene glycol as
hydrogen bond donors and methyl-triphenylphosphonium-bromide or choline chloride as
hydrogen bond acceptors. It was possible to reduce the freezing points to about 117.9 °C and
raise the thermal stability to 220 °C. Using molecular dynamics modelling, Jahanbakhsh-
Bonab et al. [107] examined the structural and dynamical characteristics of DESs/boron nitride
nanotube nanofluid. It was found that an increase in nanofluid viscosity is caused by a decrease
in the diffusion coefficient of DESs species. The configuration and quantity of DESs species

inside nanotubes are influenced by the diameter of the nanotube.

Dehury et al. [108] used Al>Os nanoparticles dispersed in a DES which was generated
by using triphenylphosphonium bromide and ethylene glycol based. They studied and
examined the thermophysical properties of nanofluid at different temperature range. The
outcome shows that the 1 wt% Al>Oz nanofluid's thermal conductivity is almost eight times
greater than that of the base DESs. Using TEG and EG as HBDs and ChCl and MTPB as halide
salts in varying molar ratios, Chen et al. [109] developed 33 distinct DESs. Stable nanofluids
were produced by suspending carbon nanotubes (CNTs) in DESs at concentrations of 0.01—
0.08 weight percent using sonication. To determine the stability of nanofluids, both visual
observation and UV spectroscopy were utilised. Investigations showed that whereas CNT
dispersed in DES consisting of EG and ammonium salt was stable for one day, the produced

nanofluids with DES composed of EG and phosphonium salt that were stable for three days.

Another variety namely natural deep eutectic solvents (NADESSs) were identified as the
primary subclass of deep eutectic solvents (DES). The solubility of biomolecules (e.g.,
albumin, starch, and DNA) in NADESs surpasses that in water. Furthermore, they possess the

capability to serve as extraction media for bioactive compounds. The HBDs and HBAs are
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selected for the formulation of NADESs based on the following categories: organic acids,

alcohols, sugars, ChCl, and amino acids [110]. Owing to its natural nature, it can be asserted

that NADESSs possess greater eco-labelling than other DESs.

Table 1.3. Some common examples of HBD and HBA

Hydrogen bond acceptor (HBA)

Hydrogen bond donor (HBD)
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1.7 Physiochemical Properties of DES

Due to its environment friendly nature, some of the DES makes more suitable application in
the field of green technology [111]. The physiochemical properties of DES depends on the
nature of the HBD and HBA. Therefore, the physical properties of DES changes accordingly
with the molar ratio of the HBA and HBD [112]. The physical properties of DES including
density, viscosity, specific heat and thermal conductivity governs their applications [113].
According to Abott et al. [19], there is some lattice energy that controls the DES formation and
it describes the interaction between HBD and HBA.

The effect of molar composition on the formation of DES has been studied by many
researchers. Hayyan et al. [114] reported the effect of molar composition on the properties of
ChCl and D-glucose. They have reported lower viscosity at ideal composition. lbrahim et al.
[115] varied the HBA salts paired with ethylene glycol, and compiled the physical property
data at their respective eutectic values for different DES. Thus the eutectic point is the key
parameter that characterize the DES and denotes the melting point of the system.

Viscosity is another important transport property of fluid, which describe the resistance
of the fluid at a given share rate. This indicates that fluids with low viscosities flow effortlessly,
whereas liquids with larger viscosities demonstrate sluggish, syrupy flow characteristics. Most
of the DES have reported high viscosity at room temperature [112]. The presence of a
comprehensive hydrogen bond network, along with van der Waals and electrostatic interactions
between hydrogen bond donors and acceptors in DES, results in elevated viscosity and reduced
ionic mobility within the limited void space of the liquid DES [116]. The viscosities of DESs
have reported unmanageably high levels, complicating their practical utilisation in commercial
applications and rendering them costlier than alternative solutions. Cui et al reported the
viscosity measurement of ChCl based DES. They have fit their viscosity data with VFT

(Vogel—Fulcher—Tammann equation) [117] and Arrhenius equation [118]. Mijalli et al. [119]
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reported two empirical viscosity models derived from the VFT model of ChCl-based DES and
compared the accuracy of the models to experimental values. Their findings indicate that the
VFT-based empirical models are best suited for higher viscosity DES and closely match the
experimental values. Abbott et al. [120] have indicated the fact that the viscosity of DESs
composed of choline chloride and glycerol diminishes with the incorporation of organic salts.
This is attributed to the significant decrease in glycerol viscosity resulting from the partial
disruption of its hydrogen bond network.

The molecular packing and organisation of DESs, as well as the presence of holes and
vacancies in the liquid DESs, influence their density. Because there is a big hole within the
acetylcholine chloride, the density of the urea/choline chloride system is higher than that of
urea/acetylcholine chloride [112]. The various molecule configurations in DES may be the
cause of their density differences. The Hole theory can be used to understand the variation in
DES density with regard to different parameters [121]. The density increases with a decrease
in hole radius [116]. The density of DES can be altered by choosing the type and ratio of HBA
and HBD.

One of the key physical properties of DESs is their specific heat capacity. The heat
capacities of deep eutectic solvents (DESs) are significant, as most chemical engineering
operations involve them, including the generation or transfer of heat, such as reactors or
separation units [122]. The surface tension of DESs is another significant physical parameter
that demonstrates the impact of molecular structure on the interaction strength between the
HBA and HBD in DES mixtures. The surface tension of these solvents is significantly affected
by the intermolecular interactions between HBAs and HBDs, which are essential for the
formation of the DES mixture. The literature on surface tension of DES is quite limited as
compared to the other thermophysical properties. The surface tension of DES shows high value

for the viscous DES. The values of surface tension generally vary from 35 to 75 mN/m at room
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temperature [123]. This physical property is crucial in various industries, including
microfluidics, surface science, pharmaceuticals, and separation processes. The property is
essential for defining and understanding fluid behaviour in applications that involve the mixing

or pumping of multiple fluids [124].

1.8 Objective of the Thesis

The objective of the thesis is to examine the thermophysical characteristics, stability,
and thermal performance of carbon-based nanoparticles in conjunction with Deep Eutectic
Solvents (DES) and bio-based solvents for thermal management system applications.
Computational studies are also essential to confirm experimental findings and enhance the
understanding of the interaction mechanisms between fluids and nanoparticles. Consequently,
this thesis examines both experimental and theoretical insights. In light of the current literature

and identified research gap, the following objectives have been formulated for the thesis:

A) Formulation of bio-based solvent with pristine and functionalized multi-walled carbon
nanotubes, and the determination of thermophysical properties of base fluid and nanofluid

B) Synthesis of Deep Eutectic Solvent (DES) and Natural Deep Eutectic Solvent(NADES)based
on hybrid carbon based nanoparticles (Multi walled carbon nanotube and graphene oxide)
C) Preparation of different volume fractions of DES and NADES based nanofluid and
measurement of their thermophysical properties at different temperature range

D) Evaluation of thermal parameters of nanofluids in forced convention regime at laminar and
turbulent condition

E) Process Simulation of nanofluids as a thermic fluid in multistage flash desalination process
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1.9 Outline of the Thesis
The current thesis is organised into following chapters

Chapter 2 investigate the potential applications of bio solvent based nanofluid as heat
transfer media. Dihydrolevoglycosenone, commercially known as Cyrene, can be used as a
thermal base media, dispersed with Multi-Walled Carbon Nanotube (MWCNT) and carboxyl
functionalised MWCNT in order to synthesize bio-nanofluid. Thermophysical properties of
bio-nanofluid including density, viscosity, specific heat and thermal conductivity has been
measured at different temperature range. To better understand the DES-nanoparticle
interactions, a molecular level investigation involving DFT (Density Functional Theory) and
molecular dynamic (MD) simulation has been done and results were analyzed with
experimental studies. This chapter has explored the possibilities of bio solvent-based
nanofluids as heat transfer media for thermal energy storage. Due to the low stability behaviour
of bio nanofluid, we have formulated the selection of different DESs and NADESs for heat
transfer application in the subsequent chapter.

In Chapter 3, Methyl triphenyl phosphonium bromide (MTPB) and ethylene glycol
(EG) are used as HBA and HBD to synthesis type Il deep eutectic solvent (DES). Thereafter
the thermophysical properties of prepared DES were measured. Nanofluid was synthesized by
dispersing multi-walled carbon nanotube (MWCNT) using two step method. Furthermore, the
thermophysical properties and the stability of nanofluid were determined at different
temperatures. Thereafter MD simulation were used to predict the thermal conductivity of base
fluid which was also validated by experimental data. To understanding the effect of
nanoparticles on DES based application, Graphene oxide nanoparticles was thereafter selected

to study the efficiency of nanofluid which is discussed in the next chapter.
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Chapter 4 focuses on amine functionalised graphene oxide nanoparticles. Here,
graphene oxide nanoparticles were functionalized by applying different chemical methods and
dispersed in the specifically prepared DES comprising of diphenyl ether and DL menthol as
hydrogen bond donor (HBD) and hydrogen bond acceptor (HBA) respectively. Thereafter,
physical properties and stability analysis were adopted to further investigate the potential of
the nanofluid. Furthermore, the nanofluid was used in a brine recirculation multistage flash

desalination where the Gained Output ratio (GOR) was evaluated through process simulation.

Chapter 5 delves into alternative type of deep eutectic solvent, where the constituents
occur naturally, thereby promoting its potential use as a heat transfer medium. DL-menthol and
dodecanoic acid, commonly known as lauric acid, were used as the hydrogen bond acceptor
(HBA) and hydrogen bond donor (HBD) to synthesize a natural deep eutectic solvent
(NADES)-based nanofluid. Additionally, the chapter focuses on the thermal behaviour of the
prepared nanofluid under both turbulent and laminar regimes. To understand the molecular
mechanisms of NADES with nanoparticles, density functional theory (DFT) was employed.
Computational analysis revealed the interaction energies within the fluid-particle system,
which was demonstrated through stability analysis. Chapter 6 concludes with a summary of

the principal results of this thesis and a discussion of prospective directions for future research.
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Dihydrolevoglycosenone as a Novel Bio-based Nanofluid for
Thermal Energy Storage: Physiochemical and Quantum Chemical

Insights

The chapter mainly focuses on the studies of green nanofluid and its thermal behaviour through
experimentally and theoretically. Density functional theory (DFT) has been studied to
investigate the stability of the green nanofluid. Bio-based Dihydrolevoglycosenone,
commercially known as Cyrene, is a biodegradable solvent with a multitude of potential
applications such as chemical reactions and heat transfer media. The current chapter reports
a nanofluid comprising Cyrene as a potential bio-organic thermal base media dispersed with
Multi-walled carbon nanotube (MWCNT) and carboxylic functionalized Multi-walled carbon
nanotube (MWCNT-COO H) nanoparticles. Two volume fractions 0.0016 and 0.0032 for
MWCNT and 0.03 Vol% for MWCNT-COOH nanoparticles were added to enhance the heat
transfer capacity of the resulting nanofluids. Thereafter, thermophysical properties were
reported in the temperature range of 30-85°C for both base fluid and nanofluids. The measured
values were then compared with a commercial heat transfer fluid, Paramtherm GLT and
Therminol VP, within the temperature range of 30-85°C. Further, the stability of the nanofluid
was investigated by a combination ofvisual observation, microscopic analysis, and zeta
potential measurements. Thereafter, forced convection experiments were performed in a
circular tube section under both laminar and turbulent conditions to measure the local heat
transfer coefficient alongside temperature profiles. Results showed that the nanofluid
possessing 0.0032 volume fraction of MWCNT-Cyrene nanofluid at Nre =1881 gave the highest
heat transfer coefficient. The heat transfer coefficient of the nanofluid exhibited an upward
trend with the increase of the Reynolds number. Density Functional Theory was also used to

investigate the microstructure formed by Cyrene on the surface of Single-walled carbon
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nanotube (SWCNT). The orbital energy and influence of interaction energy on the van der
Waals(vdW) interactions of Cyrene and ethylene glycol with SWCNT and SWCNT-COOH were
examined and correlated with the dispersive forces within the fluid. The orbital energy revealed
the fact that the HOMO-LUMO energy gap of the Cyrene/SWCNT and Cyrene/SWCNT-COOH
systems were reduced due to the approach of Cyrene towards SWCNT surface, making it a
stable nanofluid system. Reduced density gradient (RDG) analysis further demonstrated that
weak vdW interactions were the primary driving force between solvent-SWCNT systems,
primarily through Xz interactions. The thermal conductivity at various weight percentages
of nanoparticles was determined using the reverse non-equilibrium molecular dynamics
(NEMD) simulations and validated with experimental values. The microstructure of Cyrene on
the surface of a single-walled carbon nanotube (SWCNT) and SWCNT-COOH was examined
using density functional theory (DFT) calculations. Our study shows that the composition of
CNTs and the nanofluid temperature significantly impact the thermal conductivity of pure

Cyrene
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2.1. Introduction

With the recent demand for renewable energies, it is important to give attention to cost-
effective techniques dealing with solar energy. Solar energy is one of the major renewable
sources for thermal applications, including desalination systems, due to the ease of availability
and predictability[1]. But the efficiency of the thermal performance of solar energy-based
desalination systems is the primary concern among the researchers. Modification of efficiency
can be categorized based on improving solar radiation absorption, improving the efficiency of
the applied media, and improving the heat transfer media [2]. One of the major applications of
nanofluid is used in solar desalination systems, where nanofluid is employed as heat transfer
media. A lot of research have been carried out on the selection of nanofluids for heat transfer

applications using nanoparticles [3-5].

Attractive physical properties such as high thermal stability at higher temperatures
makes nanofluid a potential heat transfer fluid. Overall, they possess higher specific heat
capacity and heat transfer coefficient. Researchers working on nanofluids have concluded that
the base fluid thermal conductivity and heat transfer coefficient significantly increase with
concentration[3, 4]. Colangelo et al. [5] used 3.0% volume concentration in a flat-type solar
thermal collector and compared the thermophysical properties with water based nanofluid.
They concluded that with increase in volume concentration, thermal conductivity and specific
heat of nanofluid increases. Nanoparticles such as Multi-walled carbon nanotube (MWCNT),
CuO and Au-based nanofluids have reported high thermal conductivity values[6]. Pakdaman
et al.[7] investigated the overall performance of nanofluid containing heat transfer oil and
MWCNT on a vertically helical coil tube whereby a maximum performance index of 5.1 was
found. Mashhadian et al.[8] reported the thermophysical properties of a hybrid nanofluid (a
mixture of MWCNT and Al>.O3 nanoparticles dispersed in water) and investigated the thermal

performance of direct adsorption parabolic trough solar plate collector (DASC). Three volume
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concentrations of nanofluid, 0.01%, 0.02% and 0.04% were used as heat transfer fluids in the
adsorption collector. Experimental data discloses the fact that the optical properties of
nanofluids are better than base fluid. Experimental results show that CO2 emissions and water
consumption are reduced by up to 450.33 kg and 16.6 m?3 per collector when the hybrid

nanofluid was used.

Munyalo and Zhang[9] reviewed the thermophysical properties of nanofluids based on
nanoparticle size. It was found that a larger nanoparticle size decreases the thermal conductivity
of the nanofluid. On the contrary, the surface tension increases with the size of the nanoparticle.
Teemofeva et al.[10]conducted a similar work, examining the effect of particle shape on the
thermophysical properties of an alumina-based nanofluid. The viscosity of nanofluid was
discovered to be shape-dependent where higher viscosities were attained owing to the
elongated nanoparticle size. The heat transfer coefficient, which is a function of pressure and
temperature, is an essential characteristic of the nanofluid and may be used to compute heat
flow and Nusselt number[11]. Naraki et al.[12] studied and analysed the heat transfer
coefficient of Cu-water nanofluid at different volume concentrations. They compared the
results with water-based nanofluid and found that the heat transfer coefficient decreases with
increasing fluid temperature from 50°80°C. Further, the heat transfer coefficients were found
to drastically increase with the volume concentrations of the nanofluid. Esfe et al.[13] used five
different particle volume concentrations (less than 1%) of aluminium based nanofluid to
investigate heat transfer coefficient in turbulent conditions. The results indicate that the

pressure drop of the nanofluid is slightly higher than the base fluid.

According to literature available, thermal performance of the solar collector is greatly
influenced by selection of base fluids and suspended solid particles[14]. Carbon nanotube has

attractive and superior features including high aspect ratio, mechanical, thermal and optical
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properties[15]. The thermal conductivity of carbon nanotubes is in the range of 2000-6000
W/m.K, which is significantly larger than that of silver and copper nanoparticles. Since the
thermal conductivity of the solid particles determines the thermal conductivity of the nanofluid,
the thermophysical characteristics of nanofluid containing carbon nanotubes makes it an ideal
alternative for its use as heat transfer fluid. Numerous literature have reported remarkable
advantages of Multi Walled Carbon Nanotube (MWCNT) [16, 17]when used in thermal fluid.
Amrollahi et al.[18] used MWCNT in water to prepare nanofluid and later analysed heat
transfer coefficient. They found 30-40% improvement on heat transfer coefficient under both
laminar and turbulent flows at 0.25 wt% concentration. Other base fluids, such as water,
ethylene glycol, and motor oil have also been reported with carbon tube nanoparticles so as to
produce nanofluids as thermal storage media in solar thermal collectors[19, 20]. Thus the
choice of base solvent is critical since it influences nanofluid properties including thermal

conductivity, stability and its dispersion behaviour[21].

The present study aligns with our previous research [22], which aims to develop a
functionalized CNT-based bio-solvent nanofluid with superior properties. The objective is to
examine the bio-nanofluid's thermophysical characteristics and thermal efficiency and then
explore its possible use in thermal management systems. In addition, reverse non-equilibrium
molecular dynamics (RNEMD) simulations have been performed to compute the thermal
conductivity of Cyrene and bio-nanofluid at predefined temperature. Cyrene, as developed by
the Circa group [24], represents a promising development in the quest for eco-friendlier
solvents. Its biodegradability, high boiling point (227°C), low toxicity, renewable sourcing,
and alignment with green chemistry make it a valuable asset in efforts to reduce the
environmental impact of industrial processes and chemical manufacturing [23]. The
captivating characteristics of Cyrene as a high-value product are due to its molecular structure,

which consists of fused multifunctional rings [24]. In the next sections, two volume fractions,
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0.0016 and 0.0032 volume fraction MWCNT and 0.03 VVol% for carboxylic acid functionalized
MWCNT dispersed in the base fluid Cyrene, which were synthesized using a two-step
preparation process [25]. In this chapter, Cyrene and its respective MWCNT and MWCNT-
COOH nanofluid are investigated as potential bio-organic heat transfer fluids (HTFs) and are
then compared to the existing commercial HTF, Therminol 55 [26] and Paratherm GLT [27].
The comparison focuses on evaluating their thermal properties, stability, and overall
performance to determine their viability as sustainable alternatives in thermal management
applications. Further, DFT calculations are performed to probe the atomistic insights between
Cyrene and CNTs. The heat transfer properties of both base fluid and nanofluids were
investigated and analysed under laminar and turbulent flow regimes. Thereafter quantum
chemical techniques are used to investigate the interactions between Cyrene and single-walled
carbon nanotubes (SWCNT). A comparison was made between the nanofluid (Cyrene/SWCNT
and Cyrene/SWCNT-COOH) and a conventionally used nanofluid in industry that is based on
ethylene glycol (EG). Further the interactions between the solvents and SWCNT are
investigated using non-bonded interaction energy, reduced density gradient (RDG), and

HOMO-LUMO analyses so as to correlate the dispersion of the nanoparticles in the base fluid.

2.2. Experimental Details

2.2.1. Materials and Methods

Cyrene was obtained from Sigma Aldrich with >98.5% purity. TCI chemicals supplied Multi-
walled carbon nanotubes (MWCNTSs) with diameters of 15-40 nanometers and lengths of 5-15
micrometers. MWCNT-COOH used in this study was obtained from Ossila. These nanotubes
had inner diameters ranging from 5-10 nm and outer diameters of 25 nm with lengths spanning
10-20 um. To ascertain the composition of the Cyrene, *H NMR was performed (Figure Al in

appendix A). For NMR, solvent dimethyl sulfone oxide-ds (DMSO-ds) was purchased from
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Merck, Germany. The diameter and morphology of the carbon nanotube was analyzed by
FETEM (JEOL-JEM2010) and FESEM (Sigma, Zeiss). X-ray diffractometer experiment
(XRD, Bruke D8, advanced X-ray diffraction measurement system was performed at room
temperature in the range of 20 from 10 to 80° to analyze the crystallinity structure of the
MWCNT. To further confirm the chemical structure and crystallinity of MWCNT, Raman
spectroscopic analyses (Horiba Jobin Vyon, Model LabRam HR) was performed.

In this work, a two-step method [25] has been employed to prepare nanofluid by
dispersing CNT into base solvent. The different volume fractions of nanofluids with their
abbreviations are tabulated in the table 2.1. Nanofluids were prepared with the help of

following empirical formula as obtained from the literature[28].

(%) )
¢ = mtimwent | 5100 .1)
<(F)mwcnt+(g)bf

Here ¢ is the volume concentration (%), m is the mass (kg) and p is the density

(kg/m®).CNT was weighed on a digital weighing balance (Denver Instrument, Model SI-234)
with an accuracy of + 0.0001g. Thereafter the mixture was vigorously shaken on a vortex mixer
(SPINX MC-01, Tarsons) at 800 rpm for efficient dispersion. The mixture was then placed in
a sonication bath (GT-1990QTS) for 90 minutes to get a homogeneous and uniform suspension
of nanoparticles that ensured the absence of aggregation of carbon nanotube (Figure 2.1).
Employing an ultra-sonication method aided in the break-down of larger cluster of
nanoparticles. It also helps the nanofluid to get stable for a longer time span [3]. Finally, the
prepared nanofluid samples are kept at room temperature to observe any settlement of the
nanoparticle in the base fluid for a certain number of days.

The stability of the nanofluids were observed by visual observation and zeta potential

analysis. Prepared nanofluids were kept at room temperature for one week to observe the
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settling effect of the nanofluids. The zeta potential of the nanofluids was performed with the
help of the Delsa Nano instrument (Delsa Nano C, BECKMAN COULTER). Optical
microscope images were captured using a high-resolution microscopic image (Axiostar plus,
Carl Zeiss, Germany) to study the particle dispersion and cluster size in the nanofluid. Density
was measured at different temperatures by using the Anton Paar DMA 4500 Densitometer.
Similarly, viscosity of base fluid and nanofluids were measured at temperature range
of 30-85°C with an interfacial Rheometer (MCR 301, Anton Paar, Austria) having an accuracy
of 0.001 mPa.s. The viscosity of the nanofluid was determined by the parallel plate method.
Nearly 1 mL of sample was used for viscosity measurement. The parallel plate (PP-50) was
used along with the inbuilt thermal jacket arrangement for maintaining a constant sample
temperature within £1 K. Thermal conductivity was determined by a KD2 Pro thermal property
analyzer (Decagon device, USA). Before the measurements, standard glycerine and Millipore
water were used as the calibrating agents. A heating plate with silicone oil bath was used to
maintain a constant temperature. Further the free convection due to the high temperature
measurements were avoided by decreasing the measuring cell diameter (7 mm). A 60mm
(small) single needle (KS-1) sensor was used to measure the thermal conductivity with a
temperature range of 223.15 K to 423.15 K having an accuracy of +5%. The specific heat of
base fluid and nanofluids at different temperatures were measured by Differential Scanning
Calorimeter (DSC) (NETZSCH STA 449F3). The uncertainty calculations and values of all

the properties are presented in table Al in appendix A.
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Cyrene NF2 NF1

Figure 2.1. Photographs of base fluid and nanofluids after sonication

Table 2.1 Different volume fraction of nanofluids and their abbreviation

Abbreviation Nanofluid Volume
fraction

NF1 Cyrene + MWCNT 0.0032

NF2 Cyrene + MWCNT 0.0016

NF3 Cyrene + MWCNT-COOH 0.0003

2.2.2 Experimental Setup and Forced Convection Studies

A convective heat transfer setup was built to measure heat transfer coefficient and Nusselt
number of base fluid and nanofluid [29, 30]. The schematic diagram of the experimental setup
is shown in Figure 2.2. The setup consists of a testing tube, a pump, a nanofluid chamber with
flow control valves. Five thermocouples were arranged on the surface of the tube to measure
the surface temperature. Further two thermocouples were placed in the inlet and outlet of the
tube to measure the fluid temperature respectively. The details of experimental setup are given

in appendix A.
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Figure 2.2. A schematic diagram of forced convection setup

2.3 Computational Details

2.3.1 Quantum Chemical Calculation

The optimization of solvent-nanotube structures was carried out by employing the density
functional theory (DFT) based ®B97XD method in conjugation with the basis set 6-
31G(d,p)[31-33]. The geometry optimization of various individual molecules and solvent-
SWCNT systems was carried out without symmetry restriction. In addition, for the complexes
of SWCNT, SWCNT-COOH, Cyrene, and ethylene glycol, numerous orientation originating
from different relative positions and various conformations of the SWCNTSs were explored,
and in each case, the structure with the lowest energy value was selected. Gaussian 16.0
software [34] program was used to carry out all of the calculations pertaining to the electronic
structure. The optimized structure of Cyrene, SWCNT and SWCNT-COOH were shown in
Figure 2.3, were then utilized for single point energy calculations with a hybrid functional

®B97XD along with a more precise basis set 6-311++G(d,p) [35, 36] to enhance energy
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accuracy. The ®B97XD functional utilizes long-range corrected hybrid density functional that
includes dispersion correction based on Grimme’s DFT-D3 method [37]. The accuracy and
reproducibility have been proven by comparison to theoretical and experimental data [38].
The Geometry optimization and the subsequent computation of the interaction energy
(IE) were both performed at the same theoretical level. The IEgs) of the solvent and SWCNTs
surface were calculated with the supramolecular technique and adjusted for basis set
superposition error (BSSE) with the counterpoise (CP) method described by Boys and
Bernardi, as shown in equation 2.2. To affirm that the stationary points represent real minimum
points, the vibrational frequencies were calculated at the same level of theory. A constraint of
the study is that it only examines the interaction of a solvent molecule with a single SWCNTSs
surface. This is an acceptable simplification, but far larger systems that are computationally

tractable at this required level of theory will yield a higher degree of precision in the future.

AEg 45 = ECY/CNT — Ecnr — Ecy (2'2)

Here AEags is the adsorption energy of solvent and SWCNTs surface, while Ecvienr,

Ecnt, and Ecy are the total energy of Cyrene-SWCNT, SWCNT and Cyrene.

Furthermore, the non-covalent interaction (NCI1)[39] or reduced density gradient (RDG)
[40]analysis is carried out with the Multiwfn 3.7 [41] program in order to ascertain the
contributions of the attractive and repulsive interactions. NCI analysis gives information on the
distribution of electron density in molecular systems with low electron density and low gradient
values. NCI analysis is the most common approach to examine the van der Waals (vdW)
interaction, steric hindrance, and hydrogen bonds (HBs) in terms of pairwise interactions
between atoms based on their vdW radii[42]. The chemical reactivity of the solvent-SWCNT

system and its impact on the process have been predicted in terms of the HOMO-LUMO gap

Page 63
TH-3664 196107106



Bio-based Nanofluid Chapter 2

[43]. This is an important study as it shall help us in comparing the dispersion effect of the
nanoparticles within the bulk or the base fluid. It invariably shall allow us in predicting the
extent of the heat transfer, as a good dispersion shall result in a high heat transfer coefficient
due to the less resistance through the bulk media. In this manner one can compare the zeta

potential values with the non-covalent interactions as obtained here.

()

()
Figure 2.3 Optimized structures of (a) Cyrene, (b) Pristine SWCNT and (¢) SWCNT-
COOH at ®B97XD/6-31G(d,p) level of density functional theory
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2.3.2 Reverse NEMD Computational Details

The explicit Cyrene molecules are considered to generate an amorphous cell, as shown in
Figure 2.4. To perform thermal conductivity calculations, an orthorhombic box is considered
based on the Miller-Plathe method [44], where box size is considered as x = y < z/2, as shown
in Table 2.2. An armchair (6,6) SWCNT with a radius of 4.1 A and length of 24.5 A is
considered, as shown in Figure 2.5 (a). The surface of SWCNT is functionalized with carboxyl
groups, as shown in Figure 2.5 (b). In all our CNTSs, ends are terminated with hydrogens. The
DESMOND MD [45] tool is utilized for all MD simulations within the Schrddinger simulation
software, Schrodinger release (2024-2). A time step of 1 femtosecond (fs) is employed for the
integration of Newton’s equations of motion in all our simulations. A cut-off distance of 14 A
was employed. We have used Optimized Potentials for Liquid Simulations (OPLS4) force
fields [46] to accurately represent the bonded and Lennard-Jones interactions. The simulation
scheme utilized in all systems is outlined in the subsequent steps: NPT molecular dynamics
simulations for 5 ns are conducted to calculate the average volumes and densities. A
temperature of 300 K and a pressure of 1 atm are utilized for the NPT simulation. The
temperature and pressure were maintained at a constant level by employing the Nose-Hoover
thermostat and Martyna-Tobias-Klein barostat, with coupling constants of 1 ps and 2 ps,
respectively. Subsequently, reverse non-equilibrium molecular dynamics (NEMD) simulations
were conducted with a production run of 80 nanoseconds in the NVE ensemble. To induce a
heat flux and determine the temperature distribution, the simulation box is partitioned into
10 slabs perpendicular to the z-axis. The Muller-Plathe method is explained in the section. 2.4.6

in details.
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Table 2.2 The number of Cyrene, CNTs and functionalized CNTs along with the simulation

box sizes of nanofuids to calculate thermal conductivity are shown.

CNT

Fluid Number | Number | Simulation Box

of Cyrene of Size (A3)
Molecules | CNTs

Pure Cyrene 2000 0 54.1x54.9x112.9

Cyrene + (3) pristine CNT 2000 3 51.4x52.1x129.5

Cyrene + (10) pristine CNT 2000 10 51.0x50.4x143.2

Cyrene + (3) Carboxyl functionalized 2000 3 51.8x51.7x130.1

CNT

Cyrene + (10) Carboxyl functionalized 2000 10 51.3x50.6x 144.9

Figure 2.4 Snapshots of the NVE MD run showing Cyrene molecules in orthorhombic box.

The color coding for atoms is as follows: carbon is grey, oxygen is red and hydrogen is white.

TH-3664_196107106
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Figure 2.5 The atomistic structure of nanoparticles (a) pristine SWCNTSs (b) SWCNTs
functionalized with -COOH groups on surface. The colour coding for atoms is as follows:

carbon is grey, oxygen is red and hydrogen is white.

2.4. Result and Discussion

2.4.1 Characterization of MWCNT and MWCNT-COOH Nanoparticles

The microstructure of CNTs was investigated through FETEM and FESEM images as shown
in Figure 2.6(a, c) and (b, d). The FESEM images were captured at 100nm and 200 nm scale,
where a randomly oriented fiber like CNT (order of micrometres) is readily visible. Several
multi walled or layer structure of CNT were clearly seen in FETEM images (Figure 2.6(c) and
2.6(d)). It reveals the diameter of the CNTs which were in the range of ca. 20-40 nm. The
structures claim that white spots on the CNT surface in Figure 2.6(b) indicate the presence of
functional groups, which was not seen in Figure 2.6 (a), but there is limited elaboration on the
nature or implications of these functional groups. The XRD pattern of MWCNT and MWCNT-
COOH is displayed in Figure 2.7(a), which indicate the crystallinity structure of CNT. A sharp

peak was observed at 26=26.02° which indicated the crystallinity structure of the carbon
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nanotube. The shift in the peak position from 26.02° to 25.50° and is attributed to the expansion
of the interlayer d-spacing resulting from the presence of the COOH group. However, the (100),
(004), and (110) atomic planes exhibit a low-intensity peak with 20 values of 43.04°, 53.68°,
78.0° respectively showing that MWCNTS have crystalline structure. There were no additional
peaks detected, indicating the nanotube's exceptional purity and lack of functionality. The
findings from the Raman spectroscopy analysis (Figure 2.7(b)) are discussed, demonstrating
the detection and characterization of different carbon allotropes as well as the presence of
various functional groups. Although the D and G modes are acknowledged, the implications of
the D/G ratio and sp3 group concentration in relation to the presence of functional groups are
observed. Finally, the FT-IR spectra, as depicted in Figure 2.7(c), are presented, highlighting
the characteristic O-H stretch and C=0 bands commonly observed in carboxyl functional

groups.
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Figure 2.7. Characterization results of MWCNT and MWCNT-COOH nanopatrticles (a ) XRD, (b)
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2.4.2 Thermophysical Properties

2.4.2.1 Thermal Conductivity

Thermal conductivity, specific heat, density, and dynamic viscosity are the critical parameters
that define the thermal performance of the nanofluid. The thermophysical properties of
nanofluid are mainly affected by the shape, size, particle aggregation, and volume fraction of
the nanoparticles that are dispersed in the base fluid. The high volume to surface ratio of the
nanotube causes high thermal conductivity of the nanofluid. This result is clearly observed
from the experimental data as shown in Figure 2.8(a). The thermal conductivities of both base
fluid and nanofluids were measured and plotted against different temperatures (25-85°C). The
small particle size of nanofluids is responsible for the significant feature of micro-convections
inside the fluid, which effectively promotes the dispersion of heat. The importance of this
phenomenon becomes evident when examining the MWCNT-COOH base nanofluid. Due to
the small size of the particles, micro-convection of the fluid takes place, which results in faster
dispersion of heat in the fluid. It can be clearly seen from Figure 2.8, the thermal conductivity
of both concentrations of nanofluids (NF1 and NF2) shows higher thermal conductivity than
the base fluid and commercial heat transfer fluid Paratherm GLT [47]. The thermal
conductivity of nanofluid increases with an increase in temperature as compared to that of the
base fluid. This follows a general trend i.e. with increase in temperature, nanoparticles gain
higher energy which results in a higher collision rate between the nanoparticles.

The thermal conductivity also depends on the nanofluid concentration. With the
increase in the volume fraction, temperature effects increase the Brownian motion, affecting
the thermal conductivity [48]. This is clearly seen in Figure 2.8(a), where NF1 possesses higher
thermal conductivity than NF2 when the temperature rises. The greatest increase in thermal
conductivity was 89.88% at 65°C for NF1.Table A2 in appendix A shows the thermal

conductivity enhancement of the nanofluids at different temperatures. More significant are the
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van der Waal attraction forces, which attempt to attract and reduce the surface area of
neighbouring carbon tubes, resulting in a reduction in heat conductivity. Brownian motion is
one of the important factor for enhancement of thermal conductivity of nanofluid. Thermal
conductivity of the nanofluid largely depends on base fluid, shape and size of the nanoparticles,
particle volume fraction respectively. Along with all of these, there are additional factors that
can affect thermal conductivity of nanofluid, such as liquid nano-layer development around the
nanoparticles, clustering of nanoparticles, and thermophoresis [49]. Furthermore, as the
temperature rises, the kinetic energy of the nanoparticles increases which results clustering of
the nanoparticles due to the van der Waals attractive force. However, the stability of the
nanofluid is affected by the formation of bigger clusters, which lowers its thermal conductivity.
Thermophoresis is the movement of nanoparticles through the nanofluid under the influenced
of thermal gradient [50]. This thermal gradient causes the particles to experience the net force
in the direction of decreasing temperature. However, such Brownian motion-based movement
results in convective currents that disturb the heat in the nanofluid system and thereby increase
the thermal conductivity of nanofluid. Formation of nano layer of liquid around the
nanoparticles plays an important role in thermal conductivity enhancement. The layer of liquid
formed right next to the nanoparticles is expected to have thermal conductivity that is
comparable to the solid nanoparticle that helped the nanofluid conduct heat energy[51]. Along
with Brownian motion, clustering and interfacial stacking also aid in heat transfer
enhancement. In general, the MWCNT conducts heat energy via the vibrations of individual
atoms or molecules. The atomic or molecular vibrational energy of the nanoparticles is referred
to as phonons in this context. Thus, heat is transferred through nuclear vibrations via the
transmission of phonons rather than electrons. Additionally, the rise in temperature allows for
the expansion of the liquid. This thereby promotes the molecule's free mobility, boosting

intermolecular collisions and heat transmission through conduction.
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Figure 2.8 Thermal conductivity of MWCNT/Cyrene nanofluid at temperature range 25-

85°C

The thermal conductivity of MWCNT-COOH/Cyrene base nanofluid (NF3) is shown

in Figure 2.9(a), which shows that a nanofluid concentration of 0.03 vol% exhibits improved

thermal conductivity compared to the base fluid and conventional HTFs like Therminol 55 and

Paratherm GLT. Moreover, the thermal conductivity of the nanofluid has a continuous positive

correlation with temperature, which is in line with the overall trend seen in which higher

temperatures enhance the kinetic energy of nanoparticles, leading to increased collision rates

between them. In the context of this investigation, a mathematical model was formulated to

represent the thermal conductivity of the nanofluid as a function of temperature, exhibiting an
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exponential relationship. The resulting regression value provides valuable insights into the
thermal characteristics of the nanofluid across different thermal circumstances. A polynomial
correlation of thermal conductivity as a function of temperature was developed for nanofluid

with a regression value R? = 0.91993,as shown in Figure 2.9(a).

k = —0.03878 + 0.00696T — 2.12392 x 107°T? (2.3)

Maxwell model [52] suggest an equation (Equation 2.4) for estimating thermal
conductivity ratio and consider only the effect of volume fraction and the thermal conductivity
of the component. It does not consider the effect of particle size, shape, temperature effect and

viscosity of the base fluid.

kpr  ky + 2kpp + (kp — kys )@

The thermal conductivity of the base fluid, the nanoparticle, the nanofluid, and the
volume fraction of the nanoparticles are represented by kjf, kj,, and ks, respectively.
Furthermore, Maxwell-Eucken [53] proposed one model to predict the k, swhich is given in

Equation 2.5.
(2.5)

o (720 (2) 66
" (1o (-@)) (6 )

The Hamilton Crosser model (H-C model) [54] modified the Maxwell model and

considers the effect of particle shape is shown in Equation 2.6.
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kg _ Ky + (n— Dkyr — (n—1)(ky — kps)@ (2.6)
kpy kp + (0= Dkyps + (kp = ks )

Equation 2.7 yields the value of n, which is the coefficient of the nanoparticle shape.

n= 27)

< |w

1 represents the ratio between the surface area of a sphere with the same volume as the
nanoparticle and the surface area of the particle itself. The value of n is 3 for spherical particles
and 6 for cylindrical nanoparticles. It can be seen from the Figure 2.9 (b) that H-C model and
Maxwell-Eucke model are nearly close to the experimental results, whereas deviations are

observed in Maxwell model.
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Figure 2.9. Thermal conductivity results of nanofluid (NF3) (a) variation with temperature (b)

comparison of experimental results to the Maxwell model, Maxwell-Eucken model and H-C model

2.4.2.2 Density
Density plays an essential role in order to evaluate the thermophysical properties of nanofluid.
The experimentally measured density are reported in Figure 2.10(a) and it is compared with a
heat transfer fluid, Paratherm GLT. It was observed from the experimental data that the density
of both base fluid, NF1 and NF2 decreases with an increase the temperature from 25-85°C.
However, the addition of MWCNT nanoparticles leads to increase in the density of the
nanofluid. It was observed that the nanofluids containing 0.0016 and 0.0032 volume fractions
of MWCNT have a slightly higher density than the base fluid.

The measured density variation between the base fluid and the nanofluid is also

significantly less. It should be noted that the size of the nanoparticle is responsible for thermal
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expansion with an increase in temperature, which results in higher kinetic energy of the
molecules. Experimentally determined values are compared to a standard model presented by

Pak and Cho [55] as given in equation 2.8.

Pnf=q@ypnp+(1-@y)pbr (2.8)

Where, pyy is the nanofluid, py is the base fluid, ¢, is the volume fraction and p,, is
the density of nanoparticles.The comparison of experimental data with a conventional model
is tabulated in table A3 given in appendix A. Similar phenomena as observed in the case of
0.03 vol% of MWCNT-COOH/Cyrene base nanofluid (NF3) is shown in Figure 2.10 (b).
Nevertheless, the incorporation of MWCNT-COOH nanoparticles into the nanofluid leads to a
marginal elevation in density. Furthermore, it is important to acknowledge that the disparity in
density between the base fluid and the nanofluids is relatively moderate. Equation 2.9
establishes a linear association between density and temperature, with a regression value ‘R?’

of 0.998 and a standard error value +4.542 x 107°.

p = 1271049 —9.9890 X 10~*T + 5.99401 x 1074T2 (2.9)

Here p is the density (gm/cc) and T is the temperature (K) of the nanofluid
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2.4.2.3 Viscosity

Rheological behaviour of nanofluids (NF1 and NF2) and base fluid were investigated through
rheometer at different temperatures and at a shear rate of 50 per second (s). These were then
compared with the result of commercial heat transfer fluid Paratherm GLT. Any rheological
behaviour of fluid depends on increase in viscosity with nanoparticle concentrations and
decrease in viscosity with rise in temperature[56]. These two aspects are clearly seen in our
results. An exponential decreasing trend was observed in Figure2.11(a), where the viscosity of
both the nanofluids, NF1 and NF2, and their corresponding base fluid decreases when the
temperature rises from 25-85°C. Similarly, in the case of nanofluid NF3, similar trend was
noted as shown in the Figure 2.11(b). Increasing the temperature weakens the intermolecular
forces, resulting in a decrease in viscosity. In comparison to the commercial thermal fluid, base
fluid and nanofluids has very less viscosity at room temperature. Further the addition of
nanoparticle concentration in the base fluid increases the viscosity of the nanofluids, while such
an effect is minimal at high temperature. The increase in the viscosity of the nanofluid is due
to the decrease in the cohesive forces between the molecules at higher temperatures, which
results in higher kinetic energy. As the kinetic energy increases, molecules are free to move,
which leads to an increase in viscosity. It can be concluded that the viscosity of Nanofluid is
affected by many factors such as volume concentration, shear rate, morphology of
nanoparticles, and temperature. Lower the viscosity of the nanofluids, lower is the pressure
drop, and hence, lower is the pumping power required. A conventional model as developed by
Einstein [57](equation 2.10) was used to predict the viscosity of the nanofluid and a comparison

with the experimental results were made.

Mot = (1 + 2.5@y) Hpt (2.10)
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Here, w,¢ is the viscosity of the nanofluid, ¢, is the volume fraction and py is the
viscosity of the base fluid.This is one of the many conventional models reported in the
literature[58].The choice of the model is based on the value of the low concentration and does
not consider the particle density effect, particle shape, size and agglomeration effect. The
measured values are then compared to those obtained from the theoretical model as tabulated
in A4 in appendix A. On closer inspection, it was found that the experimental results exceeded
Einstein's theoretical predictions. This difference is due to the fact that it does not consider
intramolecular attraction between the nanoparticles.

Moreover, the introduction of nanoparticle concentration into the base fluid results in
an elevation of the viscosity of the nanofluids, although this effect is less pronounced at
elevated temperatures [59]. A polynomial correlation was established using regression
analysis, resulting in a R?=0.995. This correlation can be used to estimate the viscosity of

nanofluid at various volume concentrations, as described by Equation 2.11.

u=0.02165 — 4.5136 x 107*T + 2.7463 x 107°T? (211)

Here L is the viscosity and T is the temperature of the nanofluid.

Finally, it can be inferred that the viscosity of nanofluids is influenced by several
factors, including the nanoparticle concentration, shear rate, nanoparticle morphology, and
temperature. The reduction in viscosity of nanofluids leads to a decrease in pressure drop,

which in turn reduces the amount of pumping power required.
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2.4.2.4 Specific Heat

The specific heat capacities of Cyrene, Cyrene/MWCNT and Cyrene/MWCNT-COOH
nanofluids were measured at different temperatures by the sapphire method. Figure 2.12 (a)
and 2.12(b) depicts the specific heat capacity at different temperatures. Measurement of
specific heat capacity was done under nitrogen environment at heating rate of 20°C/min within
temperature range of 35-90°C. It was clear from the experimental data that specific heat rises
with rise in temperature. However, the addition of CNT nanoparticles enhanced the heat
capacity of the nanofluids significantly. Since the specific heat of the carbon nanotube is greater
than the base fluid, this causes a higher specific heat in the nanofluid. For Cyrene/MWCNT
nanofluid system, an 11.25% enhancement was observed at 35°C when a small amount of
nanotube concentration (NF2) was added to the base fluid. The enhancement was greatest at
65°C. However, by doubling the concentration of the nanofluid (NF1), enhancement increases
to up to 62.95% at 35°C. The greatest enhancement was found at 75°C. It was seen that after
75°C, specific heat curves decrease with an increase in temperature. The results were compared
with the commercially available thermal fluid Paratherm GLT, as shown in Figure 2.12(a).
This can be explained as with an increase in temperature, the rise in the system's internal energy
due to the fact that the vibrational and rotational energies of the molecules also increase.,
indicating adsorption of higher molar heat capacity by the molecules.

A notable enhancement of 29.3% has been observed at higher temperature for
the case of NF3 nanofluid system. In order to provide context for these findings, a comparison
is shown in Figure 2.12(b) with commercial HTG (Paratherm GLT and Therminol 55). Based
on the experimental data with the function of temperature, a mathematical correlation was
developed with regression value R?=0.969 as shown in Figure 2.12(b) and given in Equation

2.12.
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Cp = 1.17936 + 0.01509T — 3.87711 x 10~5T2 (2.12)

Here Cp is the specific heat capacity and T is the temperature of the nanofluid.
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Figure 2.12. Specific heat of nanofluids at temeperature from 35-90°C (a)
Cyrene/MWCNT (b) Cyrene/MWCNT-COOH nanofluid

The obtained results of thermophysical properties hence compared with literature Ilyas
et al.[60], and the values between base fluid and nanofluids were found to be agreeing well.
According to published data, the density difference between MWCNT-thermal oil nanofluid
and base fluid was 0.76 kg/m® and 0.61 kg/m?® at 30°C and 40°C, respectively. In present work
the density changes between 30°C and 40°C were 0.001 and 0.002 kg/m?, respectively at
0.0016 and 0.0032 volume fractions nanofluid. Similar results was reported in the literature
Pyarimohan et al. [61], where minor difference of 0.55 kg/m® and 0.54 kg/m® was observed
after addition of nanoparticles in the deep eutectic solvents. Similarly, the viscosity of the
reported nanofluid and base fluid decreases with increased temperature, consistent with the

literature [60, 61].
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2.4.3. Stability of the Nanofluid
A primary technique to understand the dispersion behaviour of CNTSs in base fluid and stability
evaluation of nanofluid is its sedimentation[62]. This practice is based on the settlement of the
nanoparticles at the bottom of the base fluid due to gravity. The higher sedimentation time
indicates the higher stability of nanofluid. In our work, a 10 mL of a freshly prepared and
sonicated sample was put inside a 10 mL vial was prepared and then kept at ambient conditions
at a temperature of about 293 K over a period of 5 days. During this time, a daily visual
inspection was performed for all concentrated nanofluids. It was observed that the
nanoparticles are settled after five days, exhibiting poor dispersion behaviour. The images of
nanofluids were captured after sonication after 24 hrs, 36 hrs and 48 hrs. The optical
microscopic images of NF2 and NF1 after 48 hours are provided as Figure AS2 in appendix A.
However, good dispersion behaviour of nanoparticles was observed for up-to 36 hours.
Thereafter, a small agglomerate of the nanoparticles was observed after 36 hours in the base
fluid due to van der Waal forces of attraction. The agglomeration of nanoparticles is caused by
the adhesion of particles to each other, resulting in (sub)micron-sized entities. In contrast,
nanoparticle agglomerates are the result of the formation of covalent or metallic interactions
that are difficult to break. Viscosity and dipole moment of the base fluids appear to be two
crucial parameters that affect the level of agglomeration. Fluids having a mid-level dipole
moment are better candidates for formulating stable nanofluids. On the other hand, the fact that
Cyrene has a higher dipole moment (3.4), enables the agglomeration between the nanoparticles.
The overall observation of the nanofluid based on Cyrene-MWCNT can withstand stability of
approximately three days during which they needs to be operated.

The stability and dispersion characteristics of nanofluids was further explored by the
investigating the zeta potential value. The zeta potential was evaluated by measuring the electro

kinetic potential in order to analyse the nanofluid's dispersion and stability [63, 64]. It was
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observed that the zeta potential value of nanofluids NF1 and NF2 were -36.71mV and -91.00
mV whereas 191mV for nanofluid NF3, respectively as shown in Figure 2.13. The results
showed that the nanoparticles were highly stable in base fluid. When nanoparticles are
dispersed in the base fluid, there are two layers formed surrounding the particle. The closely
attached layer with the particle is known as the stern layer. The diffuse layer is the next one up
from the stern layer, and it is just tangentially bound to the nanoparticle. The two layers
working together also known as electric double layer (EDL), is a neutral electrical
configuration. Zeta potential is formed on the interface of EDL and is measured in millivolts
at this point. A high zeta potential value implies higher repulsive forces, increasing the
possibility of the agglomeration of particles. Due to the nanoparticle's large surface area and
compact size, its surface area is reduced, resulting in strong van der Waal forces. These strong
van der Waal forces attract the other particles and form an agglomerate. As per VVandsburger,
Nanofluids are practically stable when the zeta potential of the particles is around +30 mV[65].
When the zeta potential is near to 45 mV, nanofluid stability is confirmed. If the value of the

nanofluid is more than £60 mV, it has outstanding stability.
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Figure 2.13. Zeta potential values for MWCNT-COOH and MWCNT base nanofluid
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2.4.4. Forced Convection Studies

2.4.4.1 Forced Convection Studies: Cyrene/MWCNT Nanofluid

The forced convection experiments were carried out at three different Reynolds numbers with
a constant heat flux of 13514.86 W/m?. Heat transfer coefficients were calculated under the
laminar condition at each testing section of the tube as per the experimental setup. The detailed
calculation of heat transfer coefficients is given in the Appendix A. Figure 2.14(a) shows the
axial variation of heat transfer coefficient at three different Reynolds numbers for base fluid.
The convective heat transfer coefficient was found to increase with an increase in Reynolds
number. The heat transfer coefficient is highest at Ne=1881 and decreases non-linearly with
axial distance. This can be explained that with an increase in Reynolds number, the boundary
layer thickness decreases, leading to a higher heat transfer rate. Local Nusselt number is
calculated reported in Figure 2.14(b).

The significance of a higher Reynolds number implies higher heat transfer due to the
fluid motion as compared to the heat transferred by the process of conduction. A remarkable
enhancement in heat transfer coefficient was observed when 0.0016 and 0.0032 volume
fraction of MWCNT were dispersed in base fluid. Figure 2.15(a) shows the effect of carbon
nanotube concentrations on heat transfer coefficient along the axial distance of the tube at
Reynolds numbers (Nre=1881, Ne=1129, and Nr=626). As expected, with increasing Reynolds
number, the heat transfer coefficient of the nanofluid also increases. Possible reasons for this
enhancement include nanoparticle size and the effect of the Brownian motion of particles,
decreasing the particle's boundary layer thickness and mixing effect [66, 67]. Analogously, the
local Nusselt number of the nanofluids and reported in Figure 2.15(b) along with base fluid
data. Due to the high thermal conductivity and specific heat than base fluid, Nusselt number

was found to increase at a higher rate than of the base fluid.
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From Figure 2.16(a), it was observed that Nanofluid, NF1 possesses the highest heat
transfer coefficient value at the N=1881, followed by nanofluid NF2, whereas a low heat
transfer coefficient was observed at Nr=626 with volume fraction 0.0016 (NF2). Figure
2.16(b) represents the variation of heat transfer coefficient and Nusselt number of nanofluids
NF1 and NF2. This was compared with base fluid at Reynolds number N=1881 along with
the axial distance of the testing tube. It was noted that 19.06 % enhancement was observed
when 0.0016 volume fraction nanofluid was used (NF2), whereas 46.58% enhancement was
found for 0.0032 volume fraction of nanofluid. As discussed above, nanofluid with higher
thermal conductivity increases the heat transfer coefficient of the fluid. Furthermore, when the
Reynolds number increases, so does the Brownian motion of the nanoparticle, resulting in a
high heat transfer coefficient. For base fluid and nanofluids, as the heat is transferred from the
surface of the pipe to the fluid through conduction, the thickness of the boundary layer becomes
very small. This is attributed to the increase in the heat transfer coefficient at the entrance

region [68].
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Figure 2.14. (a) Heat transfer coefficient and (b) Nusselt number of base fluid Cyrene at
Reynolds number 1881, 1129 and 626
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As the fluid moves, the thickness of the boundary layer increases; as a result, the heat
transfer coefficient decreases along with the length of the pipe. Also, nanoparticle
concentration is highest at the entrance region resulting in non-uniform distribution of both
thermal conductivity and viscosity, thereby reducing the thickness of the thermal boundary
layer, which ultimately improves the heat transfer coefficient at the entrance region. According
to previous work[67, 69, 70], other factors that is attributed to the increase in heat transfer
coefficient includes the mixing effect of particles near the wall, high thermal conductivity,
reduction of boundary layer thickness, and delay of boundary layer formation. Figure 2.17(a)
and (b) represents the wall temperature and fluid temperature profile of base fluid and
respective nanofluids. It was noted that inner wall temperature is higher in both nanofluids and
base fluid at low Reynolds number. Compared to the base fluid, the wall temperatures of the
nanofluid are less and decrease with increasing Reynolds number. This is because as the
nanofluid flows through the tube, the nanoparticle strikes the tube wall and transfers thermal
energy from the wall to the nanofluid. This lowers the wall temperature of the fluid. A similar
result was reported by Fotukia [71], where tube wall temperature decreases by adding
nanoparticles to the base fluid. When the fluid initially enters a pipe, it is not fully developed.
Instead, before it fully develops, the fluid must travel a particular distance without being
disturbed. This also holds true when a fluid travels a pipe system curve. This is due to the
curve's disturbance of the fluid's velocity profile. It must therefore travel a given distance in a
straight pipe to fully develop once again. Further the experimental obtained Nusselt number
values of nanofluids were compared with Pyarimohan et al [61] where similar trend was
observed. Overall, an improvement of convective heat transfer coefficient and Nusselt number
in the laminar region were observed. The higher heat transfer coefficient was attributed to its
thermal conductivity and the thickness of the hydrodynamic boundary layer and the shape of

the nanoparticles.
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Figure 2.17. (a) Fluid temperature and (b) Wall temperature of base fluid and
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2.4.4.2 Forced Convection Studies: Cyrene/MWCNT-COOH Nanofluid

With a constant heat flow of 12840.761 W/m?, the forced convection experiments were
conducted in a turbulent environment at various Reynolds numbers. Figure 2.18 (a) and (b)
represents the fluid temperature and wall temperature of the Cyrene and Cyrene/MWCNT-
COOH nanofluid. Both profiles show less linear increment along the length of the testing tube
because of the longer residence time. Figure 2.19(a) depicts the axial distribution of the heat
transfer coefficient for four discrete Reynolds numbers (11441, 14715, 19750, and 24159) for
the base fluid Cyrene. In addition, the obtained results are compared to those of water at
Reynolds numbers of 53033 and 64818. It is worth noting that the convective heat transfer
coefficient exhibits an increase as the Reynolds numbers increases. The heat transfer
coefficient reaches its maximum value at a Reynolds number of 19750 and exhibits a very
stable trend along the axial direction. The observed behaviour can be attributed to the inverse
relationship between the Reynolds number and the thickness of the boundary layer. As the
Reynolds number increases, the boundary layer thickness decreases, resulting in an enhanced
heat transfer rate.

The greater Reynolds number is associated with increased heat transfer resulting from
fluid motion, in contrast to the heat transfer occurring through conduction. A significant
increase in the heat transfer coefficient was found upon the addition of 0.03 vol% of MWCNT-
COOH to the base fluid. The impact of varying CNTs concentrations on the heat transfer
coefficient throughout the axial distance of the tube is illustrated in Figure 2.19(b). The
Reynolds numbers considered in this study are 2709, 9738, 19420, and 16471. As predicted,
the heat transfer coefficient of the nanofluid exhibited an upward trend with the increase of the
Reynolds number. Potential reasons for this improvement include the size of the nanoparticles,
their increased thermal conductivity, the impact of their Brownian motion, the reduction of the

thickness of their boundary layer, and the mixing effect [54, 55].
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Figure 2.18. (a) Fluid temperature and (b) wall temperature profile for both Cyrene and
Cyrene/MWCNT-COOH nanofluid (NF 3) along with testing section of the tube.
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2.4.5 Quantum Chemical Calculation Results
2.4.5.1 Geometry Optimization
In this study, calculations were initiated by the geometry optimization of a simple (5,5) single-
walled carbon nanotube whose ends were saturated with ten hydrogen atoms. This model has
been utilized in prior studies for CNTs so as to ensure consistency and comparability of results.
Furthermore, this model is prevalent in many other reports since the computational costs of the
are minimized without the use of substantial approximation. The geometry optimization for
Cyrene/SWCNT was compared with the optimized geometry of SWCNT coupled with the
conventional thermal heat storage media, specifically ethylene glycol (EG). The initial
optimized structures of individual molecules were used to generate the pair configuration of
the EG/SWCNT and Cyrene/SWCNT system (Figure 2.20). It is clearly seen from the
optimized geometry that the Cyrene molecules approach towards the carbon nanotube at
different O (Ose and Os7) and H (Has, Ha7, and Hss) atoms and get induced towards carbon
nanotube at positions C7, Cs, C12, C14, and Cie. The corresponding C-H and O-C bond distances
in A are displayed in Figure 2.20. It is seen from the Cyrene/SWCNT pair system that when
compared with EG/SWCNT pair system, bond distances between Cyrene/SWCNT atoms are
a little higher.

In the case of the EG/SWCNT pair system, the shortest hydrogen bond interaction (C-
H bond) was measured at 2.77 A. For both the system, C-H bond distances are comparatively
less than the C-O bonds, where predicted distances between O atoms and C atoms of EG (Oa49-
Co and O47-C11) and Cyrene (Os-C7 and Os7-C12) molecules are 3.21, 3.57, 3.39 and 3.45 A
respectively. It was noted that with the introduction of Cyrene with SWCNT, the C-H and C-
O bond distances provides a slight decrease in bond distances. However, the decrement in bond
distances were very less in magnitude, indicating that the dominating interactions were weak

van der Waal interactions. The interaction energies for EG/SWCNT and Cyrene/SWCNT
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systems as calculated from equation 2.2 were -7.592 kcal/mol and -8.534 kcal/mol,
respectively. The negative sign indicates the spontaneity of the interaction. The higher the
negative value, higher is the interaction. The higher negative value for the interaction energy
of the Cyrene/SWCNT complex system can be attributed to the higher charge transfer
compared to the EG/SWCNT system, which exposes fewer active sites to SWCNT. The
presence of a ketone group, which makes Cyrene a more polar molecule than EG, may further
contribute to the magnitude of charge transfer within the Cyrene/SWCNT system.

The optimized results of both structures indicate a weak interaction between molecules
of Cyrene and EG with SWCNT. Thus, one might deduce that the interaction between solvents
and SWCNT is a physical process governed by van der Waals interactions. However, the
significant interactions within Cyrene/SWCNT complex systems, in comparison to
EG/SWCNT system, gives tenability with the experimental findings especially related to the
zeta potential which indicates the dispersive nature and the subsequent stability. The weak van
der Waal (vdW) interaction within the Cyrene/SWCNT complex system leads to the
agglomeration of the CNT nanoparticles, which in turn results in a short term stability of the
nanofluids. This is in line with the experimental evidence as reported in section 2.4.3 discussing

the stability of nanofluids.
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Figure 2.20. Optimized structures of (a) EG/ISWCNT (b) Cyrene/SWCNT obtained using
©B97XD/6-31G(d,p) level of theory (side view and front view)
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2.4.5.2 Non-Covalent Interactions Between SWCNT and Solvents

The reduced density gradient (RDG) analysis was executed in order to shed clarity on the role
and relevance of non-covalent interactions in the interaction of base fluid with the surface of
SWCNT. RDG establishes a connection between the real space function and the second
intrinsic value of the electron density hessian matrix. The analysis (RDG) may serve as an
indicator of the sort of weak interactions present in the system. On the basis of their intensities,
types, and sites of action, RDG analysis can be used to depict intermolecular interactions.

The RDG scatterplots and surface distribution diagrams for the stable Cyrene/EG—
SWCNT complex systems are depicted in Figure 2.21. Plots of the RDG against (sign A2)p,
where (sign A2)p is the electron density multiplied by the sign of the second Hessian eigenvalue
(sign A2)p , are used to create NCI plot to investigate the presence of weak interactions. The
value of (sign A2) p is useful in predicting the nature of interaction. For a repulsive interaction
we have (sign A2)p> 0 and for attractive interaction (sign A2)p < 0 [72]. A. Figure 2.21 displays
strong attractions, strong repulsion, and vdW interactions in blue, red, and green color,
respectively. As presented in Figure 2.21, when the thermal media (Cyrene and EG) were
exposed on the surface of SWCNT, several spikes occurred in the low charge density region
of the Cyrene/EG-SWCNT complexes, indicating that the Cyrene/EG-SWCNT complexes
have weak interactions. The green region observed between Cyrene and SWCNT implies that
weak van der Waals interactions play a significant role in Cyrene-SWCNT interactions (Figure
2.21 (a)).

The van der Waals interaction between the SWCNT surface and Cyrene occurs through
X...t (X represents C, H, and O atoms of Cyrene). A similar pattern of results can be visualized
in EG/SWCNT complex where the van der Waals interactions are the dominating
intermolecular forces. Within the rings of the SWCNT and Cyrene structure, there is a clear

indication of a spatial repulsive force, which is indicated by the red region. From NCI analysis,
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it can be established that the large number of interactions between Cyrene/SWCNT complex
systems enhances the interaction strength of Cyrene molecules on SWCNT surfaces and results
in higher interaction energy values than other complexes. However, the large number of van
der Waals interactions present within the Cyrene/SWCNT complex system provides a more

stable nanofluid system in comparison to the conventional solvent system based on ethylene

glycol.
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Figure 2.21. RDG isosurface and scatter graph of RDG for SWCNT-Cyrene and SWCNT-
EG complex system
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2.4.5.3 HOMO-LUMO Analysis

HOMO-LUMO energy gap is the key parameter to study the chemical stability of the system.
This is the difference in energy between the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO. The relative energy of each orbital
determines the magnitude of the HOMO-LUMO energy gap and helps us to determine the
molecular electronic transport properties [73]. It is calculated by deducting the LUMO energy
from the HOMO energy [74-76]. The large difference between the HOMO and LUMO energy
suggests a greater degree of chemical kinetic stability and resistance to charge transfer.
Similarly, a small energy gap indicates a high degree of polarization, as reaching the excited
state needs just a minimal amount of energy. In contrast, a rise in HOMO energy combined
with a drop in LUMO energy leads in a decrease in the HOMO-LUMO energy gap [77]. Small
HOMO-LUMO gap indicate the presence of soft materials, whereas the hard materials
represent the large energy gap of HOMO-LUMO. The kinetic stability and reactivity of the
components were calculated through the value of the HOMO-LUMO energy band gap of the
system.

The HOMO, LUMO and HOMO-LUMO energy gap of Cyrene, EG, and SWCNT
configurations are shown in Figure 2.22. The HOMO-LUMO gap of complex systems
(Cyrene/SWCNT and SWCNT/EG) indicate the presence of reactivity via electronic hopping
energy. The HOMO-LUMO energy gaps of Cyrene/SWCNT and EG/SWCNT systems are
displayed in Figure 2.23. From these Figures (2.22 and 2.23), it is clearly seen that the HOMO-
LUMO energy gap of Cyrene/SWCNT reduces when Cyrene molecule is exposed to SWCNT.
The respective values for Cyrene and Cyrene/SWCNT were 0.364 eV and 0.184 eV
respectively. Similar results can be seen in the EG/SWCNT system also, where values are 0.501
eV for EG and 0.185 for EG/SWCNT respectively. These results reveal the fact that the

presence of carbon nanotube (SWCNT) reduces the energy gap value and interact the
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molecules more strongly with Cyrene. Larger value of energy gap for SWCNT/EG system
indicate an unstable nanofluid system. It implies that the charge transfers and transfer of
electrons is thermodynamically unfavourable in comparison to the Cyrene/SWCNT complex
system. The lower interaction energy of EG/SWCNT complex system and higher HOMO-
LUMO energy gap, presents a clear picture of the system, where it can be confirmed that the
active sites of EG are less exposed to SWCNT thereby leading to an unstable nanofluid system.
Therefore, Cyrene/SWCNT systems presents itself as a potential heat transfer media, with little
corrections in its structure such as functionalization of the molecules with some electron
withdrawing groups. The presence of electron withdrawing groups within Cyrene molecule can
help in reducing the occurrence of agglomeration within nanoparticles due to the formation of

covalent or metallic interactions.
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Figure 2.22. HOMO-LUMO energy gap of (a) Cyrene, (b) Ethylene Glycol (EG), and (¢) SWCNT
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Figure 2.23. HOMO-LUMO energy gap of (a) Cyrene + SWCNT, and (b) EG + SWCNT
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2.4.6 Reverse NEMD Simulation — Thermal Conductivity Results

The absence of a reliable and robust modelling approach has long hindered the determination
of thermal conductivities using MD simulation. The requirement to define and compute a heat
flux vector at the molecular scale has been the primary cause of this. The introduction of non-
equilibrium methods, such as the heat-exchange method, reverse NEMD method, and dual-
thermostat method, has estimated thermal conductivities more feasible. In this work, the
reverse NEMD method is employed to calculate the thermal conductivity of nanofluids. This
method involves partitioning the simulation box into small sections that extend in one direction.
Heat flux is then induced by exchanging the velocities of the hottest atom in the cold section
and the coldest atom in the hot section. The heat transfer between the hot and cold slabs is

determined by:

~%.(my v} — me v2) (213)

2tL,L,

q:

The sum is taken across all exchange events that occur during the simulation time ’t’.
‘Vh’and ‘vc’ represent the velocities of the hot and cold atoms, respectively, with masses ‘mn’
and ‘mc’. The parameters in the denominator ‘Lx” and ‘Ly’ represent the box dimension of the
plane that is perpendicular to the flux in the z-direction. Thermal conductivity can be
determined by measuring the temperature gradient in the z-direction and applying Fourier’s

equation of heat conduction.

q (2.14)
kmp = — =7+
(=)
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Thermal conductivity simulations subject to inaccuracies due to finite size effects [56].
When calculating thermal conductivity, quantizing vibrational energy levels (phonons)
introduces inaccuracies. Hence, corrections must be made to compensate for phonon scattering,
which impacts the heat transfer. Further, the value of CJ(T) can be determined from the

vibrational density of states.
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Figure 2.24 The thermal conductivity variation with respect to the simulation time for pure

Cyrene.

The evaluated thermal conductivity of pure Cyrene variation with simulation time is shown in
Figure 2.24. From Figure 2.24, it is evident that the thermal conductivity value of pure Cyrene
is converged after 50 ns. The pure Cyrene thermal conductivity using reverse NEMD is found
to be 118.95 milli-W/mK, whereas the experimental value is found to be 150 milli-W/mK[21].
The calculated thermal conductivity of the pure Cyrene, Cyrene+pristine SWCNTSs, and
Cyrene+carboxyl functionalized SWCNTSs are summarized in Table 2.3. To probe the effects

of temperature on thermal conductivity, we calculated thermal conductivity at 65 °C. We
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observed a 9.9 % increase in thermal conductivity with reference to pure Cyrene at 26 °C. It is
interesting to note that, on the addition of the 3 pristine CNTs (3 wt % nanoparticles), the
thermal conductivity of the nanofluid increases to 123.38 milli-W/mK, whereas on the addition
of the 10 pristine CNTs (~ 10 wt % nanoparticles) found to be 110.64 milli-W/mK at 26 °C.
Therefore, a decrease in thermal conductivity by 6.9 % is observed with reference to pure
Cyrene (118.95 milli-W/mK). This reduction in thermal conductivity is due to the fact that the
pristine CNTs form aggregates, as shown in Figure 2.25 (a). Agglomeration reduces the
nanofluid's thermal conductivity [21, 57, 58]. It is evident from the MD snapshots that in the
case of the pristine CNTSs, strong vdW interactions dominate leading to the formation of
aggregates [59-61], which in turn reduces the surface area of the CNTs, whereas in the case of
functionalized CNTs, the carboxyl group on the surface, hinder the vdW interactions among
the CNTs. Therefore, the surface area of the nanoparticles is greater in the case of the
functionalized nanoparticles than the pristine CNTs. It is interesting to note that the
functionalization of the CNTs with a carboxyl group at higher concentrations (10 CNTS)
increases the thermal conductivity by 8.6 %. It was observed from the study by Tian et al. [57]
that lower concentrations of functionalized CNTs in the base fluid led to the improvement of
the stability of the suspension but a slight decrease in the thermal conductivity. Overall, the
higher thermal conductivity of the base fluids can be obtained by the functionalization of CNTs
even at higher concentrations of functionalized nanoparticles; additionally, functionalization

aids in the stabilization of the nanofluid.
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Table 2.3 The calculated thermal conductivity of the pure Cyrene, Cyrene+pristine SWCNTs
and Cyrene+carboxyl functionalized SWCNTSs at 26 °C and 65 °C.

Fluid

Thermal Conductivity

Pure Cyrene

Cyrene + (3) pristine CNT

Cyrene + (10) pristine CNT

Cyrene + (3) Carboxyl functionalized CNT
Cyrene + (10) Carboxyl functionalized CNT

(milli-W/mK)
26 °C 65 °C
118.95 130.81
123.38 133.99
110.64 123.51
118.73 136.11
120.23 138.82

TH-3664_196107106
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Figure 2.25: Snapshots of the NVE MD run showing Cyrene molecules along with (a) 10
pristine SWCNTs and (b) 10 carboxyl functionalized SWCNTSs. The color coding for atoms
is as follows: carbon is grey, oxygen is red, and hydrogen is white. Cyrene molecules are
shown in green color for clear visibility of the CNTSs.
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2.5 Conclusion
The present chapter reports biomass-derived Cyrene can be used as a potential sustainable heat
transfer media. The addition of a small amount of pristine carbon nanotube of volume fractions
0.0016 and 0.0032 and 0.0003 in functionalized carbon nanotube based nanofluids was seen to
significantly enhance the thermophysical properties (density, viscosity, thermal conductivity,
and specific heat capacity) as compared to base media namely Cyrene. Morphology and
structure of MWCNT was confirmed by FESEM, FETEM, XRD and Raman spectroscopy
analyses. The flow behaviour and thermal performance of Cyrene, Cyrene/MWCNT and
Cyrene/MWCNT-COOH nanofluids were also investigated in the laminar region at different
Reynolds numbers (1881, 1129, and 626 for Cyrene/MWCNT and2709, 9738, 13420, and
16471 for Cyrene/MWCNT-COOH). The enhancement of heat transfer was confirmed at a
lower volume percent of nanoparticles. Here the nanoparticles lowered the thermal barrier layer
and improved the heat transfer. The geometry optimization of individual molecules and
Cyrene/SWCNT complexes in conjunction with the frontier molecular orbital analysis presents
a detailed picture related to the stability of studied nanofluid systems. With a detailed RDG
analysis it can be confirmed that weak vdW interactions between the base fluid (Cyrene) and
SWCNT provide a platform for nanoparticles to interact with one another, which leads to
agglomeration and decreased stability of the nanofluid. Our DFT calculations indicate that the
interactions between Cyrene and CNT are controlled mainly by the weak vdW forces. Reverse
NEMD simulations are used to validate the accuracy of the experimental thermal conductivity
measurements. Further investigation and advancement in utilizing the capabilities of
functionalized MWCNTSs in thermal energy storage are anticipated to result in enhanced and
environmentally friendly energy storage methods in the forthcoming years.

In summary, the present chapter gives information on bio-based nanofluid with two

nanoparticles (MWCNT & MWCNT-COOH) and gives detailed insights into the properties of
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the Cyrene and Cyrene based nanofluid. The deep eutectic solvent based nanofluid and their

applications will be discussed in the subsequent chapter.
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Experimental and Molecular Dynamic Insights on
theThermophysical properties for MWCNT-Phosphoniumbased
Eutectic Thermal Media

This current chapter report a novel green heat transfer fluid (HTF) containing Deep Eutectic
Solvent (DES) and Multi-walled carbon nanotube (MWCNT) nanoparticle. DES is the
combination of Methyltriphenylphosphonium bromide (MTPB) as HBA and Ethylene glycol
(EG) as HBD at a molar ratio of 1:4. Thereafter, the corresponding nanofluid was prepared
by dispersing 0.02wt% MWCNT having a diameter10-30 nm in the base fluid. Prior to
dispersion, the shape and morphology of the MWCNT were ascertainedusing both Field
Emission Scanning Electron Microscope (FESEM) and Field Emission Transmission Electron
Microscope (FETEM). The crystallinity and functional groups were investigated by X-ray
Powder Diffraction meter (XRD) and Fourier Transform Infrared Spectroscopy (FTIR). The
stability of the prepared nanofluid was initially performed using visual observation followed
by zeta potential measurements. Thermogravimetric analysis (TGA) was performed to check
the stability of nanofluid at a temperature close to 500°C at a heating rate of 10°C /min under
nitrogen environment. Thermophysical properties such as density, viscosity, thermal
conductivity, and specific heat of nanofluid were measured in the temperature range 25-85°C.
It is evident from the experimental data that viscosity and density decrease with an increase in
temperature. On the contrary, the specific heat and thermal conductivity of the nanofluid were
found to increase with temperature. This is due to the induced Brownian motion of the
nanoparticle, which results in higher kinetic energy at high temperature. In the penultimate
section, Molecular Dynamic (MD) simulations were performed to compare and validate the

results of thermal conductivity of nanofluid.
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3.1 Introduction
Environmental concerns have initiated researchers to create alternative, inexpensive, efficient,
and sustainable energy sources due to the global warming induced by fossil fuel use. In terms
of environmental concerns, the green solvent is one of the alternate methods for reducing the
impact of pollution in applications such as extraction and thermal media. The use of green
solvent or technology reduces wastewater pollutants, toxic chemical substances and also
improves technology. Here ‘green’ refers to the preparation of chemicals such as solvents and
fluids through non-fossil fuel sources. Pharmaceutical companies are now using greener
synthesis routes for drug development so as to reduce pollution and manufacturing costs [1].

Researchers have developed a new type of environmentally friendly solvents called
deep eutectic solvents (DES) as an alternative to conventional solvents. DES have several
advantages over traditional solvents, including better biodegradability and biocompatibility,
lower vapour pressure, reduced toxicity, lower cost, and easier preparation. These solvents
address the limitations of conventional solvents [2-5]. They are analogous to lonic Liquids
(IL’s), which are known for recent industrial applications [6]. Applications concerning IL’s for
extractions are also well documented [7-10]. For their interesting properties, IL’s are
alternative to conventional organic solvents [11-13]. But due to its high manufacturing and
toxicity issues, primarily from their petroleum-based precursors, alternative solvents are still
gaining importance. Further, most of the IL’s are highly viscous and difficult to synthesize.
With respect to thermal media, Wu et al. [14] synthesized IL’s namely [Csmin] [PFe], [Csmin]
[PFe], and [Cs min] [Tf2N] (Tf2N: bistrifluoromethanesulflonimide) and used them as heat
transfer fluid for solar thermal power plant.

Although, ionic liquids (ILs) can also be referred to as green solvents due to their
excellent thermal and chemical stability and low volatility. But, they are less desirable in

nanofluid applications due to their high toxicity and non-biodegradability as the most of them
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has precursors based on petroleum. Further the complicated procedure of preparing ILs hinders
it application as unlike DES, it requires a number of unit operations for its synthesis. Compared
to IL, DES-based nanofluids are more environmentally benign and scale-up-friendly as some
of them originate from natural precursors (betaine, urea) and are known as Natural Deep
Eutectic Solvents (NADES) [15]. As the base fluid is formed by combining HBA and HBD,
no waste product is generated throughout the preparation. This is why the current DES is
adopted as base solvent in heat transfer applications due to their low viscosity and density.
Industrially, DES-based nanofluids offer a more significant potential for usage as heat transfer
fluids and energy harvesting applications than IL-based nanofluids [16].

Due to its attractive beneficial and enhanced properties, DES has promised several
industrial applications in the food processing, power, extraction, and nanotechnology domains.
Generically, DES are formed by mixing defined amount of Hydrogen Bond Donor (HBD) and
Hydrogen Bond Acceptor (HBA). These are a certain class of liquids at ambient conditions
(freezing points below 25°C), which are binary compositions of two components, a Hydrogen
Bond Donor(HBD) and a Hydrogen Bond Acceptor(HBA), each of which has a melting point
above that of the DES; hence they are eutectics. According to Abott et al. [4] the lattice energy
decides the interaction between HBD and HBA and also point out the formation of an eutectic
mixture. DES are subgroup of room-temperature ionic liquids (RTILS) but are binary mixtures
contrary to ordinary IL’s that are single substances. It has been said that DES are not novel
compounds or a new type of compound but binary or ternary mixtures. Further, the presence
of a eutectic point in a mixture cannot be used to define or characterize a DES since essentially
all mixtures of compounds immiscible in the solid phase will present a eutectic point. Chen
and Mu [17] used DES to treat and dissolve chemicals from biomass. Shisov et al. [18] reported
various applications of DES in analytical chemistry. They also used DES to improve the

nanoparticle extraction efficiency and used it in chromatography as a mobile phase additive.
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Choi et al. [19] first introduced the term ‘nanofluid’, which defines as a liquid
containing nanometre size particles. Nanofluid is employed as an excellent heat transfer
medium in many practical applications due to its enhanced physical features[20-22], such as
density, dynamic viscosity, specific heat, and thermal capacity. Several studies have been
conducted using dispersed nanoparticles to assure the enhancement of the nanofluid's physical
properties and thermal stability. Carbon nanotubes (CNTSs) have sparked a lot of attention in
recent years due to their exceptional electrical and mechanical capabilities[23]. Multi-walled
carbon nanotube containing nanofluid leads to the enhancement of thermal conductivity. The
increase of the ultra-sonication time is also known to increase the fluid's thermal conductivity
up to a certain extent [24]. Similar work has been reported by Mahbubul et al. [25] where they
studied the effect of ultra-sonication time on the stability and rheological properties of the
nanofluid containing 0.5 vol% of spherical Al.Oz nanoparticles. They reported that increasing
the ultra-sonication period leads to a decrease in the NF's dynamic viscosity. Y. Hwang et al.
[26]used various nanoparticles such as MWCNT, fullerene, CuO, SiO: to prepare nanofluid in
(a) water, (b) ethylene glycol, and (c) oil as a working fluid. The experimental results show
that the thermal conductivity of the nanofluid rises as the volume fraction increases except for

water-based fullerene nanoparticles.

Borode et al. [27] reported applications of carbon nanotube-based nanofluid in heat
exchanger. The result shows that carbon-based nanofluid can improve the performance of the
heat exchanger and reduce the heat exchange area. llyas et al. [28] synthesized Multi-walled
carbon nanotube(MWCNT) and observed the stability of thermal 0il-MWCNT based nanofluid
at various concentrations 0-1 wt%. Similar work has been done by Salam and Burk [29], where
they studied functionalized MWCNT with Polyethylene Glycol (PEG) and octadecylamine
(ODA).Carbon-based nanoparticles can be used in industrial cooling operations [30],

automotive cooling applications [31], electronic cooling (microchip cooling) [32, 33],
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extraction of geothermal power and other energy sources [34], microscale fluidic applications
[35] and solar desalination system [36]. All the application has been benefited from the use of
using DES as a base fluid in the preparation of nanofluids. Nanofluids based on DES, may be
also used in biomedical applications such as nanodrug delivery [37, 38], nano-cryosurgery [39]
and cancer therapies [40] due to their low toxicity and environmental friendliness. Due to its
high thermal conductivity, DES/MWCNT nanofluid is particularly well suited for heat transfer
applications. The DES/MWCNT-based nanofluid has the potential to be used in multistage

flash solar desalination systems.

In this chapter, MTPB as HBA and EG as HBD were mixed in the molar ratio 1:4 and
used as base fluid. Thereafter, the nanofluid with MWCNT were prepared using a two-step
method, by dispersing 0.02 wt% of MWCNT nanoparticles. Thermophysical properties of the
MTPB-EG based DES and the thermal stability of the nanofluid were thereafter analyzed at
high temperatures. Further, with the help of reverse non equilibrium molecular dynamic
simulation, thermal conductivity of nanofluid has been studied and compared to the

experimental values.

3.2 Experimental Details

3.2.1 Materials

Ethylene glycol(EG)(C2HeO2) with > 99% purity was obtained from Merck India.
Methyltriphenylphosphonium bromide(MTPB)(C19H18BrP) was purchased from SRL India
Pvt. Ltd. with > 98% purity. Multi-Walled Carbon Nanotube (MWCNT) with 10-30 nm
diameter and 5-15 micrometer length was obtained from TCI chemicals. The composition of
DES was confirmed by Nuclear Magnetic Resonance Spectroscopy (*H NMR). The chemical
composition of MTPB, EG, and optimized structure of MWCNT are shown in table 3.1 and

Figure 3.1
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Table 3.1. Chemical compositions of DES

Molecular Number

Name CAS No. Chemical Structure

formula of moles
Methyltriphenyl
phosphonium 1779-49-3 Ci1oH18BrP 1

Br
bromide [MTPB] ©/ \©

Ethylene glycol

HO
107-21-1 D N C2Hs02 4

[EG]

Figure 3.1 Front view and side view of single walled carbon nanotube (SWCNT)
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3.2.2 Characterization of Multi-Walled Carbon Nanotube (MWCNT)

The morphology and shape of MWCNT nanoparticles were investigated by Field Emission
Transmission Electron Microscope (FETEM, JEOL-JEM2010) and Field Emission Scanning
Electron Microscope (FESEM Sigma 300, Zeiss). The crystallinity structure of MWCNT was
analyzed by Powder X-ray Diffraction (XRD Bruke D8, advanced X-ray diffraction
measurement system) at room temperature in the range of 26 from 10 to 80°. Fourier Transform
Infrared Spectra analyzer (FTIR, Perkin—Elmer, Norwalk, USA) was used to ascertain if any
functional groups or chemicals were present in MWCNT and the nanofluid. The absorption

spectra were recorded in the range between 500 to 4000 cm™.

3.2.3 Synthesis of MTPB-EG Based Deep Eutectic Solvent

DES was prepared by mixing 1 mole of MTPB and 4 mole of Ethylene Glycol in a round
bottom flask. A reflux condenser was used to minimize the loss of vaporization. The mixer was
stirred continuously on a magnetic stirrer hot plate (TARSONS SPINOT magnetic stirrer/hot
plate-DIGITAL, MC 02, India) for 24 hours until a clear liquid was formed. The mixer was
kept overnight at room temperature to observe solidification. When two components with
higher melting points are mixed in a defined molar ratio, the resulting melting point is called
eutectic point, which is less than the melting point of the individual component. DES are not
novel compound or a new type of compound, but binary or ternary mixtures. It should be noted
that the presence of a eutectic point in a mixture cannot be used to define or characterize a DES
since essentially all mixtures of compounds immiscible in the solid phase will present a eutectic
point Abott, et al. [4] attributed the first DES to a choline chloride and urea combination in
2003. Choline chloride has a melting point of 302°C, while urea has a melting point of 133°C.
Their combined melting point is 120°C, which is lower than the melting points of urea and

ChCI. The molar ratio can also be predicted by the COSMO-SAC model [17], where solid
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Liquid Equilibria (SLE) prediction can be made prior to experimentation. In our work, we refer
the DES or eutectic mixture to the pair HBD-HBA with a eutectic point dependent of the
specific composition we are working with. From analysis of the 'H NMR spectra of the

prepared DES, we can confirm the (4:1) molar ratio of the DES.

3.2.4 Preparation of Nanofluids

The nanofluid formation is the vital step that shall help us enhance the thermal characteristics
of heat transfer fluid. The agglomeration of the solid particle is critical and if it occurs, it shall
lead to poor thermophysical properties of DES-based nanofluid. Agglomeration, cluster
formation, and faster settlement in fluids are usually caused by high surface energies and
subsequent interactions of nanoparticles. To maintain the improved thermal characteristics, a
stable nanofluid must be synthesized. The maximum stability time can be defined as the amount
of time that the nanofluids remains completely scattered [41].

Overall there are two primary methods for preparing nanofluid [42-45], namely: two-
step method and one-step method. However, both methods have some advantages and
disadvantages. Within the two-step preparation method, the first stage consists of the synthesis
of nanotubes or nanofibres, in the form of dry powders via physical or chemical methods.
Thereafter the synthesized dry powders are dispersed in base fluids. This process is
recommended for the production of large-scale nanofluids[ 46, 47]. The size and shape of the
nanoparticles are easily controlled in a two-step method. To alleviate the possible settling of
the nanofluid, ultra-sonication and mechanical stirring are used to improve nanofluid
dispersion. In the single-step process, the nanoparticle and base fluid are prepared and
simultaneously dispersed to form nanofluid [42, 48]. Although the one-step method gives good

stability and dispersion of the nanofluid, there is complexity involved in the preparation method
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where the size, shape and concentration of the nanoparticles are difficult to control. Hence, we
have adopted the two step process where the nanoparticle was directly purchased.

In this work, the dispersion stability of nanofluids are checked by performing Zeta
potential measurement through Delsa Nano (Delsa Nano C, BECKMAN COULTER). A
thermogravimetric analyzer (TGA) is used to determine the thermal stability of the nanofluid.
The nanofluid is prepared by mixing 0.02 wt% of MWCNT in DES. The nanofluid was
abbreviated as NF4 in this chapter. Initially, the mixture of solvents and MWCNT were mixed
on a vortex mixer (SPINX MC-01, Tarsons). After mixing, the mixture was placed in an ultra-
sonication chamber (GT-1990QTS) to get a homogeneous and uniform suspension of particles

which prevented the agglomeration of carbon nanotube.

3.2.5 Thermophysical Properties
Measurement of thermophysical data of nanofluid gives information about the transport system
of the fluid. The nanofluid was characterized by thermo-physical properties like density,
viscosity, thermal conductivity, and specific heat capacity. All these properties were measured
at different temperature ranges. The densities of DES and NF4 nanofluids were measured by
using an Anton Paar Densitometer (DMA 4500 M) at various temperatures ranging from 25-
85 °C. The accuracy of density measurement was estimated as 0.0001 g/cm?®. Density is the
critical parameter for calculating the pressure loss and pumping power, and it works on the
basis of the U-tube Oscillatory concept. It is made out of a single U-shaped glass tube that
oscillates at a particular frequency. That frequency calculates the density of the sample.
Rheological properties of the nanofluid were measured using Anton Paar Interfacial
Rheometer (Phsica MCR301). Viscosities were calculated within the temperature range 25-85
°C with an accuracy of + 5%. The shear rate was measured in the range of 0-85 s™. The

rheometer consists of a round parallel plate that is used to measure viscosity at various
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temperature ranges. The thermal conductivity of DES and nanofluids was measured by KD2
pro thermal analyzer (Decagon Device, USA) at different temperatures with an accuracy of
+0.0096 W/m K. KD2 pro thermal analyzer worked on the principle-based on hot wire method.
Specific heat capacity was measured by performing Temperature Module Differential
Scanning Calorimeter (TMDSC: NETZSCH STA 449F3) at a temperature from 45-90°C.
Sapphire is used as standard comparison material under nitrogen environment at a heating rate
of 10°C/min. It was based on the principle of heat flow, which is a function of temperature that

maintains sample and reference at the same temperature.

3.2.6 Stability Analysis

The particle-particle intermolecular force van der Waals attraction force dominates the other
repulsive forces as it causes rapid settlement and agglomeration between the particles[46, 49].
As a result, it increases the size of the clusters, which may cause the reduction in thermal
properties of the nanofluid. Therefore, the stability analysis of nanofluid is important before its
use in application such as direct solar thermal absorption. We have adopted both visual

observation and zeta potential analysis for the stability of the nanoparticles.

3.2.6.1 Visual Observation and Optical Microscopy

Here the nanofluid was prepared by a two-step method and sonicated for 8-10 minutes to make
the suspension homogenous. The prepared nanofluid was kept at room temperature for four
weeks undisturbed. Visual observation was formulated to view the settling of the nanofluid.
Cluster size and nanotube dispersion in the nanofluid were observed by capturing theimages
through an optical microscope (Axiostar plus, Carl Zeiss, Germany). The microscopic images

were thereafter analyzed to study the particle dispersion in the working fluid.
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3.2.6.2 Zeta Potential Measurement and Thermo Gravimetric Analysis (TGA)

Zeta potential measurement was measured by Delsa Nano (Delsa Nano C, BECKMAN
COULTER) instrument to see the stability and particle size distributions of the particles in
nanofluid. The electrical potential created at the solid-liquid interface as a result of the relative
mobility of solid particles and liquid is referred to as the zeta potential [50]. According to
Mebhrali et al [51], the zeta potential value of - 30 mV to +30mV is considered stable. Whereas,
Vandsburger [52] considered moderate stability when the zeta potential value is close to + 30
mV. A value close to 45 mV ensures the complete stability of nanofluids. The high stability of
the nanofluid system is demonstrated by a zeta potential value greater than + 60 mV [53].
Thermo Gravimetric Analysis (TGA) (TG209 F1, Libra, NETZSCH, Germany) was also
performed to determine the thermal stability of the nanofluid. The sample was studied under

nitrogen atmosphere at a heating rate of 10 °C/min.

3.3 Computational Details
Classical molecular dynamics (MD) simulations were performed with the use of GROMACS
5.0.4[54, 55] and LAMMPS [56] software. The equilibration was carried out with GROMACS
5.0.4, and thermal conductivity calculations were performed with LAMMPS. OPLS-AA force
fields were used to define the bonded and non-bonded terms[57]. The charge scaling of 0.8 was
applied to the HBA and HBD similar to lonic Liquids[58]. This is analogous in comparing the
charge transfer effect in ILs. Earlier work has reported a scaling factor of 0.9 on the ions of
[Csmim][CI] to give better results[59]. We have also showed that charge scaling factor gives
appropriate structure and physical properties in one of our earlier studies [60].

“The initial structure of carbon nanotubes (CNT) was generated using the VMD
software [61] .The g_x2top tool from the GROMACS 5.0.4 was used to generate the force field

for the CNT. The HBA and HBD were optimized using Gaussian software [62] with B3LYP
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[63-65] method and 6-311+G(2d,p) basis set. Partial charges were generated using the
Antechamber package [66]. For the overall periodic box, 8 carbon nanotubes, 1600 ethylene
glycol molecules as HBD, and 400 Methyltriphenylphosphonium bromide molecules as HBA

were randomly packed into the cubic cell using Packmol software [67] (Figure 3.2).

Figure 3.2. MD snapshot of the system

Generated structure from the Packmol software were then used for further simulations
in GROMACS. Energy minimization was performed using the steepest descent method[68].
After energy minimization, the system is heated above 200 K when compared to the target
temperature in the NVT ensemble. Thereafter the system was cooled to the respective
temperature using the annealing method. In the annealing procedure, the temperature is
decreased by 20 K for each nanosecond run for 10 steps. Surface effects were eliminated using
the periodic boundary conditions. Integration of the equations of motion was carried out using

Velocity-Verlet algorithm. Bonds that are linked to hydrogen atoms were constrained using the
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LINCS algorithm. 10 ns equilibration was carried out using the NVT ensemble at the target
temperature. 10 ns NPT run was performed using the V-rescale thermostat[69], using the
Berendson barostat [70], with coupling constants of 0.1 and 2.0 ps, respectively. A 20 ns run
in NPT run was performed using V-rescale thermostat[69] and Parrinello-Rahman[71]
barostat. The V-rescale thermostat was used in the NVT ensemble for 20 ns. GRO2LAM
software was used to convert the topology from GROMACS format to LAMMPS. 20 ns
simulation was done to calculate the thermal conductivity. The reverse non equilibrium
molecular dynamics (RNEMD) procedure was used to evaluate the thermal conductivity [72].
RNEMD is a widely used technique in previous literature [73-76]. Time step of 2 fs was used

throughout the simulations. Cut off for non-bonded interactions was 1.2 nm.

3.4. Results and Discussions

3.4.1'H NMR of DES

The composition of the DES was confirmed by *H NMR shown in Figure 3.3. The absence of
extra peaks in the spectra implies that there is no chemical reaction, and the mixture is stable.

The details of *H NMR analysis have been reported in our previous publication [77].
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Figure 3.3. NMR spectra of pure DES 1H NMR
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3.4.2 Characterization and Morphological Studies

Field Emission Transmission Electron Microscope (FETEM) was used to investigate the shape
and morphology of the MWCNT nanoparticle. Figures 3.4(a) & (b) and 3.4(c) & (d) shows the
FETEM and FESEM images of MWCNT with 200 nm and 100 nm scales, indicating that the
diameter varies from 30nm to 50 nm. This diameter was confirmed by Scanning Electron
Microscope (SEM) with 200 nm and 100 nm scale. Figure 3.5(a) shows the X-ray diffraction
pattern of MWCNT. A sharp peak at (002) plane 26=26.4° is visible. This implies the
periodicity of the atom in MWCNT. However, low-intensity peak at (100), (004) and (110)
planes at 20 =43.04°,206 =53.68°, 20 =78.0° clearly indicates the crystalline structure of the
MWCNT. No other peaks were observed, which implies the high purity and non-functionality
of the nanotube. Fourier transform infrared spectroscopy (FT-IR) analysis of MWCNT, and
DES-based nanofluid is shown in Figure 3.5(b). Characterization of FTIR spectroscopy was
performed to analyze the presence of functional groups or impurity on the MWCNT. Different
peaks were observed in the medium infrared region where wave number ranges between 500
to 4000 cm™. An absence of a peak in FTIR, MWCNT spectra negates the presence of
functional groups, impurities, or C=C attachment. Further, there is no hydroxyl group (-OH)

group as the analysis was performed in a moisture-free environment.
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Figure 3.4. Field Emission Transmission Electron Microscope (FETEM) with scale (a) 200
nm; and (b) 100 nm and Field Emission Scanning Electron Microscope (FESEM) images of
MWCNT with (c) 200 nm and (d) 100 nm
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Figure 3.5. (a) XRD pattern of MWCNT (b) FTIR spectra of MWCNT and nanofluid
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3.4.3 Stability Analysis

3.4.3.1 Visual Observation and Optical Microscopy

In the initial part, visual observation was used to analyze the stability of the nanofluid, NF4.
Photographs of nanofluid NF4 were taken after sonication within a gap of 15, 20, and 29 days
respectively, as shown in Figure 3.6(a). On visual inspection, there is no precipitation observed
initially for the first two weeks. However, slight precipitation was observed on the 20th day,
and some particles were observed to settle on the 29" day, displayed in the Figure 3.6(a). The
visual observation method from the Figure 3.6 shows that 0.02 weight % MWCNT based
nanofluid gave excellent stability till 15-20 days.

Figure 3.6(b) depicts optical microscopic pictures that reveal the homogeneous
dispersion of nanoparticles in the working fluid. The photograph was captured in a high-
resolution magnitude of 10X and 20X. From the images, it was noticed that nanoparticles are
uniformly distributed in the DES base fluid. Images were captured by a normal light
microscope, so it could not determine the accurate size and shape of the nanoparticle. However,

it can provide a quality evaluation of the size of the nanoparticle in the base fluid.
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Figure 3.6. (a) Digital Photos and (b) Optical microscopic images of nanofluid NF4

with high resolutions, 10x and 20x

3.4.3.2 Zeta Potential and Thermo Gravimetric Analysis (TGA)

Thermo Gravimetric Analysis (TGA) was performed to determine the thermal stability of the
nanofluid. TGA was performed at a heating rate of 10°C/min under nitrogen atmosphere. The
degradation of MWCNT-DES nanofluid with respect to the temperature is shown in Figure
3.7. Two-stage mass losses were observed in the phosphonium-MWCNT based nanofluid.
Degradation of the nanofluid was first observed at 96.88°C when the sample was heated from
25°C to 500°C. Thereafter degradation was observed from 110°C, which ends at ~180°C. The
second weight loss was observed at 328.22°C. Complete decomposition was observed at
400°C. Thereafter, a gradual loss was observed when heated up-to 500°C. In TGA, the two-
stage degradation of the nanofluid indicated the high thermal stability of the nanofluid till

320°C.
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The isothermal TGA has been done under nitrogen atmosphere at the heating rate of
20°C/min for 12 hours. DES based nanofluid shows rapid degradation after heating the samples
at 80°C, 120°C and 160°C respectively (Figure 3.8). The thermal stability of the fluid is around
the order of 50-60 minutes. It is visible from Figure 3.8 that the mass loss is very high at the
beginning of the heating process primarily at higher temperatures of 120°C and 160°C and then
almost constant after 100 min. Around 35% and 39% mass loss was observed at temperatures
160°C and 120°C respectively, whereas approximately 22% mass loss was observed at
temperature 80°C. The steady outcome can be attributed to the low weight concentration of the
nanoparticle in the deep eutectic solvent [78, 79].

Zeta potential measurement were performed to check the dispersion and stability of the
nanofluid through the observation of electro-kinetic potential [80, 81]. From the definition, two
separate layers arise around nanoparticles when they are distributed in the base fluid. The stern
layer is the layer that is connected to the particle. The diffuse layer, the layer below the stern
layer, is weakly bonded by the nanoparticle. The combination of both layers is electrically
neutral and hence is known as the electric double layer (EDL). Zeta potential is generated in
the interface of EDL and here is measured in millivolts (mV). A high zeta potential indicates
stronger repulsive forces, which increases the probability of particle agglomeration. The
nanoparticle's large surface area and small size combines to reduce their surface area, resulting
in strong van der Waal forces. The strong van der Waal forces attract the other particles,
resulting in the formation of an agglomeration. According to Vandsburger [52], nanofluids are
nearly stable when particles having a zeta potential value is near about + 30 mV. If the zeta
potential value is close to 45 mV, the stability of nanofluids is ensured. Nanofluid gives
excellent stability if its value lies above+ 60 mV. Figure 3.9 represents the value of the zeta

potential curve, which came to be -90.12 mV indicating high stability.
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Figure 3.8. Isothermal TGA of DES+MWCNT nanofluid at different temperatures
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Figure 3.9. Zeta potential results of [MTBP][EG]+MWCNT

3.4.4 Density and Viscosity

Density is an essential factor for heat transfer fluid as it determines the flow behaviour of the
fluid. Experimentally measurement of density is reported in Figure 3.10(a) and compared with
commercially available heat transfer fluid Therminol VP-3 (Phenylcyclohexane +
bicyclohexyl)[82].The experimental data indicated that the density of both DES and nanofluid
decreases with temperature from 25-85°C. Also, it was noted from the Figure 3.10 that the
density of both nanofluid and DES is more than that of commercial fluid Therminol VP-3.
Experimentally, nanofluid containing 0.02 wt% of MWCNT has low density than that of the
base fluid. However, measured density variation between the DES and nanofluid is
insignificant. This is attributed to the size of the nanoparticle. Here, thermal expansion occurs

due to the increase in temperature, which results in higher kinetic energy of the molecules. A
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linear correlation was established between density and temperature as provided in equation 3.1

with regression value R?=0.99952 and standard error value +4.542 x 10
p=1.2417-716 X 10*T 4+ 4.542 x 10°® (3.1)

Where p (gm/cm?)is the density and T (K) is the temperature of the DES or Nanofluid.
Experimentally measured values are compared with the available conventional mode namely
Pak and Cho model[83], given in equation 3.2. This model is based on the volumetric
concentration and pure density of nanoparticle and base fluid. To compare the experimental
results to this model, we have used equation 3.3 to convert the weight fraction into volume

fraction.
Pnf = PyPnp T (1-0y)poe (3.2)
Where, pus, Pnp, Por and @y are the density of nanofluid, nanoparticle, basefluid,and

volume fraction of nanoparticle, respectively.

)

+(3)
Nanoparticles P/base fluid

(P — (E) Nanopartiﬁles X 100 (33)

p

Where ¢, m,and p denote volume fraction of the nanoparticles (%), solid mass (kg),
and density (kg/m?) of the nanoparticle, respectively. It was seen from the Figure 3.10(b) that

the results of the Pak and Cho model were very close to the experimental data.
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Figure 3.10. (a) Variation of density with different temperatures for DES and
nanofluids (b) Comparison plot of density between experimental with Pak and Cho Model
[83]
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Experimental measurement of viscosity for both DES and nanofluid were performed at
different temperatures for a constant shear rate (dy/dt=50 sec™), shown in Figure 3.11(a). It is
observed that the viscosity of DES decreases with an increase in temperature from 25-85°C.
Similar results are observed when 0.02 wt% of MWCNT is added into the DES. Here the
viscosity of the nanofluid decreases from 89.1 cP to 9.9 cP when temperature increases from
25-85°C. Both the nanofluid and DES show higher viscosity than commercial fluid Therminol
VP-3. However, it was observed that the presence of DES makes the inherent viscosity lower
than the base fluid. It was also observed that the viscosity decreases exponentially with
temperature. An exponential correlation was established (equation 3.4) with a regression value

of R?=0.99 to predict the viscosity of the different volume concentrations of the nanofluid.

W= 0.00684 + 0.3523¢0-05947T (3.4)

Here u is the viscosity in Pa.s and T is the temperature of the nanofluid in Celsius. It
should be noted that a lower viscosity of the nanofluid results in lower pressure drop, which
lessens the pumping costs. The measured experimental viscosity values were compared with

the available theoretical model; Brinkman model[84] as given in equation 3.5.

U
ul’lf = (1_(:;;2.5 (35)

Where, p,¢ and s are the viscosity of nanofluid and base fluid, respectively. @ is the
volume fraction.It should be noted that the Brinkman model (Figure 3.11(b))is suitable for
bigger nanoparticle size, therefore the results for viscosity in smaller nanoparticle size is not
accurate. Furthermore, the effect of temperature is not considered in this model. Newtonian
fluid behaviour of the nanofluid was confirmed from shear stress and shear rate data. From

Figure 3.12, a linear trend was observed at three different temperatures, namely 25°C, 30°C,
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and 35°C. The data were obtained from different shearing times indicating the fluid's
Newtonian behaviour. Figure 3.12 shows that as expected viscosity is strongly dependent on
temperature.

We compared the obtained thermophysical properties with literature and observed the
same results as llyas et al. [28, 85], who reported a minor difference in density between base
fluid and nanofluids which is consistent with our findings. According to published data, the
density difference between MWCNT-thermal oil nanofluid and base fluid was 0.76 kg/m® and
0.61 kg/m?3 at 30°C and 40°C, respectively. Our investigation found that the density changes
between 30°C and 40°C were 0.001 and 0.002 kg/m?3, respectively. Similarly, the viscosity of
the reported nanofluid and base fluid decreases with increased temperature, consistent with the
literature [28]. Beheshti et al. [86] reported a 0.9% decrement of viscosity in nanofluid
(MWCNT+ Transformer oil) with 0.01 wt% concentration. This work reported, 11.3% and
9.5% decrement at 30°C and 40°C in 0.02 wt% DES-based nanofluid. However, the literature
showed the opposite result [28], where 11.8% and 11.3% increments were found in 0.1 wt%

nanofluids at 30°C and 40°C respectively.
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Figure 3.11. (a) Variations of viscosity at different temperatures for DES and nanofluids

(b) Comparison plot of viscosity between experimental and Brinkman model [84]
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Figure 3.12. Shear stress versus shear rate of nanofluid at three different temperatures

3.4.5 Thermal Conductivity and Specific heat

Thermal conductivity of both base fluid and nanofluid (NF4) were measured against different
temperatures and shown in Figure 3.13(a). The thermal conductivity of DES and nanofluid was
first measured from 25-80°C. It was noted that the thermal conductivity of nanofluid gradually
increases with temperature. However, the thermal conductivity of DES decreases with an
increase in temperature from 25-80°C. From the experimental data, it was evident that the
addition of MWCNT in the base fluid enhances the thermal conductivity as compared to the
base fluid and commercial fluid .The enhancement of thermal conductivity was calculated

from equation 3.6[28].

TCE = (F ) x 100% (3.6)

bf
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The maximum enhancement of thermal conductivity was found at 361%. This is due to the
interaction between the nanoparticles and the induced Brownian motion of the nanoparticle at
high-temperature as nanoparticles can gain higher energy which increases their kinetic energy
and leads in efficient transfer of heat. Nanoparticle’s size and shape are another important
factor which influence the thermal conductivity. Dong and Chen[87] reported the nanofluid
thermal conductivity increases as the particle size decreased. In case of carbon nanotube
nanoparticle, thermal conductivity increases with increase in the orders of large volume to
surface ratio. Similar analogy was followed by Jhang and Choi [88] where it was observed that
the thermal conductivity increases with the increase in size of the carbon nanotube. An
exponential correlation of thermal conductivity as a function of temperature was developed for

nanofluid with a regression value R? = 0.91993, as shown in Figure 3.13(a).

K = 0.19607 + 4.3669 x 1075(0.09218T) (3.7)

Here, x and T are the thermal conductivity in W/mK and Temperature in Kelvin
respectively. Molecular diffusion takes place in DES at increased temperature and it becomes
faster when temperature gradually increases. Because, DES molecules are closely packed, heat
transfer occurs through conduction mode. Due to increase in temperature, it allows the liquid
to expand. The free movement of the molecule ensures that the rate of collision of molecules
decreases. As a result, the thermal conductivity of DES decreases with increasing temperature.

The experimental measured values are correlated with the theoretical model as provided
by Maxwell[89] and given in equation 3.8 (Figure 3.13(b)). However this model does not give
accurate thermal conductivity as it does not consider degree of aggregation, nanoparticle
structure and Brownian motion [90]. A similar difference can be found in literature for other

nanofluids [28, 91].
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Kne = kbf[

Knp+2Kkpf+2@(knp-Kpf)
Knp +2kbf'(P(knp'kbf)

(3.8)

Where, kys, kpr knp and ¢ are thermal conductivity of nanofluid, basefluid,

nanoparticle and volume fraction of the nanofluid respectively.
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Figure 3.13. (a) Variation of thermal conductivity at different temperatures for DES and

nanofluids (b) Comparison plot of thermal conductivity between experimental and
Maxwell model [89]

Figure 3.14(a) shows the specific heat of DES and nanofluid NF4 at different
temperatures from 45°C to 90°C with a heating rate 20°C/min. It is clear from the data that
specific heat increases with an increase in temperatures. However, the addition of multi-walled
carbon nanotube enhances the heat capacity of the nanofluid. Furthermore, the specific heat
capacity of both nanofluid and base fluid is higher than Therminol VP-3. Further, it was
reported that the specific heat of nanofluid decreases with increasing particle volume
concentrations [92]. This can be attributed to the fact that to increase the temperature, the
internal energy increases, which implies a rise in vibrational energy and rotational energy of

the molecules. This in turn, allows the molecule to adsorb high molar heat capacity. Based on
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the experimental data with the function of temperature, a mathematical correlation was

developed as shown in Figure 3.14(a) and is given below:

Cp = 0.01223T + 1.45749 (3.9)
Here Cp and is T are the specific heat capacity and temperature of the nanofluid
There are two widely used theoretical models which correlate the experimental data are
based on the straight average of specific heat capacities (equation (3.10)) and thermal

equilibrium between particle-liquid (equation (3.11))[28].

Model 1: Cpnr = ©yCppp + (1-9y)Cppt (3.10)

@vCPnpPnp+(1-@v)CpuePbe

Model 2: Cpur =
Pnf @yPnpt(1-@v)Pbf

(3.11)

Here Cpyf, Cpnp, Cppr are the specific heat of the nanofluid, nanoparticle, and basefluid,
respectively. pnp, Pnp. Ppr are the density of nanofluid, nanoparticle, and basefluid,

respectively. ¢, is the volume fraction. A comparison between theoretical models and
experimental measured values is shown in Figure 3.14(b). Significance difference was
observed from the experimental values to the theoretical models. Possible reasons that are
reported in the literature and are not considered in these models are nanoparticle size, shape,
and degree of aggregation [93].

We have found comparable results of thermal conductivity value with llyas et al.[28].
The values of thermal conductivity were directly proportional to the temperature. In our work,
184.61% and 65.10% enhancement was observed at temperatures 30°C and 40°C, whereas a
maximum enhancement 28.7% was observed by llyas et al.[28]. Additionally, we compared
our results to published literature [93-96] and found that, in both circumstances, the specific

heat value rises as the temperature rises.
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Figure 3.14. (a) Variation of specific heat at different temperatures for DES and
nanofluids(b) Comparison plot of specific heat between experimental data and theoretical
models [28]
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3.4.6 MD simulations
The thermal conductivity is usually computed using Fourier’s law heat conduction as
mentioned in section 2.4.6.

The experimental values obtained at different temperatures are also shown in Figure
3.15. The values of thermal conductivity at 40°C is found to be a good match with the
experiment. However, the simulations failed to reproduce the experimental trend from 30 to
40°C. A major deviation was observed when compared with experimental values from 60°C.
The particle—fluid interface may have attributed this deviation, whereas this interaction is not
considered in the simulation. The results from the mentioned manuscript showed that even

though the experimental values change with temperature, the simulated values show minimal

change.
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Figure 3.15. Comparison of experimental and MD predicted thermal conductivity

values

Page 157
TH-3664_196107106



MWCNT-Phosphonium based Eutectic Thermal Media Chapter 3

3.5 Conclusion
This chapter aims to characterize the MWCNT nanoparticle and synthesized MWCNT based
nanofluid by a two-step method of preparation. The nanofluid was prepared by mixing DES
(MTPB salt and ethylene glycol in the molar ratio of 1:4) and 0.02 weight% of MWCNT.
Thereafter thethermophysical properties, including thermal conductivity, viscosity, density,
and specific heat of the nanofluid, were measured. MWCNT was characterized by FETEM and
FESEM to visualize the morphology of the nanoparticles. Further from FT-IR and powder
XRD experiment, conjugation of DES attached with MWCNT and crystallinity of the MWCNT
was confirmed. Stability of the nanofluid was investigated through visual observation, optical
microscope as well as zeta potential. The density and viscosity was found to decrease with an
increase in the nanofluid temperature when 0.02wt% MWCNT is added. The DES exhibits
Newtonian behaviour, as evidenced by the fact that its shear viscosity decreases with increasing
temperature. At higher temperatures, there is a significant increase in thermal conductivity and
specific heat. The thermophysical properties of nanofluid qualities revealed that it outperforms
the traditional commercial HTFs and that it has tremendous promise for use as an advanced
Heat Transfer Fluid in Concentrated Solar Power(CSP) and Multi-Stage Flash(MSF) column
plants.

In the next chapter, we discuss the stability and potential application of DES based

nanofluid.
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Evaluation of Thermophysical Properties and Thermal
Performance of Amine Functionalized Graphene Oxide (GO-
NH2)/Deep Eutectic Solvent Nanofluids as Heat Transfer Media for

Desalination Systems

The chapter mainly focuses on the synthesis and characterization of amine functionalized
graphene oxide (GO-NH.) nanopatrticles. It also reports the thermal properties and stability
analysis of Deep Eutectic Solvent (DES) and GO-NH: based nanofluid. DES is composed of
Diphenyl ether as hydrogen bond acceptor and DL-Menthol as a hydrogen bond donor in the
molar ratio 1:1. Nanofluid was prepared by a two-step method where two different
concentrations of functionalized graphene nanofluids, namely 0.0033 volume fraction and
0.0101 volume fraction were reported. XRD and FTIR analyses were used to validate the
nanoparticle's identity. Additionally, the morphology and composition of GO-NH:
nanoparticles were investigated using FESEM, FETEM, and EDS analysis. After that, the
stability of nanofluids was assessed using zeta potential measurements. The zeta potential
measurements revealed increased stability, indicating that no agglomeration occurs in the
DES-based nanofluid. Excellent thermal conductivity enhancement was observed at a higher
temperature for the GO-NH2 nanofluid. The density and viscosity of the base fluid and
nanofluid decreased with an increase in temperature from 25-85°C. Further, the specific heat
capacity of nanofluids also increased with the increase in temperature and volume fractions of
nanofluid. Thermogravimetric analysis (TGA) was also performed to evaluate the thermal
degradation of the nanofluid under nitrogen atmosphere. The nanolfuid was used in a brine
recirculation multistage flash desalination where the Gained output ratio (GOR) of less than
10 was obtained through ASPEN simulation.
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4.1 Introduction

Global energy consumption is expected to double by 2050 and more than quadruple by the end
of the century. In order to meet this demand in a sustainable manner, incremental upgrades to
current energy networks will be insufficient. Finding enough sustainable energy for the future
is one of society's most difficult issues. The vast discrepancy between our current usage of
solar energy and that energy's immense untapped potential constitutes a major energy research
issue. There is no better way to meet our future energy needs than with abundant, clean solar
power. The fact that it's easily available, free of international conflict, and does not pollute the
environment or change the climate is a huge advantage[1]. Thermal or electrical energy storage
of solar radiation is an essential and crucial component for solar energy applications. Solar
energy systems (SESs) are widely regarded as one of the most important alternatives to
conventional fossil fuels. They can transform solar energy directly into heat and electricity
without causing adverse environmental effects such as greenhouse gas emissions. Solar
photovoltaic (PV) and concentrated solar power (CSP) are the two main industrial systems for
gathering solar energy. Depending on the temperature, solar energy may be used for a variety
of different purposes[2]. Modern solar power systems necessitate high operating temperatures
as well as thermal storage systems. Instead of using standard commercial heat transfer fluids,
nanofluids can be utilized as a heat transfer medium since they have a propensity to increase
heat transfer and thermal storage characteristics [3]. Thus this could reduce the cost of the
concentrated solar power system. Hence, the study of nanofluids is important from energy point
of view.

Graphene is a single graphite atomic plane, which is important to be considered
independently isolated from its environment. Despite its short history, this purely two-
dimensional material has outstanding crystal and electronic consistency [4]. High thermal

conductivity and inert chemical behaviour of graphene oxide-based nanofluids encourage

Page 173
TH-3664 196107106



Nanofluids as Heat Transfer Media for Desalination systems Chapter 4

researchers to employ it as a heat transfer fluid in solar energy desalination systems in order to
enhance the heat transfer characteristics and thermophysical properties. Choi [5] invented the
term "nanofluid” to describe various nanoparticles employed in various base fluids such as
water, ethylene glycol, and oils to examine their thermal properties. In comparison to other
nanoparticles, carbon based nanomaterials and carbon nanotubes (multi-walled and single-
walled carbon nanotube) base nanofluids have superior physical and thermal properties [6-8].
Among all the thermophysical parameters of nanofluids, thermal conductivity is a critical
parameter that affects the behaviour of nanofluids. Liu et al.[9] examined thermal conductivity
of both nanofluids using two volume percentages of multiwall carbon nanotubes in ethylene
glycol (0.2, 0.4, 0.5, and 1 vol%) and engine oil (1 vol% and 2 vol%. Similar investigation has
conducted by H. Jiang et al.[10] in which they employed CNT/water nanofluid in their
experiment. Like CNT, graphene is also an excellent material for thermal management and
shows good thermal conductivity and other physical properties [11-13].

Solar desalination technique is the existing technique that has huge potential to purify
saline water with low energy and operating cost. Only 13% of solar energy can be harvested
directly by sea water from the solar energy. Kabeel et al [14] used Al.Os nanoparticles
contained brine water in solar still and 116% improvement of yield of condenser modified was
bserved. Productivity of corrugated wick solar still was further improved by 285.10% and
254.88% using Cu20 and Al203 nanoparticles[15]. Nowadays, nanofluids have gained
prominence in solar energy applications. Many researchers have investigated the thermal
performance of direct adsorption solar collector using different nanofluids. Otanicar et al.[16]
used different nanofluids (graphite, carbon and silver) and calculated the thermal performance
of DAPTC both experimentally and numerically. Results showed that thermal efficiency was
enhanced with an increase in the volume fractions of nanofluid. Bortola et al. [17] calculated

the thermal efficiency of SWCNT-water nanofluid in DAPTC experimentally. They have got
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87% increment in thermal efficiency but found lack of stability in nanofluid. Multi Stage Flash
(MSF) desalination system is the first choice of many researchers and industries over RO and
MED plants as MSF plants can be used to produce both electricity and water and the plant is
not affected by high feed temperature and salinity, produced high quality of feed water.

The dispersion behaviour of nanofluid is an important issue that limits its use in heat
transfer systems [18]. An alternate strategy for enhancing the dispersion stability of graphene
oxide-based nanofluid is surface fictionalization, which modifies the surface charge of
graphene oxide nanoparticles. Chemical and physical functionalization methods are primarily
divided into two categories: covalent (chemical) and noncovalent (physical). There are several
methods for the chemical functionalization of graphene oxide, but the most common is a
combination of acids and alkalis. Acidic functionalization has great promise for graphene oxide
nanoparticles since it enhances the nanofluid's dispersion stability and thermal conductivity
[19]. V. Irani et al. [20] reported amine functionalized graphene oxide and methyldiethylamine
nanofluid for improving the CO2 and H»S adsorption efficiency of amine solution. They
reported high adsorption capacity of 16.2 % and 17.7% of CO2 and H>S respectively. Compared
with the non-functionalized GO solution at the same concentration, it showed greater
improvement in the adsorption efficiency for functionalized GO solution. Abbasi et al. [21]
used a solvo thermal method with different carboxylic group concentrations to prepare a nano-
hybrid type of nanofluid of MWCNT with gamma alumina (y-Al203) particles. However, heat
transfer properties and dispersion behaviour of the nanoparticle was also investigated.
Therefore, nanoparticle shows good dispersion behaviour when it is functionalized with
carboxylic groups [22]. At present, very few literatures reported DES as a thermal fluid in
solar collector desalination system.

The present chapter examined the use of deep eutectic solvent as a thermal fluid for

solar desalination applications and measure thermal performance parameter of brine
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recirculation multistage flash desalination system in terms of gained output ratio (GOR).
Pyarimohan et al.[2] previously documented the synthesis and characteristics of all the
elements in DES as a heat transfer fluid. The DES was a combination of Diphenyl ether
(HBA)and DL-Menthol (HBD) in the molar ratio 1:1. The optimized structure of both HBA
and HBD was shown in Figure 4.1. Thermal performance and thermophysical properties of
Al>03 nanoparticle and h-BN nanoparticles with DESs had been studied and reported by
Pyarimohan et al.[2]. Both nanoparticles-DES based nanofluids exhibit excellent thermal
conductivity and heat transfer coefficients. In this present work, we have functionalized GO
nanoparticles with amine group (NH2) and functionalized nanoparticles are dispersed into
already synthesized DES (Diphenyl ether and DL-Menthol), to prepare nanoparticle dispersed
deep eutectic solvent(NDDES). The characterization of GO-NH: nanoparticles and
thermophysical properties of the DES/GO-NH. nanofluid were evaluated and analyzed for

solar thermal energy applications.

Diphenyl ether DL-menthol

Figure 4.1. Optimized structure of HBA and HBD
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4.2. Experimental Details

4.2.1 Materials

Diphenyl ether has a purity of 99 % purchased fromSigma-Aldrich. DL-menthol having purity

of 99.8 % was purchased from Sigma Aldrich. Graphene Oxide was purchased from Adnano

Technologies Pvt Ltd with ~99% purity and thickness ~0.8-2 nm. All other chemicals purchase

details are tabulated in table 4.1.

Table 4.1. List of chemicals used in this chapter

Chemical name Molecular CAS Source  Purity MP BP (°C)
Formula number (%) (°C)

Diphenyl ether C12H100 101-84-8 Sigma- 99  230-233 258
Aldrich

DL-Menthol C10H200 89-78-1 Sigma- >95 -13 195-198
Aldrich

4,4'- Ci3H1aN2 101-77-9 TCI 98 25-27 259

Diaminodiphenylmethane Chemicals

N-(3- CgHi7N2.H  25952-53-8  Spectroch 99 34-36 216

Dimethylaminopropyl)-N'- Cl em

ethylcarbodiimide

hydrochloride

N-Hydroxysuccinimide CsHsNO3z  6066-82-6  Spectroch 98 95 305
em
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4.2.2 Functionalization of Graphene Oxide (GO) with NH2

The presence of strong n-n interaction in the graphene oxide makes it hydrophobic in nature,
leading to rapid accumulation and settlement in the base fluid, resulting in poor dispersion
behaviour of graphene oxide in the base fluid [23]. Functionalization of graphene improves the
dispersion behaviour in the base fluid by attaching other functional groups through covalent or
non-covalent interaction by acid treatment methods. In covalent functionalization, convert
carbon sp? hybridization into sp® orbitals while in non-covalent interactions, other functional
groups are attached on the graphene sheet through n-nstacking, H-bonding and hydrophobic
interactions [24]. In our work, we functionalized NH, group on graphene oxide through
covalent bonds. Figure 4.2 depicts a schematic representation of the GO-NH> synthesis steps.
There is no heating involved in the modification process. One gram of GO was dispersed in
400mL of DI water and sonicated for 30 minutes. Addition of 500mg. EDC (Ethylcarbodiimide
hydrochloride) into it with continuous stirring for 30 minutes, followed by the addition of 500
mg. NHS (N-Hydroxysuccinimide) into the GO-DI water dispersion and stirring continues for
one hour. (Both are to be added during the magnetic stirring). Again, the addition of 1.5 g.
amine source (4. 4’-diaminodiphenylmethane) into the dispersion and continue the starring it
for 36h. Finally, filter the dispersion using vacuum filtration, followed by washing with DI
water continuously for 2h and washing with ethanol twice. A schematic illustration of the

synthesis of amine functionalized GO from GO is shown in the Figure 4.3
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Figure 4.2. Preparation steps of ammonia functionalization with graphene oxide

nanoparticles
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GO GO-NH:2

Amine
functionalization

Figure 4.3. Schematic illustration of the synthesis of amine functionalized GO

4.2.3 Characterization of GO-NH2 Nanoparticles

The synthesized GO-NH2 was characterized by different techniques to confirm the morphology
and functionalities group present on GO. The crystalline structure of GO and GO-NH:
nanoparticles were investigated by the powder X-ray diffraction (XRD, Bruke D8, advanced
X-ray diffraction measurement system) method at room temperature. Peaks were recorded
between the 20 angles from 10° to 80°. To further confirm the chemical structure and
crystallinity of MWCNT, Raman spectroscopic analyses (Horiba JobinVyon, Model LabRam
HR) was performed. Confirmation of functional groups and presence of others chemical
compounds were determined by Fourier Transform Infrared (FTIR, Perkin—Elmer, Norwalk,
USA) spectroscopy and Energy Disperse X-ray Spectroscopy (EDS, Zeiss). FT-IR spectra were
obtained at wavenumbers ranging from 500 to 4000 cm™. Morphology and shape of the GO

and GO-NH: nanoparticles were examined by performing Field Emission Scanning Electron
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microscope (FESEM, Sigma 300, Zeiss) and Field Emission Transmission Electron
Microscope (FETEM, JEOL-JEM2010). The nanoparticles' stability and particle size
distribution in the base fluids were analyzed by performing zeta potential measurement with
the help of Delsa Nano instrument (Delsa Nano C, BECKMAN COULTER).
Thermogravimetric analysis (TGA, TG209 F1, Libra, NETZSCH, Germany) was performed
to check the thermal stability of DES and nanofluid at a temperature close to 300°C at a heating

rate of 10°C/min under nitrogen environment.

4.2.4 DES Synthesis and Nanofluid Preparation

Deep eutectic solvents are prepared by mixing HBD (Hydrogen Bond Donor) and HBA
(Hydrogen Bond Acceptor) in the molar ratio 1:1 in a flat bottom flask at temperature 60°C
and stirring continuously for 24 hours at room temperature until a clear liquid is obtained. Table
4.2 shows the optimized structure of HBD and HBA and their physical properties. For
confirming the composition of DES, *H NMR (Nuclear Magnetic Resonance) was performed
and compared with Pyarimohan et al. [2].

The two step method [25] has been adopted to prepare the nanofluid. In two-step method
initially Graphene oxide was procured as a dry powder and then it was functionalized with NH>
group by different chemical steps. Thereafter it was dispersed into DL Menthol and Diphenyl
ether based DES. Then the prepared nano size particles was dispersed into the working fluid
followed by ultra-sonication method for 60 to 90 minutes in order to obtaine a homogeneous
solution. A schematic diagram of the nanofluid preparation method is shown in Figure 4.4. The
primary disadvantage of two-step method is the possibility for nanoparticle aggregation driven
by strong van der Waals attractive forces. The GO-NH particles used in two different volume
fractions: 0.0033 and 0.0101, labelled as NF5 and NF6, as schematically shown in Figure

4.4.This was calculated using the following equation 4.1 [26].
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Figure 4.4. Schematic diagram of the two step method of nanofluid preparation

Here, ¢, m and p denotes mass fraction of the nanoparticles (%), solid mass (kg) of the
nanoparticles and density (kg/m®) respectively. To ensure the stability of the nanofluid,
prepared nanofluids were kept for 3 days at room temperature and observed for any settlement.
Further stability of the nanofluid was investigated through Zeta potential measurement.

The measurement of zeta potential aided in the stability and dispersion characteristics of
nanofluids. The observation of electrokinetic potential was used to verify the dispersion and
stability of the nanofluid [27, 28]. When nanoparticles are close to each other, van der Waal
force becomes strong and dominates the other forces, which results in agglomeration among
the nanoparticles. Due to the agglomeration of the particles, thermal conductivity of the
nanofluid decreases. Stability is ensured by high repulsive interaction potential. Lower the
magnitude of the nanofluid, van der Waal force becomes stronger which results in the
instability of the nanofluid. Repulsive forces must prevail in the solution for nanofluids to be

stable. According to Vandsburger[29], nanofluids are nearly stable when particles with a zeta
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potential value near about + 30 mV.If the zeta potential value is close to 45 mV, the stability

of nanofluids is ensured. Nanofluid gives excellent stability if its value lies above+ 60 mV.

Table 4.2. Properties of HBD and HBA [Pyarimohan et al.[2]]

Solvent Density Molecular Molar Water Tm(K) To(K)
name (kg/m3) formula mass content
(9/mol) (ppm)
Diphenyl 1066.1 C12H100 170.2 9 299.95 531.15
ether
DL- 891.34 C10H200 156.27 18 307.15 489.15
Menthol

4.2.5 Thermophysical Properties Measurement

All thermophysical properties were measured at the in-house apparatus at temperature ranges
from 30°C to 85°C. The viscosity measurements of base fluids and their respective nanofluids
were done by an Interfacial Rheometer (MCR 301, Anton Paar, Austria) with a accuracy of
0.001 mPa.s. The density measurements were performed by using the Anton Paar DMA 4500
Densitometer. The uncertainty was found to be +0.0001 g/cm®. Thermal conductivity values
of base fluid and nanofluids were obtained by using KD2 Pro thermometer device (Decagon
device, USA) with an uncertainty of + 0.0096 W/m K. Measurement was done with the
principle based on transient hot-wire method. Hot plate with silicon oil bath used to maintain
the constant temperature. The sensor's operating temperature was kept between 223.15 K and
423.15 K with an accuracy of +5%. The resistance fluctuation of the hot wire is measured using

a Wheatstone bridge, and the voltage across the bridge and the temperature of the hot wire were
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subsequently determined. Thermal conductivity can be calculated using the following equation

4.2.

—— 91 (ke
k= 41(T,-Ty) In (t1) (4.2)

Where k is the thermal conductivity in W/m.K, q is the heat rate, T, and T, are the
temperatures at time t, and t; respectively. Convection current should be avoided while
measuring thermal conductivity since the thermal analyser only considers the conduction mode
of heat transfer. Specific heat measurements were performed by Temperature Modulated
Differential Scanning Calorimeter (TMDSC) (NETZSCH STA 449F3) with sapphire as the
comparison standard materials under nitrogen environment. The measurements were taken
with an uncertainty of + 5.97 J/Kg.K. Thermo Gravimetric Analysis (TGA) (TG209 F1, Libra,
NETZSCH, Germany) was performed for both base fluid and nanofluids to ascertain thermal

stability under nitrogen conditions at a heating rate of 10°C/min.

4.2.6 Process Simulation

A process flowsheet of a multistage flash using nanofluid is conceptualised and simulated in
ASPEN Plus software (V11) as illustrated in Figure 4.6. The process is divided into three
sections, namely the heat absorption section, the distillation section, and the waste heat
recovery section. In the heat absorption section, heat is absorbed by the solar collector and
transferred to the nanofluid, which is used to heat up the salt water so as to partially vaporise
it and send it to Flash 1. The distillation section consists of three adiabatic flash separators
where vapour is separated out from the two-phase mixture and pressure is gradually decreased
in each stage in order to maintain continuous stage wise flow. The waste heat recovery section

consists of three condensers where feed is preheated using hot distillate as produced from the
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top section of each flash drum. A part of the concentrated brine solution is rejected from the

bottom product of the last flash drum, while the rest of the solution is mixed with fresh feed

for cyclic utilization. Fresh distillate is collected from the top product of each flash separator.

Overall, the feed contains 4.82 wt.% salt and the rejected brine contains 68.71 wt.% salt. The

collector is assumed to be a heater with a constant heat flux of 15.27 kW. The seawater was

simulated with 50,000 ppm NaCl. Detailed feed compositions, operating parameters of major

equipment, and key parameters of important streams are shown in Table 4.3.

Table 4.3. Operating parameters and feed composition parameters of important

streams
Flash 1 Flash 2 Flash 3
Pressure (bar) 0.68 0.5 0.25
Temperature(°C) 105 105 105
H1 H?2 H3 H 4 H5
Heat duty
(cal/sec) 27 75 277 3471 3471
AT cold (°C) 1.45 1.50 5.50 66 64
AT hot (°C) 41 23.7 13 63.5
Flash 1 Flash 2 Flash 3
Vapor flow rate 170.57 1.009 1.487
(kg/hr)
Liquid flow rate 21.74 20.73 19.25
(kg/hr)
Salt concentration in 61 64 69
bottom product (%0)
Feed Rejected Accumulated
Brine Water
Flowrate (kg/hr) 186.54 13.47 173.07
Salt 4.9 69 0
Concentration (%)
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In the process simulation, the COSMO-SAC model [2, 30]has been chosen to describe
the thermophysical properties and phase behaviour of the system. The concept of pseudo
component was first introduced in the ASPEN simulation [31] for absorption and extraction
process where unknown or new components such as DES can be introduced. Our previous
work has introduced such solvent in extraction flowsheet within ASPEN [32, 33]. This requires
an input concerning the screening charge density, COSMO volume, boiling point, density,
viscosity and average molecular weight. For screening charge density and COSMO volume
calculation, the initial structure of HBD and HBA were drawn and optimized through B3LYP
[34] level of theory with the basis set of 6-31G* in Gauss View 5 [35] and Gausssian 09 [36]
platform respectively. Similar steps were followed for GO-NHznanopartcles with 6-311G+ (d,
p) as basis set. Thereafter, the COSMO files were generated through the BVP86/TZVP/DFT
level of theory[37]. The sigma profile or the distribution of screening charge densities as
obtained from their respective COSMO files are displayed in Figure 4.5. Temperature
dependent physical properties such as viscosity, density, heat conductivity and heat capacity
are correlated from the experimental data. These are now shown in table 4.5 and are used in
ASPEN to define thermophysical properties of nanofluid.

The boiling point and average molecular weight of DES was calculated using the
equations 4.3 and 4.4 respectively. The group contribution approach as used to determine the
boiling point is referred to as the Joback method [38]. These are given below:

~— _ ZiNiMf
— 4.3
W RiNiM; (4-3)
Where, N; is the number of molecules of component i and M; is the corresponding

molecular weight.

Tb = 198.2 + Z niATbMi (4.4)
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Where n; is the frequency of the appearance of the it group of atoms in the molecules and

ATy, is their contribution to the normal boiling temperature.
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Figure 4.5. Sigma Profiles of HBD(black), HBA(red), DES(blue) and nanoparticles(pink)
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Figure 4.6. A process flowsheet of a multistage flash using nanofluid is conceptualised and
simulated in ASPEN Plus software (V11)

Page 188
TH-3664_196107106



Nanofluids as Heat Transfer Media for Desalination systems Chapter 4

4.3. Results and Discussion

4.3.1 Characterization of Functionalized Nanoparticles

The morphology structure of GO-NH> was analysed through Field Emission Scanning Electron
Microscope (FESEM) as shown in Figures 4.7(a) and (b). Images were taken at 100nm and
200 nm scale. Figures 4.7(c) and (d) depict the FETEM images of GO-NH> nanoparticles. A
relatively large surface can be seen which shows that graphite was properly exfoliated during
the oxidation process. Generally, graphene oxide is physically bonded to each other by n-n
interaction and are stacked regularly. It can be seen from the SEM images (Figure 4.7(a) & (b))
that the distance between graphene oxides increases which is due to the presence of oxygen
containing functional groups on the surface of the graphite sheets, which is generated during
the oxidation process. The wrinkled structure on the graphene sheet indicates the presence of
functional groups in the graphene oxide. Further, the presence of NH2 group in the nanoparticle
was confirmed by the Energy Disperse Spectroscopy (EDS) as shown in Figure 4.7(e) and ().
From EDS analysis, Carbon, oxygen and nitrogen content in GO-NH2 nanoparticles was 72%,
22.8% and 5.2% respectively, in spectrum 1. Table 4.4 shows the compositions of C, N and O

in other spectrums 2 and 3 respectively.

Table 4.4. EDS data of GO-NH> as reported from Figure 6(e)

Elements Spectrum 1 Spectrum 2 Spectrum 3
C 72% 69.7 % 73.5%
N 5.2% 6% 2.4%
0] 22.8% 24.3% 24.2%
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Figure 4.8 (a) shows the FT-IR spectra of GO-NH2 nanoparticles. Different adsorption
peaks were observed in the wavenumber ranges from 500 to 4000 cm™. The absorption peaks
at around 3182 cm™ imply OH vibrational groups [39]. Prominent peaks were obtained at
absorptions bands around 1585 cm™. These are assigned to —~NH bending of amine [40], which
implies successfully functionalization of the amine groups in the GO sheets. The amine peaks
remain even after multiple washing of functionalized GO thereby confirming the amine
fictionalization of GO. Figure 4.8(b) represents the XRD pattern of GO and GO-
NH.functionalized graphene oxide nanoparticles. It shows the crystalline and stacked structure
of the GO. The XRD peak of GO was observed at 10.8°, whereas there were three peaks
observed at three different planes (20=9.43°, 20=18.51°and 20=43.69°) for the GO-
NH:znanoparticle. Also, there is a reduction the stacking between GO-NH> layers resulting in
other peaks. A sharp peak was seen to shift from 10.8° to 9.43° indicating an increase in
interlayer d- spacing of GO. The peak at 9.43° attributed to the reaction of amine group with
GO. Further, Raman Spectroscopy has been used to analyses the carbon allotropic forms. In
Figure 4.9, Raman spectra of GO and GO-NH; exhibit D band (double resonance mode) and
G band (tangential stretching mode) at around 1319 cm™ and 1568 cm™ respectively. The D
and G band refers to the structural disorder of the nanoparticles (sp3), eg. presence of
amorphous material and bond stretching vibration of the C-C bond (sp2) within the graphene
structure. The disorder density of GO-NH> can be confirmed by the ratio of D and G band
(Io/lg), where smaller value of Ip/lg indicate the less defects within the graphene sheet. It is
worth noticing that the intensity peak of D resonant mode appeared high after the
functionalized NH2 group on the surface of graphene oxide. Through FTIR, XRD and Raman
spectroscopy analysis it was established that amine group has been successfully functionalized

on graphene oxide via chemical reduction.
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Figure 4.7. (a), (b) are FESEM images; (c), (d) FETEM images of GO-NH. nanoparticle, (e)
and (f) EDS analysis of GO-NH>
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Figure 4.8. (a) FT-IR and (b) XRD of GO-NH:2 nanoparticle
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Figure 4.9. Raman spectra of GO-NH2 nanoparticle

4.3.2 Stability of the Nanofluids

Study on stability of the nanofluid is the crucial factor towards the validation for the use of
nanofluids. Different techniques for determining the nanofluids' stability include the visual
observation method, sedimentation technique, optical microscopy, Dynamic Light Scattering
technique (DLS) and zeta potential [41]. Figure 4.10(a) and (b) reports the zeta potential value
of GO-NH: nanofluids of NF5 and NF6 obtained from the Delsa nano experiment. Results
show good stability of both nanofluids, NF5 and NF6. From the results, it can be concluded
that nanoparticles are homogeneously dispersed in the base fluid. The results imply that the
nanoparticles in the base fluid are at sufficient distance. The van der Waal force of repulsion is
sufficiently high such that no particles form agglomerate. If attraction force is more than that

van der Waal forces, particles tend to form clusters and settles due to buoyancy force.

Page 193
TH-3664 196107106



Nanofluids as Heat Transfer Media for Desalination systems Chapter 4
Frequency (Hz)
(@)
20
g l3s19mv
/ \
i
o Zeta Potential (mV) -
Frequency (Hz)
-150 -100 -50 0 50 100 150 200 250
|
(b)
g 10
37.21 mV
’JL
- Zeta Potential (mV) .

Figure 4.10. Zeta potential value (a) NF5 (0.0033 volume fraction) (b) NF6 (0.0101 volume

fraction) of nanofluids

4.3.3 Thermo Gravimetric Analysis (TGA)

The study of thermal degradation is essential since it is commonly used to determine the

maximum operating temperature. Thermo Gravimetric Analysis (TGA) was performed to

measure the change in weight of the sample with increasing temperature. TGA was performed

at a heating rate of 10°C/min under nitrogen atmosphere within the temperature range 25-

300°C. Thermal degradation of DES and nanofluids with respect to the temperature is shown

in Figure 4.11. In this figure, TG% refers to the mass change in percent. A slight slope of NF6

TH-3664_196107106
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was observed above 50°C due to the removal of the residual water content. For the base fluid,
the DES, thermal degradation was observed after 90°C. However, in the case of GO-NH:
containing nanofluid NF5, thermal degradation was observed after 102°C, which is attributed
to the decomposition of the amino group. Increase in GO-NH: content resulted in a shift in
weight loss temperature. The decomposition temperature of nanofluid NF6 is increased to
104°C. This is due to the fact that the nanoparticles and molecules have a strong covalent link
because of the homogenous dispersion of GO-NH:> and the strong covalent interaction. During
the heating process, the amino group decomposes so that the weight loss of GO-NH: is

regarded as the weight loss of the amino group [42].

100 —DES
—NF 5
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80 -
2 60-
2
:
= 40
20
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Figure 4.11. TGA plot of DES and nanofluids at heating rate 10°C/min under nitrogen
atmosphere

Page 195
TH-3664 196107106



Nanofluids as Heat Transfer Media for Desalination systems Chapter 4

4.3.4 Thermophysical Properties

Nanofluids are intended to be employed as a new class of heat transfer fluids, which possess
superior viscosity and thermal conductivity. These are two most significant transport
parameters of nanofluid that govern the overall thermal performance as heat transfer fluid. It is
advantageous to use nanofluid as a heat transfer fluid in many industrial applications, mainly
in the solar energy industry, for thermal energy storage due to its high thermal conductivity
and effective viscosity, which would decrease pumping power and increase the heat transfer
rate. Hence it is essential to study the conventional working fluid at high temperatures. Many
factors influenced the viscosity and thermal conductivity of the nanofluid, such as particle size
and shape, particle volume fraction, temperature, and the type of base fluid.

The viscosity of the GO-NH,/ DES nanofluid at a constant shear rate 50 s™ was reported
in Figure 4.12(a) as a function of temperature. Here at GO-NH2/DES nanofluid concentrations
of 0.0033 and 0.0101 volume fraction is seen to decrease the base fluid's viscosity
exponentially. As the temperature of both nanofluid and DES increases from 25-85 °C, the
viscosity decreases exponentially. A similar result was reported by Pyarimohan et al.[2] where
the viscosity of DES decreases exponentially due to the weakening of bonds. This may also be
explained by the fact that thermal movement between molecules increases when the
temperature rises, which enhances Brownian motion, resulting in weaker intermolecular
interactions and decreased viscosity [43]. However, with the addition of a small amount of
functionalized nanoparticles into the base fluid, viscosity is reduced, as shown in Figure
4.12(a). Most of the literature reported the viscosity of the nanofluid increases as the increase
in volume fraction compared to the base fluid [44].

It is seen that on increasing the nanofluid concentration, the viscosity of the nanofluid
increases as a result of the molecules' cohesive forces weakening at higher temperatures,

resulting in more kinetic energy. As the kinetic energy of the molecules increases, the
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molecules become more mobile, resulting in an increase in viscosity. Additionally, it can be
concluded that the viscosity of nanofluid is affected by a variety of parameters, including
volume concentration, shear rate, nanoparticle morphology, and temperature. The lower the
viscosity of the nanofluid, the lower the pressure drop, and hence the lower the necessary
pumping power.

The thermal conductivity of the nanofluids and base fluid at different temperatures was
displayed in Figure 4.12 (b). The experimental values are compared with commercially
available new heat transfer fluid Xceltherm [45]. As seen from the Figure 4.12(b), the thermal
conductivity of DES decreases with increase in temperature from 25-90°C. Compared with the
commercial heat transfer fluid, it shows almost similar results and both decrease with
temperature. Further, the addition of functionalized GO-NH: into DES drastically increased
the thermal conductivity as reflected in the Figure 4.12 (b). Figure 4.12(b), indicates that the
thermal conductivity of both nanofluid concentrations (NF5 and NF6) is greater than that of
the base fluid. 38.35% and 49.40% thermal conductivity enhancement (TCE) were observed at
temperatures 35 and 65°C when 0.0033 volume fraction (NF5) nanoparticle was added to the
base fluid DES. Further, the increase of nanoparticle concentration 0.0101 volume fraction
(NF6) in the DES, 44.89% and 55.28% enhancement was observed at temperatures 35 and
65°C respectively. This is due to the small size of the particles where micro-convection of the
fluid takes place, which results in faster dispersion of heat in the fluid. This follows a general
trend i.e. with an increase in temperature; nanoparticles gain higher energy, resulting in a higher
collision rate between the nanoparticles. Although the nanofluid temperature greatly affects the
Brownian motion of the nanoparticle, which influences the thermal conductivity of the
nanofluid. Due to Brownian motion, nanoparticle aggregation may occur, resulting in collision
between the particles. Along with Brownian motion, clustering and interfacial stacking also aid

in heat transfer enhancement. Different models, including Bhattacharya et al.[46] model, K-K
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[47] model, Xuan model [48] predict the influence of the Brownian motion and aggregation of

the nanoparticles on heat transfer rate.
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Figure 4.12. Variation of (a) viscosity and (b) thermal conductivity of nanofluids and DES

at different temperatures.
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Figure 4.13 depicts the density of the nanofluids and base fluid DES at different
temperatures which is then compared to the experimental results with heat transfer fluid
Xceltherm [45]. As expected density of both nanofluids and DES decreases with an increase
in temperature. As compared with the heat transfer fluid Xceltherm, density of nanoflluids and
DES is very low [45]. As the temperature increases movement of the molecules in the fluid
increases thereby decreasing the intermolecular attraction. The volume of the fluid also
increases which cause kinetic energy of the molecules to increase, which result in decrease in
density. However, very less effect of nanoparticle on density of base fluid was observed. It
should be noted that the size of the nanoparticle is responsible for thermal expansion with an
increase in temperature, which results in higher kinetic energy of the molecules.

The specific heat capacity of nanofluids is another critical parameter for increasing the rate
of heat transfer, which boosts the efficiency of the solar cell energy system. The specific heat
capacities of DES and its related nanofluids, NF5 and NF6, are reported in Figure 4.14 and
were compared to those of the commercial heat transfer fluid Xceltherm [45]. It was observed
that the specific heat capacity of DES and nanofluids increases as the temperature is increased
from 35 to 100°C. When a small quantity of nanoparticles was added to the base fluid, the
studied thermal fluid exhibited a greater specific heat capacity than the commercial heat
transfer fluid Xceltherm [45]. The interaction of solid particles and the base fluid significantly
affects the specific heat of nanofluids. Higher temperatures cause molecules to vibrate, rotate,
and translate, which increases internal energy. As a result, the molecules absorb more energy,
which increases the specific heat of the fluid. As the specific heat capacity of GO-NH:
nanoparticle is higher than the base fluid, is explains the fact that the specific heat capacity of

nanofluid is higher than base fluid DES.
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4.3.5. Process Simulation Results
Performance of the BR-MSF (Brine Multi Stage Flash) desalination system has been evaluated
using the gained output ratio (GOR) which is the ratio of distillate formed to the amount of

heat transfer in the heat exchanger. This is calculated by the following equation:

GOR=MdNfgave (4.5)

Qtransfer

Where the Quansfer IS the energy transferred to the recycled brine solution, Mg is the
distillate mass flow rate and hsgavg IS the average enthalpy of the distilled water. In physical
terms, GOR is the ratio of latent heat energy of the distillate formed during flashing in each
stage to the energy gained by the recycled brine in the heat exchanger. It is a non-dimensional
parameter that reveals the amount of energy consumed for water production. Along with GOR,
top brine temperature is the important parameter that influence the thermal performance of the
desalination system. Initially, we explored the effects of GOR of nanofluids by taking top brine
temperature and particle volume concentrations into consideration. It should be noted that in
an actual MSF setup the solar collector geometry determines the incident flux which is the
amount of heat trapped within the nanofluid. In our case in place of incident radiation, we have
varied the volume fraction. A larger volume fraction implies an increase in the scattering of the
incident radiation and higher heat absorption.

Comparing our results with the previous results [49], a similar trend was observed with
respect to volume fraction i.e increase of GOR with volume fraction (Figure 4.15(b) and
4.15(c)). This is compared with the base fluid in Figure 4.15(a). It implies that the nanoparticle
absorbs more energy when heated at higher temperatures, which in turn increases distillate flow
rate as the heat is indirectly transferred to the flash section. A higher GOR is thus ensured by
a higher distillate flowrate, which offers higher latent heat recovery. We also used a series of

top brine temperatures to calculate GOR. Here an inverse relation was obtained. Again, at
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constant heat flux, as the top brine temperature increases, the distillate flow rate rises, thereby
increasing the GOR value for both the base fluid and the nanofluids (Figure 4.15).

We have also calculated the Gained Output Ratio (GOR) of base fluid and nanofluid at
four different Top Brine Temperatures (TBT) namely 100°C, 105°C, 110°C and 115°C with a
constant heat flux of 3690 cal/sec. It should be noted that the TBT temperature obtained is the
result of the higher heat transfer from the nanofluid cycle which is a function of volume
fraction. The GOR was found to increase with top brine temperature from 100-115 °C. Due to
the high rate of heat absorption by the nanofluids, the use of nanoparticles increases the
distillate flow rate due to higher latent heat recovery which leads to an increase of GOR of the
system. Figure 4.16 displays the comparison of GOR values of base fluid with different volume
fraction of nanofluids. At TBT of 110°C, 27.02% enhancement of GOR was observed for
0.0101 volume fraction of nanofluid, whereas 22.78% enhancement was found for 0.0033
volume fraction. As a result, a higher volume fraction increases the rate of heat transfer, which
raises the GOR. However, in real scenario, the use of volume fraction is constrained due to
issues with stability and agglomeration of the nanofluids; as a result, GOR rise is not
appreciable at higher volume fraction. Further ASPEN does not take into account the
hydrodynamic losses which is not in the scope of the current work as it involves CFD

simulation.
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Table 4.5. Correlation equation of physical properties used in ASPEN simulation

Properties Nanofluids Correlated Unit Values of parameter
equation
viscosity Basefluid 1= o e[—(Ex/RT)] mPa.s 10=9.72 E,=0.026
0.0033 vol% 10=5.497 E,=0.025
0.0101vol% 10=8.25 E,=0.026
Density Basefluid p=at(°C)+b gcm? a =-0.00008 b=0.9903
0.0033 vol% a =-0.00008 b=0.9897
0.0101vol% a =-0.00008 b=0.9881
Heat basefluid Cp=a1 + aT+ag T? J mol a1=-4.2 2= 0.23 az= -
Capacity +as T 1Kt 0.003 as= 1E-05
0.0033 vol% a1=2.52 a= -0.04 as=
0.008 as= -4E-06
0.0101vol% a1=2.35a2= -0.0193 as=
0.0004 as= -2E-06
Thermal basefluid k=a1+aT+a3 T? + a:1=0.19 a,=-0.0033
Conductivity as T3 a3=5E-05
as=-3E-07
0.0033 vol% a1=0.15 a,=0.0027
a3=2E-05
a4=5E-08
0.0101vol% a1=0.18 a,=0.0022 as=-
8E-06
as=-3E-08
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4.4 Conclusion
The synthesis of graphene oxide functionalized with amine was addressed in this chapter, as
well as the characterization of nanoparticles using several techniques (FESEM, FETEM, EDS,
FTIR, and XRD). It was confirmed that the nanoparticles were functionalized with amine via
covalent contact using these characterization methods. Additionally, this chapter examines the
synthesis of DES and the methods for preparing nanofluids. Further the stability of nanofluids
was determined using zeta potential measurements. When nanoparticles were linked to a
functional group, excellent dispersion and stability were reported in DES. Thus, at elevated
temperatures, the functional group-containing nanoparticles-DES nanofluid exhibited
favorable thermophysical properties. Thermal conductivity and specific heat, the required
properties of nanofluid, demonstrated significant improvement at elevated temperatures
compared to commercially available heat transfer fluid. The attractive thermophysical features
of nanofluids indicated a high potential for use as a heat transfer fluid in solar energy
systems.Through ASPEN simulation, a conceptualized multistage flash desalination with brine
recirculation system coupled with nanofluid based counterflow heat exchanger was proposed
to produce distilled water. Thermal performance of the desalination system was measured by
the GOR, where GOR was evaluated with increasing incident flux of the system. GOR (<10)
was found to be a desirable value, indicating that fresh water may be produced from the
proposed BR-MSF system using DES-based nanofluid as the heat transfer fluid.

In summary, this chapter gives detailes about the application of DES based heat tranfer
media in multistage flash desalination system. In the next chapter, possibility of natural deep

eutectic solvent (NADES) as a potential heat transfer media will be addressed.
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Thermophysical Properties of Menthol-Based NADES with Functionalized
MWCNTSs: Assessing Thermal Efficiency and DFT Investigations for

Enhancing Thermal Energy Storage Potential

This chapter focuses on natural deep eutectic solvent (NADES), which replaced ionic liquid
(IL), is considered a new class of bio-based heat transfer fluid. NADES are environmentally
friendly solvents derived from natural, biodegradable substances such as sugars, amino acids,
and organic acids. NADES serve as sustainable substitutes for conventional solvents,
encouraging the use of ecologically conscious methods. In this work, NADES comprises of
Lauric acid and DL menthol as hydrogen bond donor(HBD) and hydrogen bond acceptor
(HBA) at specific molar ratio. Two nanoparticles, MWCNT and MWCNT-COOH, are
dispersed to prepare different volume fractions of nanofluids. Different Characterization
methods, including XRD, FT-IR, Raman, EDS, FESEM, and FETEM, have been adopted to
characterize the MWCNT and MWCNT-COOH nanoparticles. The measurement of viscosity,
density, and specific heat was performed in the temperature range of 30-90°C. Thermal
conductivity, one of the key factors in thermal energy storage, is measured and compared with
the Hamilton-Crossover model. The maximum enhancement of thermal conductivity was found
to be 40.93% and 108.05% at 50 °C for MWCNT and MWCNT-COOH nanoparticles
respectively. Dispersion behaviour and stability analysis have been evaluated through zeta
potential analysis. Heat transfer coefficients and Nusselt number were determined at 0.125
vol% of MWCNT-COOH nanofluids under constant heat flux within the forced convection
regimet. The experiment was carried out at three different Reynolds number in the laminar
region. Higher heat transfer coefficient was observed for nanofluids compared to the NADES.
The DFT calculation, including QTAIM and non-covalent interaction (NCI), pointed out to the

interaction between nanoparticles and base fluid. The results showed that MWCNT-COOH
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based nanofluids could be prepared successfully on a large scale, and their exceptional

performance highlights their potential utility in thermal energy systems.
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5.1 Introduction

Fresh water scarcity across the globe is the next challengeable quest for mankind. Solar energy
can be used as a substitute for conventional energy sources to meet worldwide energy demand.
This is the most frequent and easily accessible sustainable energy source without impacting the
environment. Heat transfer fluid (HTF) plays an important role in the conservation of solar
energy that can be used in potential challenging technologies, including power sources, solar
thermal applications, automobile industries and petrochemical industries [1-3]. Some of the
common HTFs, such as Therminol VP-1, Therminol 66, Therminol VP-3, Dowtherm 4000,
and Paratherm CR are available commercially [4-7]. Therminol VP-1's decomposition
produces hydrogen that must be collected, causing energy loss [4]. Nanofluids are gaining
attention as they have shown potential to enhance the heat transfer properties of organic fluids.
They have been studied in various applications, including refrigeration, lubrication, and energy
production. Nanofluid, first coined by Choi[8], has been found to possess enhanced
thermophysical properties. The addition of nano-size particles to the base fluid can lead to
improved thermal conductivity, viscosity, and heat transfer rates, which can increase the
efficiency of the thermal processes. Carbon-based nanoparticles are of great interest to the
research community. Carbon-based nanomaterials always show good properties and exhibit a
wide range of novel features in industrial applications, agricultural sectors, and medical fields.
Carbon is one of the most fascinating components in the world has ability to form different
structures with excellent properties[9]. Nanoparticles, including Multi-Walled Carbon
nanotubes (MWCNT) and graphene oxide possess remarkable properties due to large surface
area and smaller size which leads to improve heat transfer rates[10]. He et al.[11] used three
different nanoparticle, graphene nano platelets, MWCNT and nano graphites, and investigated
their thermal conductivity. At a concentration of 3 wt%, the results demonstrated that GNP

greatly increased thermal conductivity when compared to MWCNT. Agib et al.[12]
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investigated the effect of MWCNT and Al.O3 nanoparticles on the phase change behaviour of
paraffin wax PCM with a temperature of 58°C. Results indicated that MWCNT with a paraffin
wax content of 6wt% performs better.

Dispersion of CNT in aqueous media can be difficult due to carbon nanotubes' high
aspect ratio (L/D), extremely large specific surface areas, and strong van der Waal's interactions
between carbon surfaces. Amrollahi et al. [13] synthesized MWCNT-water nanofluid and
analyzed thermophysical properties and heat transfer coefficient. They have reported 30-40%
improvement on heat transfer coefficient under both laminar and turbulent flows at 0.25 wt%
concentration. It has also been reported that mixture of carbon tube nanoparticles with other
base fluids, including water, ethylene glycol, and motor oil, results in nanofluids that act as
heat storage media in solar thermal collectors. [14, 15]. Thus, the choice of base solvent is
critical since it influences nanofluid properties, including thermal conductivity, stability, and
dispersion behaviour [16].

Functionalization of carbon nanomaterials shows better stability and dispersion
behaviour in heat transfer fluids for solar applications [17], they are also beneficial for energy
conversation [18], electrochemical energy storage [19], and biomedical applications [20]. The
process of nanoparticle functionalization involves attaching functional groups onto the
nanoparticle surface. This technique is commonly employed to decrease the abundant van der
Waals forces present on the particle surface, which arise due to their small size and expansive
surface area. Agglomeration of nanoparticles, leading to sedimentation, is primarily caused by
these attractive forces [21]. Strong oxidants like sulphuric acid and nitric acid are frequently
used to create functional groups on nanotubes. These groups attached to the defect of the
nanotube surface and makes the CNT hydrophilic in nature [22, 23]. Aggressive chemical
functionalization, however, can harm the sidewalls of CNTs and even shorten it. Bolodo et al.

[24] compared the optical transmittance and thermal conductivity of MWCNT and MWCNT-
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COOH/Ethylene glycol nanofluid. Results showed that MWCNT-COOH has higher thermal
conductivity and better dispersion stability compared to the non-functionalized MWCNT
nanofluid. A stability experiment on MWCNT nanofluid that had been covalently
functionalized was conducted by Farbod et al. [25]. They have reported that after 80 days,
MWCNT nanofluid showed no signs of sedimentation. Investigation for nanofluids has been
done on a number of basic fluids, including water, alcohols, glycols, oils, and their
combinations, categorized as water base and oil base nanofluids. However, stable dispersion
of thermal nanofluid is essential studies to realize industrial applications. After adding
nanoparticles, strong aggregation occurs due to the poor compatibility with base fluid. The
aggregation causes the nanoparticles' deposition and loss of enhanced heat transfer. Further
aggregation leads to the cause of clogging problems in microelectronic systems [26]. lonic
liquids (ILs), suggested as possible substitute heat transfer fluid (HTF), have better chemical
and thermal stability, are non-flammable, and have lower vapor pressure [27]. High thermal
conductivity and heat capacity per unit volume permit its used as heat transfer fluid. Franca et
al. [27] determined the thermal conductivity of ILs trihexyltetradecylphosphonium
dicyanamide ([Psss14][N-(CN)2]), trihexyltetradecylphosphonium bromide ([Pess14]-[Br]), 1-
ethyl-3-methyl-imidazolium thiocyanate ([Comim]-[SCN]), 1-n-butyl-3-methyl-imidazolium
thiocyanate([Csmim][SCN]), 1-ethyl-3-methyl-imidazolium tricyanomethanide
([Comim][C(CN)3)), and 1-n-butyl-3-methyl-imidazolium tricyanomethanide
([Camim][C(CN)3]) at temperature range 293-243K with their respective MWCNT based
nanoparticles. It was reported that ionic nanofluids have higher thermal conductivity than their
corresponding base fluid.

In this chapter, we have studied the different concentrations of organic nanofluids
comprising of MWCNT and MWCNT-COOH nanoparticles dispersed into NADES, and

thereafter investigated the stability and thermal properties of prepared nanofluids. This work
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employed DL-Menthol and Lauric acid as HBA and HBD respectively with a molar ratio of
2:1 to synthesize NADES. All thermophysical properties, including density, isobaric heat
capacity and viscosity, were measured at temperature range 25-85°C. The thermal performance
has been investigated through a forced convection experiments. The forced convective
experiment has been carried out for both NADES and nanofluid at constant heat flux under
laminar regime at three different Reynolds numbers. In order to correlate the dispersion of the
nanoparticles in the base fluid, additional interactions between the NADES and SWCNT are
examined utilizing quantum chemical-based studies, namely, the reduced density gradient

(RDG), and QTAIM studies which has been discussed in the previous chapter.

5.2. Experimental Methods

5.2.1 Materials and Methods

DL-menthol having purity of 99.8 % was purchased from Sigma Aldrich. Lauric acid, having
purity of > 98%, was purchased from Sigma Aldrich. Multi-walled carbon nanotube and
carboxylic functionalized multiwall carbon nanotubes were purchased from TCI chemicals
with 20-40 nm diameter, 5-15 micro meter length, and Ossila chemicals with inner diameter 5-
10 nanometer, 10-20 micrometer length respectively. Table 5.1 provides the physical properties

of the MWCNT-COOH nanoparticle.
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Table 5.1. Properties of MWCNT-COOH nanoparticle

Parameter Value
Purity >09.9%
True density (kg/m3) 2100
Outer diameter (nm) 25
Inner diameter (nm) 5-10
Length (um) 10-20
Thermal conductivity 1500
(W/m.K)

5.2.2 Formulation of NADES

NADES are prepared by mixing by two components, Hydrogen Bond Donor (HBD) and
Hydrogen Bond Acceptor (HBA). The preparation method of hydrophobic deep eutectic
solvent has been reported in our previous chapter 4 and our earlier published work [28]. Figure
5.1 shows the optimized structures of HBD, HBA, NADES and pair of SWCNTs/NADES. The
molar ratio has been chosen so as to form a eutectic mixture. Temperature Modulated
Differential Scanning Calorimetry (TMDSC) has been used to determine the melting point of
the NADES. As shown in the Figure 5.2, the melting point of NADES is found to be 15°C

which is less than the corresponding components.
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(a) DI-menthol (b) Lauric acid

(c) SWCNT

(e) NADES

Figure 5.1. Optimized structures of (a) DI-menthol, (b) Lauric acid, (¢) SWCNT, (d)
NADES+SWCNT, and (¢) NADES obtained using ®B97XD/6-311++G (d, p) level of theory.

(All bond distances are in A)
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The nanofluid preparation process employed the two-step method [29] as discussed in
the previous chapter. Initially, the purchased MWCNT and MWCNT-COOH nanoparticles,
were dispersed into a NADES comprising of DL-Menthol and Lauric acid. Thereafter, the
resulting mixture was undergoing ultra-sonication for a certain period of time ranging from 90
to 120 minutes to get uniform and homogeneous solution (Figure 5.3). A schematic diagram
of the nanofluid preparation method was described in the previous chapter 4. However, it is
important to note that the two-step method has a primary drawback, which is the potential for
nanoparticle aggregation due to the strong van der Waals interactions. The MWCNT and
MWCNT-COOH nanoparticles were utilized in three different volume percentages, namely
0.125, 0.3 and 0.5 vol%, as shown in Figure 5.3. The abbreviation of the nanofluids were shown
in table 5.2. The following formula [30] has been used to calculate the volume percent of the
nanofluid concentration.

B

Nanoparticles (p )base fluid

(p = (m) Nanopartrirfles X 100 (51)

p

Where, ¢, m and p denotes mass fraction of the nanoparticles (%), solid mass (kg) of the
nanoparticles and density (kg/m®) respectively. To ensure the stability of the nanofluid,
prepared nanofluids were kept for three days at room temperature and observed for any
settlement. Further stability of the nanofluid was investigated through visual observation up to

2 months along with their zeta potential measurement.
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Table 5.2 Abbreviation of nanofluids

Volume% MWCNT MWCNT-COOH
0.125 NF 7 f-NF 7
0.3 NF 8 f-NF 8
0.5 NF 9 f-NF 9

\ — DES

Heat flow (mW/mg)

Melting point

—7f7r - r - Tr - r°r 1T T 1 1 =1
S0 40 30 20 -10 0 10 20 30 40
Temperature (°C)

Figure 5.2. TM-DSC curve of NADES
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Figure 5.3. MWCNT and MWCNT-COOH based NADES nanofluids at volume
percentage of 0.125 vol%, 0.3 vol% and 0.5 vol%

5.2.3 Thermophysical Properties of Nanofluid

The thermophysical characteristics of nanofluids increases with a rise in the volume percentage
of nanoparticles and decrease with temperature rises. The Anton Paar DMA 4500 Densitometer
was used to measure the density of the nanofluids. The measurements are estimate to be
accurate to within 0.0001 g/cm?®. The viscosity of the nanofluid was measured by an Interfacial
Rheometer (MCR 301, Anton Paar, Austria) with an accuracy of 0.001 mPa.s. Temperature
Module Differential Scanning Calorimeter (TMDSC) (NETZSCH STA 449F3) was utilized to
conduct specific heat measurements in nitrogen environment using sapphire as the reference
material. The recorded measurements had an uncertainty of + 5.97 J/Kg.K. Additionally
thermal conductivity values for both base fluid and nanofluids were acquired using the KD2
Pro thermometer device (Decagon device, USA) with an uncertainty of £ 0.0096 W/m K. The
measurement employed the transient hot-wire method, where a hot wire was placed between a
hot plate and a silicon oil bath to maintain constant temperature. The operating temperature of
the sensor ranged from 223.15 K to 423.15 K with an accuracy of +5%. The resistance

fluctuation of the hot wire was measured using a Wheatstone bridge, and the voltage across the
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bridge and the temperature of the hot wire were obtained. The thermal conductivity was

calculated using equation 5.2 as below.

k=—21 _In (t—z) (5.2)

T 4n(Ty—Ty) ty
In the given equation, the thermal conductivity (k) is expressed in W/m.K. The
variables g, T2, and Ty represent the heat rate, temperatures at times t and t; respectively. It is
important to avoid convection currents during thermal conductivity measurements as the
thermal analyser solely considers the conduction mode of heat transfer. The uncertainty of the

thermal conductivity can be calculated employing following formula

Ziz, (Xi—X)?

U nn-1)

(5.3)

Where, U is the standard uncertainty, n is the sample content, X is the sample thermal
conductivity, and X is the average of sample thermal. The maximum uncertainty was calculated

after series of experiment was 0.0056 W/m.K.

5.2.4 Forced Convection Experiment of Nanofluids and Base Fluid

The details of the forced convection experimental setup were discussed in previous chapter 3.
The experimental setup comprises several components, including a chemical pump, flow
control valve, rotameter, stainless steel testing section, cooling unit, heat transfer fluid tank,
thermocouples, and a pressure transducer. The pump was connected to a control valve,
followed by the rotameter to regulate the flow rate. The testing section tube, made of stainless
steel, had dimensions of 9 mm inner diameter, 12 mm outer diameter, and a length of 1000
mm. To ensure uniform heating across the testing section, a flexible heating tape (Brisk Heat

SDCJCA-BIH101060L) was utilized. The heating tape was powered by a DC power supply
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(GATTS MX1174A). The details of the experimental procedure have already been reported in
our previous chapter [31].

To minimize heat loss and maintain a constant heat flux condition, the test section was
insulated with fibre glass insulation. Five J-type thermocouples were carefully attached to the
surface of the test section, while two additional thermocouples were welded at the inlet and
outlet for measuring the liquid temperatures. The inlet and outlet of the test section were
connected to appropriate pressure transducers. These pressure transducers, with an accuracy of
+0.2 mV, and thermocouples, with an accuracy of £2 °C, were connected to a National
Instrument (NI) data acquisition system called cDAQ-9178. The data acquisition system was
set up using a temperature card (N1 9211) and a pressure card (NI 9203). Finally, the LabVIEW
software was employed for data processing purposes.

From the forced convection experimental data, the local heat transfer coefficients of the

base fluid and the corresponding nanofluids can be evaluated from the following equation 5.4

h(x) = —1 — 54
(%) Tl (5.4)

Where, Tv{,(x) and Tf/ (x) stand for the inner surface and liquid respective local

temperatures. The detail calculations of the local heat transfer coefficient and Nusselt number

are provided in the Appendix A.

5.2.5. Computational Methods

The molecular structures of DI-menthol, Lauric acid, and single-walled carbon nanotubes
(SWCNT) were initially constructed using Gauss View 6.0 software[32]. Subsequently, the
optimization of these structures was conducted utilizing the ®B97XD/6-311++G(d,p) level of

theory [33]. The decision to employ Density Functional Theory (DFT) computations using a
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particular basis set was driven by their capacity to replicate energy values, in contrast to the
computationally intensive M06 and MP2 approaches[34].

"The ®B97XD functional, which is an expansion of Becke's 97 functional involving a
dispersion correction term was utilized. The functional under Hartree-Fock exchange term,
contributes 22% in the short-range regime and 100% in the long-range regime. In order to
accurately define the intermediate zone, a standard error function was utilized, incorporating a
range separation parameter of ® = 0.2. In contrast to standard density functional theory (DFT)
methods such as B3LYP, this particular methodology demonstrates a high level of suitability
in precisely computing non-covalent interactions. Consequently, it emerges as an appealing
option for investigating the properties of single-walled carbon nanotubes (SWCNTSs) and their
interactions with solvents.

Following this, geometric structures of (5,5) SWCNT were generated utilizing the
nanotube modeller [35]. The optimization of solvent-nanotube architectures was conducted
using the ® B97XD technique, which is based on density functional theory. The 6-311++G(d,
p) basis set with proper implementation of the diffuse and polarization functions was employed
for this purpose to treat all the atoms equally on a higher level of theory[36-38]. The
optimization of geometric parameters for several molecules and solvent-SWCNT systems was
conducted without imposing any symmetry requirements. The selection of the optimal structure
for each complex system was determined by considering the lowest ground state energy. The
electronic structures were computed using the Gaussian 16.0 software package [39].

In addition, the study included non-covalent interaction (NCI) and reduced density
gradient (RDG) evaluations to assess both attractive and repulsive interactions. NCI analysis
[40] offers extensive information regarding the spatial configurations of electron density in
systems characterized by low electron density and gradient values [41]. The aforementioned

methodology is frequently employed for the investigation of van der Waals (vdW) interactions,
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steric hindrance, and hydrogen bonds (HBs) [42]. The present study employed an Atom in
Molecules (AIM) analysis proposed by Bader et al. to investigate the pairwise interactions
between atoms, considering their respective van der Waals radii. The studies were conducted
utilizing the Multiwfn 3.8 software package[43]. The systems explored in this study were

processed using the Visual Molecular Dynamics (VMD) tool [44].

5.3. Results and Discussion
5.3.1 Characterization of Nanoparticles
The microstructure of MWCNT and MWCNT-COOH were investigated through FETEM and
FESEM images as shown in Figure 5.4 (a, ¢) and (b, d). The FESEM images were captured at
100 nm scale, where a randomly oriented fibre-like CNT (order of micrometres) is readily
visible. As seen in Figure 5.4 (b), white spot on the surface of the CNT indicated the presence
of functional group. Several multi walled or layer structure of CNT was clearly seen in FETEM
images (Figure 5.4 (c) and 5.4(d)). It reveals the diameter of the MWCNT which was in the
range of ca. 20-40 nm. The XRD pattern of MWCNT and MWCNT-COOH were displayed in
Figure 5.5 (a), which indicates the crystalline structure of CNT. A sharp peak was observed at
26=25.50° for MWCNT-COOH and 26=26.02° for MWCNT indicated the crystalline structure
of the carbon nanotubes. As evident, a peak shift from 26.02° to 25.50° indicates an expansion
in the interlayer d-spacing of the CNT. The peak present at 25.50° is attributed to the presence
of the COOH group attached to the surface of the CNT.

However, the (100), (004), and (110) atomic planes exhibit a low-intensity peak with
20 values of 43.04°, 53.68°, 78.0° respectively showing that CNTs have crystalline structure.
There were no additional peaks detected, indicating the nanotube's exceptional purity. Further,
the structures of both MWCNT and MWCNT-COOH have been analyzed by Raman

spectroscopy where it can identify the carbon allotropic forms, presence of functional groups
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and structure disorder degree. The Raman spectra of MWCNT and MWCNT-COOH
nanoparticles are shown in Figure 5.5 (b), where the patterns appear comparable. From the
Figure 5.5 (b) the bands detected at 1360 and 1587 cm™, refers to the D and G mode for
MWCNT at 1352 cm™ and 1581 cm™respectively for D and G mode. Generally, CNTs can
exhibit two distinct characteristic Raman band, D mode (disorder band 380-1200 cm™) and G
mode (graphite band 15501590 cm™) [45] band. A double resonance or the D band Raman
mode is a measure of the structural disorder caused by amorphous carbon structure defects [46]
whereas G band is the high frequency first order mode [47]. The introduction of functional
groups is quantified by the ratio of G band to D band intensities. A lower Ip/lc ratio and a
higher sp3 group concentration suggested the existence of functional groups[48]. The Ip/lc
ratio for MWCNT is 1.162 and for MWCNT-COOH is 0.5360. The value indicated the
existence of functional groups in MWCNT nanoparticle. The amount of functional groups
present can be investigated through EDS analysis. From Figure 5.5 (c), the amount of carbon
and oxygen are 77.8wt% and 22.2 wt% respectively. During the preparation of sample for EDX
analysis, some impurities have appeared which can be seen in Figure 5.5 (c). Further behaviour
of functional groups present on the surface of MWCNT can be summarized through FT-IR
spectra as shown in Figure 5.5 (d). The O-H stretch appears as a very broad peak at 2943 cm!
[49]. On the MWCNT-COOH surface, the C-O bands typical of carboxyl functional groups
can be seen at 1767 cm™ and 1534 cm™. The carboxylate anion stretch mode here is associated

with the peak 1534 cm™ [50].
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Figure5.4. (a,b) FESEM and (b, d) FETEM images of MWCNT and MWCNT-COOH
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Figure 5.5. Characterization methods of MWCNT and f-MWCNT nanoparticles (a) XRD,
(b) Raman, (c) EDX and (d) FT-IR
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5.3.2 Thermophysical Properties of Nanofluid

5.3.2.1 Density, Viscosity and Specific Heat of Nanofluids and NADES

Density of the prepared nanofluids (NFs and f-NFs) and NADES values are displayed in Figure
5.6 (a) and 5.6 (b). Values were measured at temperatures up to 85 °C. Figure 5.6 implies that
as the temperature increases the density of the samples decreases. There is little variation in the
density values with increase in the nanofluid concentrations. It is clearly seen that there is no
density variation after addition of nanoparticle concentration for both MWCNT and f-
MWCNT. Similar density trend was observed in our previous work [28] and the literature Tao
et al.[51]. Here the molecules within the fluid experience faster movement, leading to reduced
intermolecular attraction. Consequently, the volume of the fluid expands, resulting in an
increase in the kinetic energy of the molecules. As a result, the density of the fluid decreases.
The density can be calculated as described by polynomial function of temperatures, given by

equation 5.5.

p=YioaiT'(K) (55)

Where, p is in kg/m?

The viscosity of nanofluids and NADES has been reported in the Figure 5.6 (c) and
5.6 (d). Viscosity of all nanofluids and NADES has done at a constant shear rate 50 s, It can
be noted that the viscosity of nanofluids ranges from higher to lower values over a wide range
of temperature. However, increasing the concentrations of the nanofluids leads to a decrease in
viscosity as compared to NADES, which is reflected in Figures 5.6 (¢) and 5.6 (d). The values
are good agreement with the reported work of Santis et al. [52]. The increase in temperature
leads to heigher thermal movement among molecules, which in turn enhances Brownian
motion and weakens the intermolecular bonds, causing a decrease in viscosity [53].

Nevertheless, the introduction of a small quantity of functionalized nanoparticles into the base
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fluid effectively reduces its viscosity. The temperature dependant viscosity of nanofluids are

well fitted with Vogel-Fulcher-Tammann (VFT) equation[54, 55], given by

n =noexp () (5.6)

T-Ty
Here, n is the viscosity at temperature T, T is the characteristic temperature and n, is the
reference viscosity and Kk is represent structural strength of the system, a constant value. The
VFT curve and the parameters in the equation are reported in the Figure 5.6 (c) and 5.6 (d) and
table 5.3. The viscosity graph was seen to follow the VFT model.

The molar isobaric heat capacity of NFs and f-NFs has been measured in the
temperature range of 35 °C to 200 °C, as displayed in Figures 5.6 (e) and 5.6 (f). It reveals the
higher specific heat of nanoparticles containing NADES compared to the base fluid. The
specific heat of NF 9 showed higher values, followed by NF 8 and NF 7. A similar trend was
observed for f-NFs as well. However, the addition of functionalized nanoparticles, MWCNT-
COOH, enhanced the specific heat at higher temperatures, as can be seen in Figure 5.6 (f). This
is due to the fact that at higher temperatures, the system gains more Kinetic energy, and as a
result, molecules are free to move, vibrate, rotate, and translate, which increases internal
energy. Additionally, greater the specific surface area of the nanoparticles, greater is the surface
energy of the system capacity. This increases the thermal resistance between nanoparticles and
surrounding liquid molecules. Many researchers claim that the specific heat of nanofluid
decreases with an increase in volume concentration [56, 57]. According to Zhou and Ni [58] ,
the specific heat of an Al.Oz/Water nanofluid reduced by 21% and 45%, respectively, with an

increase in nanoparticle volume percentage from 0 to 25%.
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Figure 5.6. (a,b) Density, (c,d) Viscosity with VFT fitting and (e,f) specific heat with

variation of temperatures and volume fractions (g,h) of nanofluids and NADES
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Table 5.3. Parameters of the VFT fit of temperature dependence viscosity (Pa.s)

Systems Mo k Ty R
NADES 5.88x 1077 2134.52 -188.301 0.99794
NF7 1.19 1790.19 -166.37 0.997/84
NF8 5.84 1154.65 -123.90 0.99824
NF9 3.28x 107° 1431.51 -147.656 0.99843
f-NF7 5.86x 1077 2156.99 -190.290 0.99779
f-NF8 3.08x 1077 692.03 -87.255 0.99756
f-NF9 5.87x 1077 141.29 -28.288 0.98685

5.3.2.2 Thermal Conductivity of Nanofluid and NADES

The thermal conductivity data were obtained at a higher temperature range of 50 °C for all
volume fractions of nanofluids. Figure 5.7 (a) and 5.7 (b) depicts the fact that the thermal
conductivity of nanofluids increases as the temperature rises up to 50 °C. Maximum
enhancement 40.93% and 108.05% were observed when MWCNT and MWCNT-COOH
nanoparticles were dispersed into NADES. It can be noted that MWCNT-COOH/NADES
nanofluids (f-NF7, f-NF8 and f-NF9) has higher thermal conductivity as compared to
MWCNT/NADES nanofluid (NF7, NF8 and NF9). This is due to the stable non-covalent
interactions established between MWCNT-COOH particles and the base fluid NADES.
Further, the nanoparticle volume concentration attributed to the enhancement of thermal
conductivity which can be seen in Figures 5.7 (¢) and 5.7 (d). As the volume fraction increases,
the number of nanotubes in the fluid increases, thus increasing the surface-to-volume ratio, and
particles collide. Thus thermal conductivity of the nanofluid increases. On the other hand, our
result has good agreement with the literature of Soltanimehr [59]. It can be seen that thermal

conductivity of f-NFs (MWCNT-COOH/NADES) has shown better thermal conductivity as
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compared to the NFs (MWCNT/NADES). As the temperature rises, molecules gain more
thermal energy. As a result, free movement of molecules increases the distance between two
molecules, which causes a higher heat transfer rate. Brownian motion makes it possible for
nanoparticles to collide due to their ability to come into contact with one another. The
mechanisms of clustering and interfacial stacking, in addition to Brownian motion, aid in the
improvement of heat transfer. Different models, including Bhattacharya et al. [60] model, K-
K model [61], Xuan model [62] predict the influence of the Brownian motion and aggregation
of the nanoparticles on heat transfer rate.

The experimental results has been compared to the existing theoretical model Hamilton-
Crossover (HC) model [63], given by equation (9). The results indicated that the measured
thermal conductivities exceed those predicted by the Hamilton Crosser model, shown in Figure
5.7 (e) and 5.7 (f). When the nanoparticles are uniformly dispersed into the solvent, this form
a solid like layer at interface which transports heat from solid wall to nearest liquid layer [64].
But HC model does not consider this interaction for predicting the thermal conductivity of
nanofluid. Another problem with the HC model is that the shape factor does not take into
account the orders-of-magnitude rise in the surface area to volume ratio that comes with
decreasing particle size into the mono-crystalline zone [65, 66]. This shows that the current
models are not good enough to explain how heat moves through the nanofluid system because
they only look at the size and shape of the particles in suspension and the differences in how
well particles and fluids conduct heat.

Thermal conductivity ratio and thermal conductivity enhancement has been defined as

k, = ';Lf (5.7)
bf
TCE = @ x 100 (5.9)
bf

The Hamilton Crosser model is defined as
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. ka _ kp+(n_1)kbf_(n_1)¢(kbf_kp)
kbf kp+(n—1)kbf+¢(kbf—kp)

(5.9)

o (5.10)

Here, the thermal conductivities of the base fluid, nanofluid and nanoparticles are
denoted by kyf, k,r and k,, respectively. ¢ is the volume fraction of the nanofluid, and n is

the empirical shape factor (6 for cylinder and 3 for sphere).
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Figure 5.7 Thermal conductivity of NADES and nanofluids (a) MWCNT/NADES (b)
MWCNT-COOH/NADES, volume fractions (c) MWCNT/NADES, (d) MWCNT-
COOH/NADES and Thermal conductivity ratio (¢) MWCNT/NADES and (f) MWCNT-
COOH/NADES

5.3.3 Thermal Stability Analysis

5.3.3.1 Visual Observation and Zeta Potential Method

The large surface-to-volume ratio of carbon nanotubes in the fluid leads to strong van der Waal
interactions between the nanoparticles, which move towards agglomeration. Various steps have
been taken to investigate the stability of the nanofluid. At the very first step, mechanical stirring
and thereafter ultra-sonication have been adopted for the preparation of nanofluid for long-term
stability. The prepared nanofluid was then kept for 2 months to observe any settlement. Figure
5.8 (a) shows a visual observation of nanofluids just after sonication and after 2 months. It was
seen that settlement occurs in MWCNT/NADES nanofluids whereas lesser effect is observed

in MWCNT-COOH/NADES nanofluid.
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The assessment of zeta potential delved deeper into the examination of nanofluid
stability and dispersion behaviour. Figure 5.8 (b) shows the zeta potential values of MWCNT
(NF7, NF8, NF9) and MWCNT-COOH (f-NF7, f-NF8, f-NF9) nanoparticle-based nanofluids.
Results showed that f-NF7, f-NF8, and f-NF9 have good zeta potential values as compared to
the non-functionalized MWCNT nanoparticles. Among all these, f-NF7 and f-NF8 has shown
better stability (-270 mV & -91 mV). The electro-kinetic potential observation served as
confirmation for both the dispersion quality and stability of the nanofluid [67, 68]. When
nanoparticles approach one another, the dominance of the van der Waals force overpowers
other forces, leading to the aggregation of nanoparticles. This aggregation causes a reduction
in the thermal conductivity of the nanofluid. The presence of a high repulsive interaction
potential is vital for maintaining stability. In cases where the nanofluid possesses a relatively
lower magnitude, the van der Waals force gains strength, thereby contributing to the instability
of the nanofluid. In order for nanofluids to remain stable, it is imperative for repulsive forces
to prevail within the solution. According to Vandsburger [69], nanofluids reach a state of near-
stability when their particles have a zeta potential value of about 30 mV. Optimal stability for
nanofluids is achieved when the zeta potential value is in proximity to 45 mV. The exceptional
stability of a nanofluid is realised when its zeta potential value exceeds £ 60 mV. From the zeta
potential analysis, it was seen that COOH-functionalized MWCNT has good dispersion
behaviour and good stability in the base fluid NADES. This is due to the fact that COOH-
modified MWCNT nanofluids can have favourable non-covalent interactions with the base

fluid NADES.
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Figure 5.8. Images of nanofluids after sonication and Zeta potential values of MWCNT/NADES and
MWCNT-COOH/NADES nanofluids

5.3.4 Forced Convection Experiment
With a constant heat flow of 12484.076 W/m?, three different Reynolds numbers were used in
the forced convection tests. Following the experimental setup, heat transfer coefficients were

calculated for the laminar condition within each tube test segment. In Figure 5.9 (a), the axial
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evolution of the heat transfer coefficient is depicted for the base fluid at three distinct Reynolds
numbers. It was observed that the convective heat transfer coefficient rises as the Reynolds
number grows. The maximum heat transfer coefficient is observed at Nre = 1745, followed by
a non-linear decrease along the axial distance. A similar trend has been observed in our
previous work when conventional fluid was used [31]. This trend can be rationalised by
considering that an elevated Reynolds number results in a thinner boundary layer, subsequently
enhancing the heat transfer rate. The local Nusselt number was calculted and is presented in

Figure 5.9 (b).
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Figure 5.9 Heat transfer coefficient and Nusselt number of NADES along with the axial

distance of the tube

In contrast to heat transfer that occurs through conduction, a higher Reynolds number
increases the amount of heat transfer that results from fluid motion. In Figure 5.10 (a), the
influence of carbon nanotube concentrations on the heat transfer coefficient along the axial
length of the tube is illustrated for Reynolds numbers Ngr=1745, Nr=1181, and
Nre=871, respectively. The forced convection experiment was carried out with 0.125 vol% of
MWCNT-COOH nanoparticles dispersed in the base fluid NADES, as it has shown excellent
stability in zeta potential experiments. Maximum enhancement was observed at the entrance
of the tube compared to the base solvent, NADES. A maximum 27.70% enhancement has been
observed in the heat transfer coefficient at the entrance of the tube at Reynolds number 1864,
followed by 43.48% and 47.75% enhancement for Reynolds numbers 1217 and 810,

respectively. Potential justifications for this improvement include factors like the size of
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nanoparticles and the effects of Brownian motion on particles. These factors contribute to the
reduction of the particle's boundary layer thickness and enhance the mixing effect, as indicated
in references [70, 71]. Local Nusselt number was calculated for the nanofluids, and the results
are depicted in Figure 5.10 (b) alongside data for the base fluid. Owing to the notably elevated
thermal conductivity and specific heat of the nanofluids in comparison to the base fluid, the
Nusselt number exhibited a more rapid increase. In both the case of the base fluid and the
nanofluids, during the process of heat transfer from the pipe's surface to the fluid via
conduction, the boundary layer thickness diminishes significantly. This phenomenon is linked
to the heightened heat transfer coefficient within the inlet section [72]. The observed increase
in boundary layer thickness during fluid motion causes a decline in the heat transfer coefficient
along the pipe's length. Additionally, the entrance area has the highest concentration of
nanoparticles, which causes viscosity and heat conductivity to be distributed unevenly. Due to
the uneven distribution, the thermal barrier layer's thickness is reduced, which increases the
heat transfer coefficient in the entrance area. According to research done in the past [73, 74],
A higher heat transfer coefficient is also affected by the mixing of particles close to the wall,
leading to an increase in thermal conductivity and decrease in the thickness of the boundary

layer. It also involoves a delay in the formation of the boundary layer.
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Figure 5.10. Comparison of heat transfer coefficient and Nusselt number of base fluid
(NADES) and nanofluid (NF) at different Reynolds numbers
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Figure 5.11 (a) and 5.11 (b) illustrate the profiles of wall temperature and fluid
temperature for both the base fluid and the corresponding nanofluids. It was found that both
the base fluid and the nanofluids have higher inner wall temperatures at lower Reynolds
numbers. The wall temperatures of the nanofluids are lower than those of the base fluid, and
this lower temperature is increasingly prominent as the Reynolds number increases. The basic
reason is the interaction of nanoparticles with the tube wall when the nanofluid travels through
the tube, which makes it easier for thermal energy to be transferred from the wall to the
nanofluid. As a result, the fluid's wall temperature drops. Fotukia [75] reported a similar result,
observing a drop in tube wall temperature following the addition of nanoparticles to the base
fluid. When a fluid first enters a pipe, it does not develop fully. This holds true even as the fluid
passes over a pipe system curve, where the curve changes the fluid's velocity profile. The fluid
must therefore travel a certain distance in a straight conduit in order for its full development.
The Nusselt number values for the nanofluids that were determined through experiments were
also compared with those found in the literature Pyarimohan et al. [76] showing a consistent
pattern. In general, enhancements in convective heat transfer coefficient and Nusselt number
were observed in the laminar region. The increased heat transfer coefficient was attributed to
the improved thermal conductivity, as well as the thickness of the hydrodynamic boundary

layer and the nanoparticle shape.
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5.3.5 Quantum Chemical Calculations

5.3.5.1 Geometry Optimization

In this investigation, the computations commenced with the geometry optimization of a simple
(5,5) single-walled carbon nanotube, with its terminations saturated using ten hydrogen atoms.
This model had previously been employed in our earlier research to comprehend the
interactions of SWCNTSs with a bio-based fluid named Cyrene (as detailed in chapter 2). The
initially optimized structures of individual molecules were utilized to generate the paired

configuration of the NADES/SWCNT system (as depicted in Figure 5.1).

From the optimized geometry, it is evident that the —OH groups associated with the DI-
menthol molecule experience inducement towards distinct positions on the carbon nanotube
(as shown in Figure 5.1 (d)). The NADES/SWCNT pair system reveals slightly increased bond
distances between NADES/SWCNT atoms. Upon introducing the studied NADES system,
specifically a combination of DI-menthol with Lauric acid (in a molar ratio of 2:1) with
SWCNT, there is a slight augmentation in bond distances within the NADES. However, these
increments in bond distances are of minor magnitude, indicating that the dominant interactions
consist of weak van der Waals forces. The presence of a —-OH and —COOH groups within the
NADES is the reason for the enhancement of the extent of charge transfer within the
NADES/SWCNT system. The slight change in the bond distances within the NADES system

can be attributed to the weak interactions present within the hydrophobic NADES system. [77]

The optimized geometry outcomes for structure suggest a weaken interaction between
NADES molecules and SWCNT. This implies that the interplay between NADES and SWCNT
constitutes a physical phenomenon primarily governed by van der Waals interactions.
Nevertheless, the notable interactions within the complex NADES and SWCNT system align

with experimental observations, particularly concerning the zeta potential, which serves as an
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indicator of dispersive nature and ensuing stability (as referenced in the experimental stability
section). The primary aim of the DFT analysis within this study was to fathom the significance
of functional groups that could be incorporated into CNTs or solvent molecules to enhance
interactions and achieve superior dispersion. The robustness of the van der Waals (vdW)
interactions within the solvent and SWCNT complex system leads to the aggregation of CNT

nanoparticles, subsequently contributing to the short-term stability of nanofluids [31].

5.3.5.2 Non-Covalent Interactions present Within NADES-SWCNT System
Reduced Density Gradient (RDG) analysis was performed to determine the significance of non-
covalent interactions in the base fluid-SWCNT surface interaction. RDG establishes a
relationship between the real-space function and the second intrinsic value of the hessian matrix
representing electron density. This analysis indicates the categories of weak interactions that
exist within the system. Intermolecular interactions can be illustrated based on their strength,
and nature using RDG analysis. Examining NCIs using the electron density (p(r)) and its
associated scalar and vector fields can be executed. This method shares a fundamental concept
with the Density Functional Theory (DFT): the electron density can be directly correlated with
energy, allowing the exploration of interactions based solely on the electron density. Except
for zero-order electrostatics, all contributions to the interaction energy can be associated with
a deformation in (p(r)). These methodologies offer obvious advantages in terms of
interpretation. They are invariant with respect to unitary transformations of molecular orbitals,
generally robust, and visually observable due to their intrinsic three-dimensionality. The
detailed theory of NCI and RDG [78] analysis was discussed in the appendix A.
Non-covalent interaction (NCI) plot analysis (Figure 5.12) was used to visualize non-
covalent interactions and classify them as repulsive or attractive by plotting 2D scatter graphs,

the magnitude of the electron density signed by the second Eigen value of the Hessian matrix
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(sign(A2)) versus regions of very low-reduced density gradient (RDG), and 3D colour graphs
of RDG. These iso-surfaces illustrate both favourable and adverse interactions between
unbound atoms, as indicated by the sign of the second Hessian Eigen value of the electron
density (A2). The colorimetric scale provides a quantitative representation of the interaction
intensities (Figure 5.12). van der Waals (vdW) interactions, whose values are close to zero
regardless of the direction of the horizontal axis in the 2D scatter plot, are depicted in green.
Strong attractions, such as hydrogen bonds, electrostatic interactions, and covalent bonds, are
indicated in blue, which corresponds to the small negative values on the horizontal ordinate of
the 2D scatter plot. Strong repulsive interactions, such as steric effects in ring and cage, are
shown in red and correspond to large positive values on the ordinate axis [79].

As shown in Figure 5.12, when the NADES system was exposed on the surface of
SWCNT, several spikes appeared in the low charge density region of the NADES/SWCNT
complexes, indicating that weak vdW interactions dominate the investigated complex. van der
Waals interaction between the SWCNT surface and NADES is mediated by X...wt, where X
represents the C, H, and O atoms of NADES. In a previous investigation, where van der Waals
interactions dominated intermolecular forces in the reactive Cyrene/SWCNT complex, a
similar pattern of results was observed. The red region indicates the presence of a steric
hindrance within the interior core of the SWCNT structure, which is consistent with the
findings of earlier investigations on carbon-based nanomaterials. In addition, as seen in Figure
5.12 (b), the blue colour in the 2D scatter plots represents the interactions between the hydroxyl
and carboxyl groups present with the NADES. The structure with the lowest energy consists
of parallel stacks of SWCNT, with the oxygen of the carboxylic acid positioned directly over
the menthol molecule's attack site. The presence of weak vdW interaction within the
NADES/SWCNT system increases with a decrease in electrostatic interactions within the

NADES complex, which is broadly visible and consistent with geometry optimization. van der
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Waals forces govern the interactions between surfaces and NADESs. This result is in excellent
agreement with the outcomes of experimental investigations. In general, the NCI interaction
plots indicate that attractive and repulsive interactions are roughly balanced, with a significant
preference for short range (vdW) attractive interactions [42].

According to NCI analysis, the distinct character of interactions between
NADES/SWCNT complex systems increases the interaction strength of NADES molecules on
SWCNT surfaces, resulting in a stable complex system. However, the study points to the
functionalization of both the solvent and the SWCNT surface, which will increase the
nanofluid's stability and make it a viable candidate for various thermal energy systems. The
functionalization of CNTs with carboxylic acids, which is capable of enhancing the nanofluid

system's stability, has been incorporated into the scheme of the experiment.
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Figure 5.12 RDG isosurface and scatter graph of RDG for SWCNT-NADES complex

system

In the subsequent section, the Quantum Theory of Atoms in Molecules (QTAIM)
analysis was employed to gain further insights into the nature of interactions within the studied
SWCNT/NADES systems [80]. QTAIM offers an effective method for investigating

intermolecular interactions. The electron density at bond critical points (BCPs), denoted as
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Ppcp, Serves as a valuable parameter for characterizing the strength of intermolecular
interactions. Additionally, the Laplacian of the electron density at BCP (V?p) indicates areas of
charge concentration (negative sign) and charge depletion (positive sign) in a chemical bond.
The QTAIM approach was utilized to comprehend the type and potency of interactions in the
SWCNT/NADES complexes (Figure 5.13). The BCP properties for the mentioned complexes
are detailed in table 5.4. Notably, the signs of the Laplacian of electron density at BCP (V2pgcr)
are consistently positive, suggesting that the interactions within SWCNT/NADES complexes
are predominantly closed-shell interactions, such as hydrogen bonds (HBs) or van der Waals
(vdW) forces. A criterion for X—H (X=C, N, O) type hydrogen bonds was proposed that if the
ppcp Value lies between 0.002 and 0.04 (au), and the V2psce value is between 0.02 and 0.15 au,
it can be identified as a hydrogen bond [81]. With this criterion, barring BCP numbers 285 and
287, all pairs meet the established conditions (as seen in Table 5.4). This implies that all the
remaining BCPs are indicative of hydrogen bonds, affirming the preliminary identification of
the interaction type based on the van der Waals radius. Based on the correlation between
electron density and energy, Bader introduced a key parameter: the total electron energy
density (H) at BCPs. It was suggested that V2pgce> 0 and Hecp> 0 signify a weak hydrogen
bond, V?pscr> 0 and Hece< 0 indicate a medium-strength hydrogen bond, and Vpsce< 0 and
Hecp< O represent a strong hydrogen bond [80, 82]. According to this classification, all
identified BCPs almost fall within the category of weak hydrogen bonds.

The outcomes of the QTAIM analysis align with the previously conducted NCI
analysis. In combination, these analyses establish that the interactions between NADES and
SWCNTSs primarily consist of weak hydrogen bonds and van der Waals dispersion forces. This
suggests that for thermal nanofluids in energy storage systems, enhancing interactions between
solvents and nano-systems (like NADES and CNTSs) through the integration of tunable

functional groups could lead to improved interaction with solute-solvent systems. This could
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have positive implications for energy efficiency in processes such as thermal storage systems

and desalination.

Figure 5.13 Atoms in Molecules (AIM) molecular graphs of SWCNT/NADES system
calculated at the ®B97XD/6-311++G(d,p) level of theory
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Table 5.4 Bond Critical Point (BCP) values between SWCNT and NADES

SL No. BCP No. Interaction Prcp (aU) VZpece (au) Hscp (au)
1 BCP 285 124C---77H 0.00239 0.00730 0.00043
2 BCP 311 121C---84H 0.00738 0.02410 0.00125
3 BCP 283 128C---89H 0.00654 0.02154 0.00116
4 BCP 313 126C---90H 0.00706 0.02237 0.00108
5 BCP 287 125C---96H 0.00461 0.01368 0.00075
6 BCP 317 126C---43H 0.00888 0.03275 0.00170
7 BCP 276 137C---610 0.01501 0.04459 0.00010
8 BCP 190 12H---104C 0.01077 0.03071 0.00106
9 BCP 173 106C---18H 0.00356 0.00990 0.00055
10 BCP 206 12H---102C 0.00471 0.01469 0.00073
11 BCP 202 31H---102C 0.01123 0.03675 0.00138
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5.4. Conclusion

This study investigated the combination of NADES formulaion of nanofluids,
MWCNT/NADES and MWCNT-COOH/NADES, prepared by two-step methods. It gave
excellent thermal conductivity along with other physical properties including density,
viscosity, and specific heat at higher temperatures when compared to the base fluid. Different
characterization methods, including XRD, FESEM, FETEM, Raman, FT-IR, and EDX, have
been performed to analyse the morphology, crystallinity, and presence of functional groups.
The stability of these nanofluids was assessed through zeta potential measurements.
Remarkable dispersion and stability within NADES were observed when nanoparticles were
bonded to functional groups. This led to notable enhancements in the crucial nanofluid
properties of thermal conductivity and specific heat under elevated temperature conditions.
Thus, nanofluids have a significant potential for usage as a heat transfer fluid in solar energy
systems due to their alluring thermophysical properties and excellent stability. A better heat
transfer coefficient and Nusselt number of nanofluid have been shown at different Reynolds
numbers as compared to the base fluid NADES, noticeably higher thermal conductivity and
heat transfer coefficient of nanofluids. The NCI and RDG studies reveal that the distinctive
nature of interactions between NADES/SWCNT complex systems strengthens NADES
molecules connections with SWCNT surfaces, producing a stable complex system. The
nanofluids developed in this work have a significant amount of potential for future thermal
management and energy harvesting applications due to their wide liquid range at higher

temperatures, high static thermal conductivity, and convective heat transfer performance.
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6.1 Research Conclusion
The primary conclusion of this thesis are discussed below

In the initial part of the thesis, i.e chapter 2, biomass-derived Cyrene was used as a base
fluid. Different volume fraction of carbon nanotube based nanofluids were prepared and seen
to significantly enhance the thermophysical properties (density, viscosity, thermal
conductivity, and specific heat capacity) as compared to base media namely Cyrene. The
morphology and structure of MWCNT were investigated using FESEM, FETEM, XRD, and
Raman spectroscopy. The flow behaviour and thermal performance of Cyrene,
Cyrene/MWCNT, and Cyrene/MWCNT-COOH nanofluids were studied in the laminar region.
Further, geometry optimization and frontier molecular orbital analysis were carried out to show
the stability in the nanofluid systems. RDG analysis confirmed weak vdW interactions leading
to nanoparticle agglomeration. DFT calculations revealed that Cyrene and CNT interactions
are primarily governed by vdW forces. Reverse NEMD simulations validated experimental
thermal conductivity measurements.

In chapter 3, multiwalled carbon nanotube has been used to prepared nanofluid where
DES (Methyltriphenylphosphonium bromide and ethylene glycol) was used as base fluid.
MWCNT nanoparticle was characterized by different characterization methods and thereafter
MWCNT based nanofluid was synthesized at particular volume fractions via two-step method.
The nanofluid was prepared by mixing DES (MTPB salt and ethylene glycol, 1:4 ratio) with
0.02 wt% MWCNT. Its thermophysical properties—thermal conductivity, viscosity, density,
and specific heat—were measured, with MWCNT's morphology confirmed by FETEM and
FESEM analysis. FT-IR and XRD experiments verified the conjugation of DES to MWCNT
and its crystallinity. Stability was assessed visually, via optical microscopy and zeta potential.

Chapter 4, study focused on synthesizing amine-functionalized graphene oxide in DES

(Diphenyl ether and DL menthol) as a basefluid and characterizing the nanoparticles using

Page 273
TH-3664 196107106



Conclusion Chapter 6

techniques like FESEM, FETEM, EDS, FTIR, and XRD. The functionalization was confirmed
via covalent bonding, and the nanofluids showed excellent stability and dispersion in DES,
especially with zeta potential measurements. At higher temperatures, these nanofluids
demonstrated improved thermal conductivity and specific heat, making them suitable for solar
energy systems. Furthermore, ASPEN Plus software was used to design a conceptual
multistage flash desalination system, were a nanofluid-based heat exchanger was proposed,

showing promising thermal performance and efficient fresh water production.

In the final chapter of the thesis, we investigated the green heat transfer media
comprised of natural deep eutectic solvent (NADES) and functionalised multi-walled carbon
nanotube. The study explored the synthesis of NADES combined with the development of
organic nanofluids, specifically MWCNT/NADES and MWCNT-COOH/NADES.
Characterization techniques were adopted to assess the morphology, crystallinity, and
functional groups. Zeta potential measurements confirmed the stability of the nanofluids, with
exceptional dispersion and stability observed when nanoparticles were functionalized. The
functionalized nanoparticle-NADES nanofluids exhibited improved thermophysical
properties, including significantly higher thermal conductivity and specific heat at higher
temperatures, making them promising heat transfer fluids for solar energy systems. Moreover,
the nanofluids displayed better heat transfer coefficients and Nusselt numbers across different
Reynolds numbers compared to NADES alone. NCI and RDG studies revealed strong
interactions between NADES and SWCNT, forming stable complex systems. Given their wide
range of thermal conductivity, and enhanced convective heat transfer, these nanofluids offer

great potential for future thermal management and energy harvesting applications.
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6.2 Future Scope

The present research was conducted to investigate the organic nanofluid which was the
combination of different DES, NADES and Cyrene bio-solvent with different nanoparticles.
The research highlighted NADES based nanofluid having high thermophysical properties and
better heat transfer efficiency compared to DES and Cyrene bio-solvent which make them
potential heat transfer media for industrial applications. The lingering concerns with DES and
NADES based nanofluid provide us with some prospective areas that can be addressed in future
work. The following are some future works

a) Improvement of thermal conductivity and stability at higher temperature to make DES-
based nanofluid good candidate for renewable energy storage.

b) Investigation can be done on novel functionalized green nanoparticles in DES that
shows potential for improving heat transfer efficiency as well as stability of the
nanofluid. Focus on green nanoparticles can offer a biodegradable and non-toxic route
for nanofluid which eventually shall reduce the ecological footprint in industries as it
is evidenced that CNTSs are toxic.

c) DES in combination with other innovative materials like ionic liquids or phase
changing materials that can make hybrid nanofluid with superior thermophysical
properties.

d) Detailed mechanism between fluid and nanoparticles can be studied through quantum
chemical approach. Further, MD simulations can be performed to study the
optimization of DES-based nanofluid that can accelerate the design and development

of new thermal management system.
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Figure AL. NMR analysis of Cyrene

Al. Experimental Setup and Forced Convection Studies

The setup consisted of a circular pipe of 1-meter length, 9 mm inner diameter and 12 mm outer
diameter in which nanofluid was made to flow through the tube. The respective thermocouples
and transducer measured the inlet/outlet temperatures and pressures of the fluid respectively.
The nanofluid was stored in a 4-liter storage tank and pumped into the tube at different inlet
temperatures. Thereafter the fluid was allowed to flow through the tube, where temperatures at
five different sections (Corresponding to different x/D) in the tube were recorded. The

temperatures of the fluid were measured at different testing sections by using the five
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thermocouples. A heating tape heated the fluid through DC power. Power to the heater was
provided by a controlled DC power (GATTS MX1174A) supply. The experiment was run at a
laminar condition at three different flow rates 1.5, 3 and 5 litres per minute (LPM). Insulation
of the pipe was done to maintain uniform heating throughout the test section. In this study, a
flexible heating tape (Brisk Heat SDCJCA-BIH101060L) was used. The thermocouple and
transducer were connected to a National Instrument control (NI cDAQ-9178) system. LAB
VIEW software was used to measure and record the temperatures of the test section. The
schematic of the setup is given below in figure 4(b).

Heat transfer was achieved through the power delivered to the experimental setup. The
heat flux (q) was calculated from the heater input power (Q) and heating surface area (A) as

per equation 2:

7d,l )

In this equation, do represents the outer diameter of the tube, | represents the length of
the measuring portion, and V and | are the input voltage and current, respectively. The
following equation was used to calculate the local heat transfer coefficient h(x) throughout the

test section:

h(x) = —————
(X) TW(X)—Tf(X) (2)

Where Ty, (x) and T (x) are the inner surface temperature and liquid local temperature
respectively. The inner surface temperature was determined using a constant heat flux
boundary condition, i.e., the one-dimensional steady-state heat conduction equation. The final

expression for the inner surface temperature takes the form:

. In(r, /r
T,(0 =T, (X)- i /) 2n7T([0k/r, )
: ©)
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Here T, (x) is the outer surface local temperature measured by the thermocouples. The
outer and inner radii of the testing channel are denoted by r, and r; respectively. The thermal
conductivity of stainless steel is denoted by k. The heating length duration of the testing
portion is denoted by L. Similarly, the following energy equation was used to determine the
liquid local temperature:

Q x
T, (X)=T;; + o
pCV L )

Where Tsi is the liquid inlet temperature of the test section, p and C, are the density and

heat capacity of the liquid respectively, and V' is the volumetric flow rate (in m®s) and x is the
axial distance. The accuracy of thermocouples, voltage, and current is in the range of £0.57 C,
+2 V, and £0.1 A respectively. The uncertainties of the Reynolds number and Nusselt number
were estimated to be +6.54 % and +5.21 % respectively. The following equation was used to
compute the local Nusselt number as below:
Nu, = h(x)D;/k (5)

Here, h(x) is the local heat transfer coefficient from equation 3, D; is the inner diameter

of the tube and k is the thermal conductivity of the fluid. From the above expression, average

Nusselt number was calculated as:
1 (L
Nu = Zfo Nu,.dx (6)
Here L is the length of the tube and Simpson's 1/3™ rule was used to perform the

numerical integration.
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Table Al: Uncertainty calculations and values of thermophysical properties

conductivity

Y CL
B k

+ 0.0096 W/m?K

Properties Formula Uncertainty
Density \j + 0.002 kg/m®
Viscosity J + 0.0014 Pa.s
Thermal \/

Specific heat

AC
U= +(—p
p

2

+ 5.97 JIKg.K

Table A2. Thermal conductivity (W/m.K) enhancement (TCE) of nanofluids

Temperature (°C) TCE % (NF1)

TCE % (NF2)

25
35
45
55
65
75
85

25.89
52.41
65.35
83.01
89.88
85.87
80.43

20.86
31.72
33.98
47.16
51.78
56.49
52.71
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Table A3. Density (gm/cc) correlation

Temperature NF1 NF2
(°C)
Experiment Model Experiment Model
25 1.245 1.2467392 1.243 1.2453696
30 1.241 1.242752 1.239 1.241376
35 1.237 1.2387648 1.235 1.2373824
40 1.232 1.2347776 1.231 1.2333888
45 1.228 1.2297936 1.227 1.2283968
50 1.224 1.2258064 1.223 1.2244032
95 1.22 1.2218192 1.219 1.2204096
60 1.216 1.217832 1.215 1.216416
65 1.212 1.212848 1.211 1.211424
70 1.208 1.2088608 1.207 1.2074304
75 1.204 1.2048736 1.203 1.2034368
80 1.2 1.2008864 1.199 1.1994432
85 1.196 1.1968992 1.195 1.1954496

Table A4. Viscosity (Pa.s) Correlation

Temperature (°C) NF1 NF2
Experiment Model Experiment Model

25 0.011 0.00901152 0.0111 0.00897576

28 0.0103 0.00864864 0.0103 0.00861432
311 0.00936 0.00790272 0.00915 0.00787136
34.2 0.00843 0.00711648 0.00806 0.00708824
37.3 0.00755 0.00644112 0.00711 0.00641556
40.4 0.00683 0.00587664 0.00634 0.00585332
43.5 0.00621 0.0053424 0.00567 0.0053212
46.7 0.00568 0.0048384 0.00512 0.0048192
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49.8 0.00518 0.00445536 0.00463 0.00443768
52.9 0.00477 0.00415296 0.00423 0.00413648
56.1 0.00442 0.0038304 0.00388 0.0038152
59.2 0.00411 0.00351792 0.00356 0.00350396
62.3 0.00382 0.00330624 0.00329 0.00329312
65.4 0.00357 0.00314496 0.00306 0.00313248
68.6 0.00334 0.00290304 0.00286 0.00289152
71.7 0.00314 0.0027216 0.00267 0.0027108
74.8 0.00295 0.00260064 0.0025 0.00259032

78 0.00279 0.00248976 0.00236 0.00247988
81.1 0.00264 0.0023184 0.00223 0.0023092
84.2 0.00249 0.00218736 0.00211 0.00217868
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Figure A2. Photography of nanofluids (a) just after sonication (b) 24 hours (c) 36 hours (d)
48 hours, Optical microscopic images of nanofluid (e) 0.0016 volume fraction and (b) 0.0032

volume fraction at 50x scale

Scale (50x) Scale (50x)
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Table A5. Experimental data of thermal conductivity

Thermal Conductivity (W/m.K)
Temperature Cyrene Cyrene+MWCNT | Paratherm GLT | Therminol 55
()

30 0.139 0.157 0.1198 0.1273
40 0.179 0.21 0.119 0.1261
50 0.183 0.247 0.1182 0.1249
60 0.232 0.275 0.1173 0.1238
70 0.278 0.359 0.1169 0.1226
80 0.272 0.397 0.1157 0.1214
90 0.28 0.445 0.1203
95 0.308 0.398

Table A6. Experimental data of thermal conductivity (comparison of experimental results to

the Maxwell model, Maxwell-Eucken model and H-C model)

TH-3664_196107106

Temperature Experimental Maxwell model Maxwell- H-C model

(°C) Eucken model

30 1.1295 0.50035 1.00083 0.9982
40 1.17318 0.50037 1.00081 0.9982
50 1.14973 0.50037 1.00081 0.9982
60 1.18534 0.50039 1.00078 0.9982
70 1.29137 0.5004 1.00076 0.9982
80 1.45956 0.5004 1.00076 0.9982
90 1.58929 0.5004 1.00076 0.9982
95 1.69221 0.50042 1.00075 0.9982
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1. Ineroductios Dieep Eunscric Selvents [DES) are 2 new class of organic salvents.

Emvironmental concems hase initamsd researchers 1o oneane
alvernarive, inexpensive, efficient, 2nd sustainabile ENengy souUnces
due po the ghohal warmsing induced by lossil fesl use In erms of
envinsmental concems, e green solent is one of the altermae
miethods for rededng che impacr of pollucion in applications such
a5 enrractisn ared chermal media. The use ol grosn sobvent or pech-
nodagy reduces wastewarer pallutants, somic chemical substances

and also improves rechnology. Here ‘green’ refers 1o the prepara-
tion of chemicals such a5 solvents and fuiss threugh non-fessil

Tuel soerces. Pharmaceutical companies are now using
synthesis rowes for drug development so s o reduce pollurian
and manufacuring omas | 1]

* Corrmporaing sathal,
I-mal addren: curalb@agacin [T, Barerges]

Ebtpa ol ooy .10 | ool big 302211882
5T -TIZIME T Dmevier BV, Al cights crservrd.

I Is gaining anraction des oo its varioss berefckal physical and
chemical properties [2-5] They ane analogeus 1o lonic Lguids
{IL% ), whdch are known for recent indaarial applicanons| 5] Appli-
catiore conceming IUs for exiraoions ane also well decamenied
|7-10]. The physicochemical properties of Ils are similar o DES
and include low vedarilicy, ke Namemabiling, higher themal and
chemical srabilliny. For dheir intereming propertess, IS ane aloema-
v B0 convenional organec sobvents [ 11-13] Bar due oo ks high
manufacraring  and  sooiciry  Issues, priman@ly  Toomo o cheir
pEtroleum-hemed precarsors, Aernacive solvenes ane soll gaining
oo poarta e, Furthir, st of the ILs ane highly visooss and diMosk
no symithisize. With respect oo thienmal mesdia, Wu e al. | 14] sym-
thesized s rl.ll'm:lpI [Camin] |PFl [Camin) |FI-'.I. aned |C,; mdn)
[TIH] [T s orifscromethane salflonimeds) and used them
as hear wransfer Nuid Tor selar thermal poser plant.

lonic liquids [ILs) can aleo B referned 1o a6 proen solvents doee
no thedr excellent thermad and chemical stabilivy and o vaelarilicy.
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Dihydrolevoglycosenone as a novel bio-based nanofluid for thermal energy &
storage: Physiochemical and quantum chemical insights
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Kiywards Debrydmievagt By inown m Cyreme, in o bicd fable sob with » multsude of po-
SR smiial apgi mach m b 1 and heaz med. The wark 2 naralknd
bhear maratin fuid F ¥ CyDRnE m ] | boc-arg: t | b o doperwed weth Mukiwalled corbon nanosabe
“""’.I : ] l;u:wnn'] pasticien. Tra vl 1,801 ard G.HTIZ) o raroparacles were added i erhasce the
T F of the 7 itoid. Thereater, th F prop mr—-hih'lh-
RN aralyen q-'—.r-r-rilﬂ-l!'cfwhhhrud fhaid The 2 wad v ware th ] wriih
a | bami Thaid, A LT, ﬁhqu’ﬂ-ﬂ"l’.l’-&uﬁ'
wiabality of thae ilied wan i by a k vimal 1 l ard awim
P i T , berewd AXpETimEnis wern p iimm dar pubsn
raher ¥ [ the local keas camier cosfficani alonpade F peofilen I
i i thae chi el U2 val qu—-‘:ﬂ:tﬂ-—1nl.pw
hhp-h-tt-i—ﬂh—tn-:u,-r—_dn—r—-lu—ih ihe
fnrmed by Cyoenn on the of Sirgle-walled cact e (SWHINT). The erbital mmengy and miloence of
m—w-ﬁ-_hhhuimmdq_-l-ﬁhﬂdm&mrm
bind wach thr & forcen withen dhe Suid The orbial sxecgy nevealied the fac thai ihe
mﬂiﬂ-pndlhqmnrﬂnlhnh P h of Cyrens dn SWINT
- tiemt {IL0G) b Barsiaer & 1 cht
_hﬂwmm1hpr_.r_|l 1y Force | CNT P Iy throogh Xx
misraciionn
stajor applications of samodleid b5 wd in soli desalisstion sysbefs,
- wilvire sansileld B employind o hial e medie A b of resech
L. Istrod sctisan

Wilh the recent demind for resewable esergies, @ B importast 1o
give amenion o m-clative wckniques dealisg with solir enegy.
Salar esigy is one of the mijor nenewabis souees for Bermal sppli-
catins, including desalinafion sysems, due to the sse of availabilicy
and predictability [ But the efficiency of the el pesfirnce of
sailir iirgy-Buased desalination ssiems is the |

Bave Boen carsind oot on the seliction of niseiluids e beal s
applcalions ukisy nmopaicles [1-5].

Anraetive plysical propertio sech b high tersial staliny & highes
remperaberss Sakes aanofluid o polesiial hest trassler Muid, Oveeall,
Hhey posseis Bigher speeeific Boal cipacity and heat eansker coelfigient
Rissnrcker wirking on nassliids hive coschadod that the hasé Ml
Eheersal eossfictivity il hial ieanslir eosilficient sigsifeanily intreise
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improving solar radialion abssrption, improvieg the efidessy of the
applied medin, and improving the beal ransher modia 121 One of the

Et'rq_H-.rﬁr
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wilh stration [34]. Colangels et al. 5] used 3.0 % velume con-
cenlralisn in a Na-rype solar eermal csllector and compared the
theermephysical properties with waner bised naseiluid. They coschalid
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