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Synopsis

Concentrated Solar Power (CSP) is one of the emerging renewable energy
technologies, where sunlight is concentrated from a large area and stored in a collector
filled with heat transfer fluid (HTF). In a CSP, increased heat transfer effect is a key
deliverable which is usually obtained by enhancing the thermophysical properties of HTF.
The HTF usually works as a heat storage and transfer media simultaneously. Some of the
commercially used HTFs are Therminol VP1, synthetic oil and molten salt mixtures.
However, these HTFs have some drawbacks like high vapor pressure, high melting point
and their corrosive nature. In this context Deep Eutectic Solvents (DESs) are the emerging
group of new generation green solvents which are low cost and easy to prepare. DESs are
the mixture of two components namely hydrogen bond acceptor (HBA) and hydrogen bond

donor (HBD) having their melting point lower than the individual components.

The current thesis explores DESs as HTFs primarily for CSP. The eutectic point of
the DES is initially computed through the quantum chemical-based COSMO-SAC
(COnductor-like Screening MOdel-Segment Activity Coefficient) model. Six set of DESs
are prepared to explore the potential HTFs. Initially DL-menthol + Oleyl alcohol (DES1)
and DL-menthol + Oleic acid (DES2) with a molar ratio of 1:1 and 1:1.4 were prepared
respectively. Thereafter Diphenyl ether + DL-menthol (DES3), Diphenyl ether +
Benzophenone (DES4), Benzophenone + Biphenyl (DES5) and Methyl triphenyl
phosphonium Bromide (MTPB) + Ethylene glycol (DES6) with a molar ratioof 1:1.1, 1.7:1
,1.66:1 and 1:4 respectively, were also prepared and explored. In order to confirm the
formation of DES, Nuclear Magnetic Resonance (NMR) Spectroscopy including *H, *C

and NOESY (2D) NMR spectra were scanned and recorded. The moisture content of DESs
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were around ~1% by weight, the only exception being DES6. Further the vapour pressure
and thermal stability of the DESs were also measured by a Stirred-Flask Ebulliometer and

through TGA analysis respectively.

In order to enhance the thermal properties of DES or base fluids, the Nanoparticles
Dispersed Deep Eutectic Solvents (NDDES) were prepared by adding nanoparticles in
specific weight percent. Three different shapes of nanoparticles (namely Al>Oz spherical,
Al>03 cylindrical and h-BN hexagonal) at three different weight percentage (0.02, 0.05, 1.0
wt.%) are selected for the synthesis of NDDES. The stability of the nanoparticles was
confirmed by sedimentation image capturing, centrifugal method, zeta potential,

microscopic imaging method and transmission electron microscopy method.

The thermophysical properties namely density, viscosity, thermal conductivity and
specific heat capacity are measured within the temperature range 298.15 - 353.15 K. The
density of DESs and NDDES were found to decrease with increase in temperature while
the rheological measurements suggest a Newtonian fluid with its shear viscosity decreasing
exponentially with increasing temperature. Further the nanoparticles are found to have
negligible effect on physical properties (density and viscosity) on the base fluid thereby
limiting the pressure drop and also the coefficient of friction. For its potential application
as thermal fluids for CSP, the thermal properties for DESs and NDDESs are also measured.
The thermal conductivity of DESs and NDDESs is found to be decreasing with increase in
temperature. The thermal conductivity of NDDES is found to be higher as compared to
the DES. The specific heat capacity of the DES and NDDES is measured and found to be
increasing with temperature. Further an overall enhancement of the specific heat capacity
is observed with addition of nanoparticles. Further, based on these four thermophysical
properties, the Mouromtseff number (M,) was calculated to rank the NDDESs. The
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nanofluid consisting of DES3 + h-BN hexagonal nanoparticles (0.02 wt. %) gave the
highest Mo value and hence it was further considered for the experimental forced

convection study and process simulation using Aspen Plus simulator.

The performance of these solvents was evaluated in a forced convective heat transfer
configuration under both laminar and turbulent flow conditions with varying Reynolds
number and heat flux. The convective heat transfer experiments of DES1 under laminar
flow condition demonstrated the fact that the thermal entrance length of the DESL1 is very
large due to its high viscosity and low thermal conductivity. The convective heat transfer
data, namely heat transfer coefficient and Nusselt number were compared with the in-house
AnuPravaha CFD simulator under laminar conditions. The forced convection experiments
are also conducted for both DES2 and NDDES10 (DES2 + 0.02 wt. % Al,Oz spherical
nanoparticles) under laminar condition (Re=124, 186 and 250). The enhancement in local
heat transfer coefficient were found to be higher when compared to their thermophysical
properties. This was due to the nanoparticle migration resulting in a non-uniform
distribution of both thermal conductivity and viscosity fields. This inherently were found
to reduce the thermal boundary layer thickness. In the final section, the heat transfer
coefficient and the Nusselt number were also validated with COMSOL Multiphysics
simulation. Further the forced convection experiments for the DES3 and NDDES25 (DES3
+ 0.02 wt. % h-BN hexagonal nanoparticles) are carried out under both laminar and
turbulent region. The temperature profiles, heat transfer coefficient and Nusselt number
(Nu) are evaluated and compared for nanofluid NDDES25 (DES3 + 0.02 wt. % h-BN
hexagonal nanoparticles) with the corresponding base fluid (DES3). The flow behaviour of
the thermal fluid along the characteristic length of the test section was investigated for both

the laminar and turbulent regimes.
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Eventually ASPEN plus flowsheet is conceptualized to ascertain the steam generation
rate and overall heat transfer coefficient of these novel solvents. In this respect, overall
performance of a two-stage steam generator consisting of a U-tube (U-T) heat exchanger
and a shell and tube (S-T) heat exchanger are explored. Initially benchmarking simulations
are performed on known storage media based on nitrate salts. A reported combination of
nitrate-based molten salt was used as a thermal fluid. The simulation was performed with
three different flow rates of molten salt, i.e., 1, 1.5 and 2 m*/hr with a constant water flow
rate of 25 kg/hr. The inlet temperature of molten salt was varied between 583.15 - 673.15
K. The results from the simulation agreed well with respect to the overall heat transfer
coefficient, heat flux, steam generation rate and efficiency. Thereafter the simulation has
been performed using the new thermal solvent system namely DES2. As DES is not
available in the commercial simulator such as ASPEN Plus, a pseudo-component approach
was adopted using the COSMO-SAC base method using its thermophysical properties as
input. The inlet flow rate of DES was varied from 2-3 m3/hr between the inlet temperature
range of 503.15-603.15 K. Overall within the same exchanger network and operating
conditions, the thermal properties such as heat transfer coefficient, heat flux, steam
generation rate and thermal efficiency were an order of magnitude higher than the molten
salts thereby holding promising application. Further the ASPEN Plus simulation was also
performed using NDDES25 (DES3 + 0.02 wt. % h-BN hexagonal nanoparticles) and the
effectiveness of the HTF in terms of steam generation capacity was predicted and it was
observed that the nanofluid with 0.02 wt.% was able to successfully convert 100 % of the

input water (15 kg/hr) into superheated steam at 494.15 K.

An overall summary of the thesis is presented in Figure 1 as below.
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1 INTRODUCTION

1.1 Motivation

India’s most critical issue in the recent global world are its energy demand. According
to the BP Energy Outlook 2019 report, India has a primary energy demand of roughly
double (i.e., ~11%) by 2040 as compared to total global primary energy demand. Among
the new energy demand, 42% is acquired by coal, which leads to doubled CO, emission by
2040. This results in the increase of average surface temperature by 0.6°C? over the last
century which is further expected to increase by 1.4-5.8°C by 21002, The rapidly increasing
global warming due to the CO> emission from the burning of fossil fuel like coal in energy
production has now became a matter of concern for the environmental activists and
researchers. Environmental concerns, swift depletion and increasing prices of conventional
fossil fuel has forced the researchers in exploring consistent and economically sustainable
alternate source of energy*. Renewable source of energy is one of possible solution in terms
of environmental, sustainable and economic perspective. The different sources of
renewable energy are usually classified as wind, hydro, solar, biomass, biofuel, and
geothermal. From the above sources of renewable energy, solar energy is one of the most

abundant sources of energy in the world.

In general, there are two different types of solar energy utilization, namely solar
photovoltaics® (PV) (direct conversion) and solar thermal system (indirect thermal storage
system)®. In solar PV technology® direct sunlight is used to generate electricity by the help
of semiconductor cells. Even though due to their low efficiency and high cost effective ratio
of the solar PV cells’, solar thermal system are still the acceptable technology for the next
generation renewable energy technologies®. In solar thermal technology, the heat from the

solar radiation is captured and utilized directly by different residential and commercial
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applications®%. The key benefit of the solar thermal technology is that the heat can be
stored in HTF (Heat Transfer Fluid) which can be used in night. The heat is generally
transferred to the HTF by using solar thermal collectors. Based on the design collectors,
they are divided into three types namely, low temperature collectors, medium temperature
collector and high temperature collector. The low temperature collectors operate at
temperatures below 100°C. The medium temperature collectors are used for solar cooking.
The high temperature collectors are used for electricity generation. Further the stored
energy is converted into mechanical energy and in turn electricity, which is also known as
concentrated solar power (CSP)L. In CSP technology the heat is stored in a heat transfer
fluid (HTF) where high temperature is reached. The HTF heats the liquid media namely
water, resulting in the production of steam which rotates a turbine (mechanical energy),
thereby producing electricity. An additional capacity of 381.6 MW in 2019 to the global
solar thermal capacity ensured a total installed capacity of 6,451 MW. As compared to
2018, there is an increment of 6.29 % in terms of solar thermal projects in 2019. China has
successfully completed four new CSP projects with a capacity of 200 MW, which is 52.1

% of the global total CSP.

The CSP system uses different types of HTFs like molten salt mixtures!?, ionic
liquids!*'® and phase changing materials'®2t. Predominantly, the efficiency of a CSP
system depends on the maximum working temperature and the thermal stability of the
working fluid i.e., HTF. The widely used HTFs are Dowtherm A (by Dow Chem) or
Therminol VP122 (by Eastman), molten salt mixtures and synthetic oils. Therminol VP12
is a eutectic mixture of diphenyl ether and biphenyl. However due to the high vapour
pressure at higher temperatures, Therminol VVP1 creates storage problem?3. On the other

hand the higher melting molten salts freeze up at room temperature?*. lonic liquids are
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superior to the above HTFs in terms of thermal performance, but the cost and availability
are the main concern®. Finally, due to the above reported issues of HTFs, Deep Eutectic

Solvents (DES) can be proposed as alternative to the currently used HTFs.

Deep Eutectic Solvents are the combination of two solvents/components which are
formed by hydrogen bonding where their melting points are lower than that of both
components. Typically, DES consists of two groups namely hydrogen bond acceptor
(HBA) and hydrogen bond donor (HBD). These are also known as deep eutectic ionic
liquids, low melting mixtures,?®2” or low transition temperature mixtures (LTTMs). DESs
are the group of green solvents which are having equivalent characteristics analogous to
that of ionic liquids (ILs). Mostly, the DESs are low volatile, wide liquid range, water-
compatible, non-flammable, nontoxic, biocompatible, and biodegradable in nature. Most
of the DES has high thermal conductivity, thermal stability and nonflammability thereby
coining them as green solvents. In addition to the above properties, the DESs due to their
ease of preparation, favourable physical and chemical behaviour and low vapor pressure

are currently being explored as potential HTF.

Nanofluids are the class of liquids which consists of small amount of nanoparticle
dispersed in the solvent i.e., base fluid. In past decades, nanofluids are well-known for the
enhancement of the thermal property of the base fluids. Earlier results have pointed out the
fact that thermal conductivity of the IL-based heat transfer fluid increases as the diameter
of the nanoparticle is reduced®3. On the contrary, the main disadvantage of nanofluids is
that the coefficient of friction and pressure drop rises with increase in volume fraction.
Hence, an optimal volume or mass fraction of nanoparticles must be selected based on the

thermophysical properties.
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1.2 Research Goal and Objectives

The present research focusses on the preparation of DESs and NDDESs
(Nanoparticle Dispersed Deep Eutectic Solvents). Further the thermophysical properties
namely density, viscosity, thermal conductivity and specific heat capacity are measured to
evaluate these thermal media. Thereafter the optimization of the NDDESs is done to
recommend the best NDDES. Thereafter the heat transfer characteristics of the optimized
NDDES and the corresponding DES under forced convection is performed. The objective
of the research is divided into following sections:

(1) Preparation of DESs and NDDESSs

(2) Experimental measurement of thermophysical properties of DESs and NDDESs
and subsequent screening of NDDES based on the measured thermophysical
properties.

(3) Forced convection experiments of optimized NDDES and corresponding DES as
per objective 2

(4) ASPEN plus simulation and estimation of steam generation rate using the optimized

NDDES and corresponding DES
1.3 Dissertation Layout

Chapter 2 presents a thorough review about DES and its properties as well as its
applications. Further literature related to nanofluids and NDDESs (Nanoparticles Dispersed

Deep Eutectic Solvents), along with their properties are also described.

Chapter 3 includes the experimental methods required for the present research
objectives such as preparation of DESs and NDDESs, optimization, forced convection
experimental setup and steam generation setup. Working principles of the measuring
instruments such as density meter for density, interfacial rheometer for viscosity, and
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thermal property analyzer for thermal conductivity and specific heat capacity

measurements are also presented.

Chapter 4 discusses the Nuclear Magnetic Resonance (NMR) spectra including 1D
(*H and *3C) and 2D (NOESY) of the prepared DESs. Further, the morphology study and
zeta potential of NDDESs are discussed. Thereafter, the thermophysical properties such as
density, viscosity, thermal conductivity, and specific heat capacity of all DESs and
NDDESs are reported. In addition, the optimization of the NDDESs are carried out in order

to select the best NDDES.

Chapter 5 describes the results obtained from forced convection experimental setup

by using the optimized NDDES and corresponding DES.

Chapter 6, briefs the simulation result obtained from the Aspen Plus simulation steam

generator using the optimized NDDES and corresponding DES.

Finally, chapter 7 concludes the results. This chapter also presents the future research

direction.
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2 LITERATURE REVIEW

2.1 Introduction

Heat transfer fluids (HTFs) are one of the prominent technologies for the future
thermal energy storage thereby providing a wide range of industrial applications. The
maximum used HTFs at liquid stage is Therminol VP-1 or Dowtherm A which is a eutectic
mixture of diphenyl ether and biphenyl. One of the important properties of the HTFs is the
heat storage capacity which drives the efficiency of the system while reducing the operating
cost. The aim of the research work is to study the heat transfer performance of DESs and

NDDES:s as an alternative for HTFs for solar thermal power plants.

There are numerous studies on ILs as a thermal fluid but few studies of DESs as an
HTF. Here DESs shows similar behaviour with respect to physiochemical properties like
ILs. This has motivated us to investigate DESs as a new generation thermal fluid. For IL,
the toxicity part is a burning issue, as their starting materials makes their synthesis non-
green. Further the purification and production costs have added to their disadvantages.
Looking at this trend, hydrophobic DESs can replace some ILs so as to make them
environmentally viable. The earlier studies on DESs are concerned about the basic physical
properties. The current chapter discusses the brief literature review on DES, thermophysical

properties of DESs, different applications of DESs, nanofluids, and NDDESs.

2.2 Deep Eutectic Solvents

DESs are the mixture of two groups namely hydrogen bond acceptors (HBA) and
hydrogen bond donors (HBD) which includes both solid(s) or liquid(s). Figure 2.1
representing the SLE (solid-liquid equilibria) plot gives an idea about the eutectic point,
where the dotted curve signifies the melting temperature of DES family at different molar
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ratios. Region I denote the mixture in liquid phase which is in a shape of a del operator and
the point at which the two curves meet each other in the valley is called as the eutectic
point. 1l and 11 represents the mixture of HBA and HBD either in solid-liquid or liquid-
solid phases. 1V is a mixture of HBA and HBD which is in solid phase. At the eutectic point
two or more compounds combine in specific ratio to form a clear liquid or the lowest point

where the mixture exists as a liquid. This point is lower that the melting point from either

HBA or HBA.
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Figure 2.1: Formation of Deep Eutectic Solvent
DESs in liquid state have melting point lower than the individual solvents. Till date,
four types of DES have been synthesized namely: (a) quaternary salt and metal halide, (b)
quaternary salt and hydrated metal halide, (c) quaternary salt and hydrogen bond donor,

and (d) metal halide and hydrogen bond donor. In this work a fifth type of DES is attempted
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comprising of aromatic hydrocarbons, fatty acid or fatty alcohols. The structures of
different types of HBAs and HBDs are shown in figure 2.2. Based on the water solubility,
the DES are classified through two types namely hydrophobic DES and hydrophilic DES.
Initially the term “Deep Eutectic Solvents” was first introduced by Andrew P. Abbott in
the year 2004 28, Prior to that the an eutectic mixture of choline chloride and urea was

developed in 2003 %,
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Figure 2.2: Chemical structure of common HBAs and HBDs

The same authors?® again studied the solubility of metal oxides in Choline Chloride
based DES® and also implemented the Hole theory for the enhancement of DES
properties®!. In 2007 subsequently electrochemical studies of DES were carried out®>%. In
2008 some new application of DES namely gold nanoparticles synthesis®**®, ultrasonic
electrodeposition®®, DFT topology study®” and biotransformation®® were explored.
Thereafter few studies were carried out on different application such as electrolyte®>*°, gas
storage media**?> | thermal media and active pharmaceutical ingredient*3. Other
applications include freeze drying approaches for DES synthesis*® and metal extraction or
leaching®®. The year wise publications of DES are reported in figure 2.3. In the next sub-

section, we shall be exploring the different applications of DES.
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Figure 2.3: Number of articles published yearly from 2004 till date
2.3 Applications of Deep Eutectic Solvents

The research interest and publications of DESs are increasing due to the wide range
of properties and low cost as compared to ILs. Also, DESs have comparable chemical,
physical and thermal properties with respect to ILs. In a recent trend the researchers are
now making combinations of different HBAs and HBDs to prepare DESs based on targeted
applications. The wide range of applications of DESs includes biological applications*+*7,
energy applications*®*°, as catalyst for different applications®®>4, nanotechnology®*°>%,
mass and heat transfer application®"->° and electrochemistry®36%61 As reported in figure 2.4
Wang et al.** has used choline chloride- glycerol based DES as solvent for the preparation
of carbon dots. Wekene et al.*® studied the Natural DES (NADES) consisting of citric acid

- sucrose and a ternary DES (malic acid : fructose : glucose) as a solvent for photosensitisers
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intended for antimicrobial photodynamic therapy. Zdanowicz et al.*® studied the potential
of DES as a starch plasticizer and crosslinking agent. Khataei et al.*” has used choline
based DES as an extractive solvent for the extraction of steroidal hormones from biological
fluids or urine. Procentese et al.*® have used DES for the pre-treatment of biomass for the
fermentation process where the bio-butanol production was carried out. Boldrini et al.*°
have explored aqueous choline chloride based deep eutectic solvent as an electrolyte
solution for dye-sensitized solar cells. Wang et al.*® investigated the urea-based DES as a
catalyst for the glycolysis of PET, where a shorter reaction time was observed under mild
conditions. Alhassan et al.>! have carried out the supercritical esterification of the waste
tyre pyrolysis oil using choline chloride-based DES as a catalyst. Maka et al.>? have used
DES as a cationic catalyst for the curing of epoxy resin and concluded that the DES
composed of ChCl and SnCl: is an efficient polymerization catalyst of epoxy resin and
antiflaming agent. Shuwa et al.>® investigated the mixture of DES and MoOs as a catalyst
for the catalytic upgrading of the Omani heavy crude oil where no change in structure of
DES was found. Dindarloo et al.>* used [ChCI]/[ZnCl.]. for the production of carbamates
using amines, alkyl halides and carbon dioxide under mild conditions. Chen et al.®
fabricated PbS thin film using ChCl/urea DES by ionothermal method. Wei et al.*® used
DES as a carrier for the development of overpotential dependent shape of Au NCs using
electrochemically shape-controlled synthesis process and found a shape changing from
concave cubes, octopods, cuboctahedral boxes, to hollow octahedra shape. Liao et al.®*
synthesized gold nanoparticles using DES for electrocatalysis application. Zulkurnai et al.®’
have used DES as an adsorbent where activated carbon was functionalized with DES in
order to increase the efficiency of carbon dioxide capture. Fatma et al.*® used three different

DESs for the wet beneficiation of Indian bituminous coal to increase the carbon content.
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Naik et al.>® used DES as solvent for the extraction of aromatic and poly aromatic
hydrocarbon from fuel oil. Saravanan et al.’ synthesized DES consisting of choline
chloride, CrCl3-:6H.0, CoClz-6H,0, KCI, and ethylene glycol and studied the
electrodeposition of Co-Cr alloy in brass and mild steel substrates. Mahanta et al.®* have
tested IL based DESs as electrolytes for supercapacitors and the reported DESs resulted

lower viscosity than ILs with satisfactory electrochemical stability.

Figure 2.4: Diverse applications of Deep Eutectic Solvents

2.4 Thermophysical Properties of Heat Transfer Fluids

The outstanding thermophysical properties namely density, viscosity, thermal
conductivity and specific heat capacity makes DESs as potential alternative to organic
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thermal solvents or heat transfer fluids (HTFs). Some of the properties of DESs are reported

below (table 2.1). Further these properties vary depending on the selection of HBAs and

HBDs.

Table 2.1: Properties of Conventional Heat Transfer Fluids??

Composition

Maximum bulk temperature
Maximum film temperature
Normal boiling point
Crystallizing point

Flash point

Flash point

Autoignition temperature
Coefficient of thermal expansion at 200°C
Heat of vaporization

Total acidity

Average molecular weight
Pseudocritical temperature
Pseudocritical pressure
Pseudocritical density

Sulphur content

Moisture content, maximum
Volume contraction on freezing
Volume expansion on melting
Surface tension in air at 25°C

Dielectric constant @ 23°C

Biphenyl/diphenyl ether
400°C

430°C

257°C

12°C

124°C

110°C

601°C
0.000979/°C
206 k/kg
<0.2 mg KOH/g
166

499°C

33.1 bar

327 kg/m?®
<10 ppm

300 ppm
6.27%

6.69%

36.6 dynes/cm
3.35

TH-2704_156107021

17|Page



Chapter 2

2.5 Melting Point

In the previous discussion about DES the melting point plays an important role in the
formation of DES while considering the DES for extractions, reactions, heat transfer fluids,
and as electrolyte. DES have a low melting point, which is lower than the individual melting
points of HBA and HBD. Abbott et al.?® have reported the melting point of ChCl/urea based
DES (12°C), which is lower than that of the HBA (ChCI at 302°C) and HBD (Urea at
133°C). They have reported that the melting point of DESs decreases with decreasing the
size of cations. On the other hand, the melting point was observed in the order of F > NOs
> CI"> BF4. Further, Kareem et al.%? found that the melting point of DES is also influenced

by the choice of HBD.
2.6 Density

The density of DESs is one of the elementary physical property to be measured prior
to any application. Shahbaz et al.%® have synthesized 24 different DESs from ammonium
and phosphonium salts and measured the densities at room temperature. Further they have
predicted the density by atomic contributions method using Lorentz—Lorenz equation and
compared them with experimental data. The combined expanded uncertainties were found
to be 1x10°g/cm?. Zhang et al.®* revealed the temperature dependent density of ethylamine
hydrochloride (EaCl) and acetamide (AA) DES at different molar ratios. The density
decreases with the increase of AA content in mixtures. They observed a linear decrease
with the increase in temperature. ljardar et al.®® prepared six DESs consists of
tetrabutylammonium bromide and Polyethylene Glycol (200, 400, 600) with two different

molar ratios and measured the density with respect to temperature.
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2.7 Viscosity

While choosing any liquid based on the flow properties, viscosity is one of the
important properties. Viscosity of DESs is an essential physical property for designing any
equipment which involves processes such as mass transfer, heat transfer and process piping.
As the heat transfer fluid is associated with pumping and piping operation, the low viscosity
liquid must be chosen while on the contrary higher viscosity fluids might be applied for
lubrication applications. While comparing the DESs with the ILs, most of the ILs are highly
viscous with a liquid viscosity ranging from 10 to 726 cP®. Siongco et al.%” have
synthesized two different DESs consisting of N, N-diethylethanol ammonium chloride-
glycerol (DEACG) and -ethylene glycol (DEACEG) and measured the viscosity with
temperature varying from 298.15 to 343.15 K. Decreasing trends in the viscosity was
observed in both the DESs. Zhang et al.®* have measured the viscosity of ethylamine
hydrochloride (EaCl) and acetamide (AA) DES at different molar ratios and temperatures.
A declining viscosity was observed with increase in temperature. They also used Vogel-
Fulcher-Tammann (VFT) equation to correlate the viscosity data. ljardar et al.®® have
measured the viscosity of six DESs consists of tetrabutylammonium bromide and
Polyethylene Glycol (200, 400, 600) with two different molar ratios of each with respect to
temperature. They have observed that the viscosity of DES suddenly decreases at higher
temperatures. All of the above discussed results confirm that the viscosity of DESs as
expected, decreases sharply with temperature.

2.8 Thermal Conductivity (TC)

Thermal conductivity is one of the vital thermal properties while selecting any fluid
for heat transfer applications. Several analytical techniques are described in literature for
measuring the thermal conductivity of liquids. Johnson et al.%® and Jeong et al.®® have

19|Page

TH-2704_156107021



Chapter 2

adopted Transient Grating Technique for the TC measurement while Mostert et al.”® have
used guarded parallel plate instrument method. Merckx et al.”* have used Transient Hot-
Wire Method for the measurement. Among all the above-mentioned methods, Transient
Hot-Wire Method is widely used method for TC measurement. Gautam et al.”> have
measured the TC of three DESs namely Reline, n- Reline, Thio-reline over a temperature
range from 298.15 to 343.15 K. The TC of all DES were found to decrease with increase
in temperature. Yan et al.” measured the thermal conductivity of 11 different combinations
of DESs where Methyltriphenylphosphoniumbromide (MTBP) and Choline Chloride as
HBA and Ethylene Glycol and Triethylene Glycol as HBD were adopted. They found that
the thermal conductivity of some DESs decreases with temperature, while some

interestingly increases with temperature.
2.9 Specific Heat Capacity

Specific heat capacity or thermal capacity is the thermophysical property of a material
which is defined as the quantity of heat energy required to raise the temperature of the
material by unit of mass. Specific heat capacity is the most important thermal property of
any heat transfer fluid. In literature, there are different methods of measuring specific heat
capacity of DES such as differential scanning calorimetry (DSC)’*'®, microcalorimetry
process’’ and Thermal Property analyzer (dual needle)’®. Naser et al.”* have measured the
molar heat capacity of fifteen choline chloride, tetrabutylammonium chloride and MTPB
based DESs by DSC. The results are reported as a function of temperature which increases
linearly with temperature. Leron et al.”™ have also measured the molar heat capacity of three
DESs (Reline, Ethaline and Ethaline) by DSC with a temperature ranging from 303.15 to
353.15 K. The results show that the molar heat capacity of the DESs increase with

temperature. Overall within the same temperature range, the molar heat capacity values are
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in the order of, reline < ethaline < glyceline, which signifies that the molar heat capacity
rises with increase in DES molar mass. Siongco et al.”® have measured the molar heat
capacity of N, N - diethylethanolammonium chloride as HBA and (glycerol and ethylene
glycol) as HBD using DSC with a temperature ranging from 303.15 to 353.15 K. A linear
increase with temperature was observed which is due to the higher degrees of freedom at
elevated temperatures. Zhang et al.”” have measured the specific heat capacity of two
functional DESs within a temperature range of 318.15 -363.15 K by using microcalorimetry
process. The specific heat capacity of two DESs are lower than that of water. Fang et al.”®
have used a KD2Pro thermal properties analyser (using dual needle sensor) for the

measurement of volumetric heat capacity of three different DESs.
2.10 Nanofluids

Choi et al.” first introduced the concept of nanofluid. Nanofluids are defined as the
suspensions of metallic nanoscale particles in a liquid which is termed as base fluid. As the
thermal conductivity of metals are higher than fluids it is estimated that a solid-fluid
mixture will have higher thermal conductivity than that of base fluid. Further the presence
of nanoparticles in the base fluid results in the enhancement of transport properties of the
base fluid thereby enhancing the thermal conductivity and specific heat capacity, which
eventually increases the heat transfer rate of nanofluids®®. Due to the size of the
nanoparticles (10° m), there is a very negligible pressure drop in nanofluids even when
used in low concentrations. There are range of nanoparticles such as Al>0s, CuO, TiO>, Cu,
Ag, and Au used for stable nanofluids®> 8, The core attention of the nanofluids is to
enhance the thermophysical properties and heat transfer behaviour. Researchers have
investigated various aspects of nanoparticle behaviour which aids in enhancing the

thermophysical properties. There are many traditional theories which explains the TC
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enhancement of nanofluids®*-8. Hamilton et al.® have investigated the effect of shape of
nanoparticles in the enhancement of TC. Murshed et al.®? have studied the effect of shape,
size and concentration of the nanoparticles and have found that the concentration plays a
significant role in the enhancement of TC. Wei et al.®! have studied the thermal
conductivity of copper nanofluids and concluded that the presence of nanoparticles can
either upgrade or downgrade the TC of nanofluids. Gaganpreet et al.2 have theoretically
predicted the effective thermal conductivity and relative viscosity as a function of particle
volume concentrations and size. They found that the viscosity is independent of
nanoparticle volume fraction. Leong et al.*® have proposed a new model in which
interfacial layer plays an important role in the enhancement of the effective thermal
conductivity in nanofluids. Chen et al.*! also studied the rheological behaviour of TiO,-
ethylene glycol nanofluids and also investigated the Newtonian behaviour. Further they
have predicted the experimental viscosity by aggregation model. Putra et al.®? have
performed the natural convection experiment of Al.O3 and CuO-water based nanofluids in
a horizontal cylindrical duct. Wen et al.*® has performed the natural convection experiment
on TiO.-water based nanofluid under natural convective heat transfer conditions with
different concentrations of nanofluid. They have found that the deterioration in heat transfer
coefficient happens due to the nanoparticle concentration. Heris et al.** have performed the
forced convection experiments of AlOsz-water nanofluids under laminar flow condition
with constant wall temperatures in a circular tube. The heat transfer coefficient was found

to increase with the Peclet number and nanoparticle concentration.
2.11 Nanoparticle with Deep Eutectic Solvents (NDDES)

The idea of DES as a base fluid is a novel concept, since DES behaves similar to IL

in terms of physical and thermal characteristics. Here Nanoparticle Dispersed DES
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(NDDES) has been explored to increase the specific heat capacity of the pure DES without
any change in its thermal stability. An increased specific heat capacity indicates an efficient
HTF in terms of energy storage. Many researchers used Al>Oz nanoparticles as an addition
to a base fluid so as to enhance its thermal properties (thermal conductivity and specific
heat capacity). It has also have proven to have negligible effect on physical properties
(density and viscosity) on the base fluid®®. Keeping these advantages in mind, the current

work has adopted spherical Al.Oz nanoparticle to prepare the desired NDDES.
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3  Experimental and Computational Details

The initial part of the chapter shall discuss the preparation of the DES, then followed
by NDDES. In the later sections the measurement and the comparison of the
thermophysical properties for both class of fluids shall be presented.

3.1 Materials

DL-menthol of purity > 95%, Diphenyl ether of purity > 99%, Biphenyl of purity >
98% and Benzophenone of purity > 99% were purchased from Sigma-Aldrich. Oleyl
alcohol of purity 80-85% was purchased from Alfa Aesar. Oleic acid having a purity of >
90% was supplied by Otto Chemie Pvt. Ltd. Aluminium oxide (Al2O3) nanoparticles having
a particle size of 50 nm as measured by TEM were bought from Sigma Aldrich. Aluminum
oxide (Al203) nanowires having a length of 2-6 nm and diameter of 200-400 nm were
bought from Sigma Aldrich. Hexagonal boron nitride (h-BN) nanoparticles (~70nm) were
purchased from Lowerfriction Lubricants, Canada. Acetone (purity > 99%) was supplied
by Sigma-Aldrich which was used a rinsing agent throughout the experiments. Dimethyl
sulfoxide-ds (DMSO-ds, 99.8%) and Chloroform-d (CDCls, 99.8%) were used as the
Nuclear Magnetic Resonance Spectroscopy (NMR) solvent and supplied by Merck
(Germany). The chemicals were used as they were received. Purities of DL-menthol,
diphenyl ether, biphenyl, benzophenone, oleyl alcohol and oleic acid were confirmed by
'H NMR spectroscopy and analysis of peaks indicated negligible impurities. The chemical
structure, CAS no, Source, purities and method of purification of the chemicals used in the
work are listed in Table 3.1. The individual properties of all the solvents used are reported

in Table 3.2.
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Table 3.1: Chemical structure, CAS number, source and purities of all the chemicals used

Sl ) Analysis
No. Solvent Name  Structure CAS No. Sources Purity Method

1 DL-Menthol )n 89-78-1  Sigma-Aldrich >95% 'H NMR

H 0.

o Diphenyl (7 1) 101848 Sigma-Aldrich =99% HNMR
Ether

3 Biphenyl 92-52-4  Sigma-Aldrich >98% H NMR

(0]

Benzophenone 119-61-9  Sigma-Aldrich >99% 'H NMR

o~

5 Oleyl Alcohol mMB-ZS-Z Alfa Aesar S} 'HNMR
wo 85%

6  Oleic Acid m 112-80-1  OHoChemie 500 1 NMR
HO Pvt. Ltd

7 MTPB "W 1779-49-3 Sigma-Aldrich >98% HNMR

P

Ethylene

Glycol N on 107-21-1 Sigma-Aldrich >99% *HNMR
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Table 3.2: Basic properties of all the solvents used for DES

li!)l. Solvent Name El)g;:g Watezc; ;)ntent Tn (K)  To(K)
1  DL-Menthol 891.34 0.001 307.15 489.15
2 Diphenyl Ether 1066.1 0.004 299.95 531.15
3 Biphenyl 1041.0 0.0002 342.15 529.25
4  Benzophenone 1110.0 0.0006 321.65 578.55
5 Oleyl Alcohol 845.87 0.05 292.15  633.15
6 Oleic Acid 895.68 0.09 287.15  633.15
7 MTPB - 2.8 503.15 -

7 Ethylene Glycol 1110.0 25 260.75 471.8

3.2 Eutectic Point Prediction of DES by COSMO-SAC Calculations

In this study five different types of DESs were conceptualized for further study. As
discussed earlier, DESs are formed due to the hydrogen bonding between a hydrogen bond
acceptor (HBA) and a hydrogen bond donor (HBD). This gives birth to a new chemical
entity having melting point lower than those of the initial compounds i.e., HBA and HBD.
But not all ratios of HBA and HBD will give us a eutectic point or a liquid phase. It is those
points or, in other words, the lowest temperature that needs to be computed in such a
manner that a liquid phase of DES coexists. This can be initiated through quantum chemical
calculations by adopting a statistical-based approach such as COSMO-SAC (COnductor-
like Screening MOdel-Segment Activity Coefficient model). The detailed methodology of

COSMO and COSMO-SAC are already available in our earlier work.*® The applications of
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COSMO-SAC are well known and documented in areas such as distillation, extraction, and

absorption. Once the optimum ratio is known, we shall then proceed for preparation.

Table 3.3: Nomenclature of DESs along with molar ratios of respective HBA and HBD

Sl.  Hydrogen Bond Acceptor Hydrogen Bond Donor Molar Nomenclature

No. (HBA) (HBD) Ratio
1 DL-Menthol Oleyl Alcohol 1:1 DES1
2 DL-Menthol Oleic Acid 1:1.4 DES2
3 Diphenyl Ether DL-Menthol 1:11 DES3
4 Diphenyl Ether Benzophenone 1.7:1 DES4
5 Benzophenone Biphenyl 1.66:1 DES5
6 MTPB Ethylene Glycol 1:4 DES6

The geometry optimization on all the structures was carried out using the density
functional theory (DFT) B3LYP along the optimized structure with SDD basis set. The
COSMO file was generated by the BVP86/TZVP/DFT level of theory.®® Gaussian 09°” was
used to generate the above procedure or also termed as COSMO file initiation. The global
adjustable parameters for generating the activity coefficient via a statistical mechanical

framework were the surface area of the segment (a, = 6.32 A?), the misfit energy
interaction constant [o’'= 8419 kcal AY (mol e?)], the cut-off for hydrogen-bonding
interaction (o,;= 0.0084 e/A?), and the hydrogen-bonding interaction constant [c,, =

75,006 kcal A%/(mol e?)]. Thereafter, the mole fraction was predicted for both HBD and
HBA by the activity coefficient in either phase at different temperatures (T) (eq. 3.1) is

given by:

-AH 1 1
In X)) = ——| = —— 3.1
(ysolute solute) RT ( j ( )

m
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where 7 e X

e AH, and T are the activity coefficient, the mole fraction, the enthalpy

of fusion, and the melting point, respectively.
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Figure 3.1: Solid -Liquid Equilibria plot of DESs
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The solute here refers to HBA. The nomenclature of five different DESs along with
molar ratios of corresponding HBA and HBD are reported in Table 3.3. The Solid-Liquid
equilibria plots of all five set of DESs are reported in figure 3.1. We shall now discuss the

preparation procedure in the ensuing sections.

3.3 Preparation of Deep Eutectic Solvents

As mentioned earlier, molar ratios of HBA and HBD was first inserted in a flat-bottom
flask and heated till 343.15 K or above their individual melting point. A reflux condenser
was fitted to the flask in order to prevent any solvent loss due to vaporization. This was

then subjected to heating along with stirring for 12-24 hours so that a homogenous solution

is obtained.

HBD

Deep Eutectic
Solvent

— = N\

Addition of HBA and HBD at the COSMO-SAC predicted molar ratio for 12-24 hours
at 343.15 K with continuous stirring until a clear liquid is formed

Figure 3.2: Preparation of DES
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It was then cooled at a certain rate so as to provide time for the solid or crystal phase
to appear. This was again heated so as to make the last solid disappear. This step helps us
to exactly locate the phase transition point between solid and liquid phase. After getting a
clear liquid, the mixture was kept at room temperature (298.15 K) overnight in order to
observe any solidification event. For DES preparation the standard uncertainties were u(T)

= 0.03 K, u(x) =0.001 and u(p) = 3 kPa.
3.4 Measuring Principles of Basic Physicochemical Properties

3.4.1 Nuclear Magnetic Resonance (NMR) Spectroscopy Study of DESs

NMR spectroscopy is the primary technique to acquire the molecular fingerprint.
Further, NMR spectroscopy provides the thorough and quantitative information on the
functional groups, topology, dynamics and three-dimensional structure of molecules in
solution and the solid state. The sample is initially placed within the high-power magnetic
field and exposed to the radio wave, which further is processed to get the information about
the composition of atomic groups within the molecule. The composition of the DES was
established by NMR spectroscopy using both one dimensional (*H and **C) and two-
dimensional NMR (Nuclear Overhauser Effect Spectroscopy (NOESY))%.
3.4.2 Thermal Stability of DESs

Thermogravimetric analysis (TGA)® is a characterization technique which is used
for the thermal stability analysis of materials. In this method, the decrease in the weight of
a sample is measured by gradually increasing the temperature. The highly sensitive
measuring scale is used for the measurement of the change in weight due to heating. Further
the apparatus is devised with a programmable furnace which controls the temperature of
the sample. The TGA analysis of the DESs'® were carried out by Netzsch

thermogravimetric analyzer (TGA/STA 449 F3 Jupiter) at a 40 mL/min flow of Nitrogen
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and at a heating rate of 10 °C/min. High temperature aluminium crucible was used for the
analysis.
3.4.3 Moisture Content of DESs

Titration is a basic experimental technique used for the measurement of
water/moisture content of a material. The technique of moisture content measurement was
first developed by Karl Fischer with the method being known as Karl Fischer Titration
(KFT)1!, KFT is a reagent-based titration in which the KFT reagent reacts with water to
convert water into a non-conductive chemical where dry methanol is used as the base
solvent. In this thesis, a Volumetric Karl Fischer titration method was used'%2. The moisture
content of all the DESs were measured by a Karl Fischer Titrator (870 KF Titrino plus).
3.4.4 Vapour Pressure of DESs

Vapour pressure is one of the important properties which is essential for the HTF.
Vapour pressure plays an important role when the HTF is exposed to high temperature

applications.

Cold Trap

Digital
Manometer

Vacuum Pump

N =

Figure 3.3: Stirred-Flask Ebulliometer for vapour pressure measurement
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Vapour pressure was measured by single stage boiling using the Stirred-Flask
Ebulliometer (figure 3.3) which follow the standard ASTM procedure (E1719-12)103-105,
Ice and water were used as the coolant for the cold trap. A digital manometer (A to Z
Instruments, GOLD.M-175) was engaged to measure the vapour pressure.

3.4.5 Physical Property Prediction

The weight average molecular weight ()\q ) of DESs was estimated by using the

following equation%:

The melting point (Tm) was also measured by allowing the DES to cool up to 270.15
K and then gradually increasing the temperature. The boiling point (T,) was predicted using

the modified Lydersen-Joback-Reid method.°":1%8

3B |Page

TH-2704_156107021



Chapter 3

3.5 Preparation of NDDESs

For the preparation of NDDESs, three different types of nanoparticles (namely Al.O3
spherical, Al2Oz cylindrical and Boron Nitride (BN) hexagonal nanoparticles) with three
different weight percentages were used. The nomenclature of the NDDESs is reported in
table 3.5. An appropriate mass % of nanoparticles (0.02, 0.05 and 0.10 mass %) were added
to the corresponding DESs (Table 3.5). Initially the mixture of DES and nanoparticle were

kept on a vortex mixture (SPINIX MC-01, Tarsons) (figure 3.4) for thorough mixing.

-y o

o oo | NDDES
Weight Balance 5

i Mixing Ultrasonication
O Deep W for 2 hrs
== Eutectic Vortex Mixer

-

Nanoparticles Solvents

Figure 3.4: Stepwise Preparation of NDDESs

One of the primary objectives of the nanofluids or NDDESs is to obtain a
homogenous and uniform suspension of nanoparticles. This usually occurs by the
minimization of agglomerated nanoparticles. To prevent any possible agglomeration,
ultrasonication (GT-1990QTS, ANTECH) (figure 3.4) was applied for 2 hrs to get a
homogenous distribution of nanoparticles. To confirm the particle suspension behaviour of
the nanofluid, the zeta potential is considered to be an important parameter. The
agglomeration of suspended particles primarily occurs due to the higher surface energy,
which leads to precipitation. Further while dealing with the nanofluids the stability becomes
an important factor. Hence four different methods were adopted to measure the stability of

the nanofluids.
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Table 3.4: Nomenclature of NDDESs to be used in the thesis
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3.6 Stability of NDDESs

3.6.1 Sedimentation Image Capturing Method

A primary technique for stability evaluation is sedimentation®1%, This practice is
based on settlement of the nanoparticles at the bottom of the base fluid due to gravity. The
higher sedimentation time indicates the higher stability of nanofluid. The prepared
suspensions (NDDESs) were kept for eight weeks and the photographs were captured.
Further the initial and final photographs were compared to check the rate of sedimentation
of nanosuspensions. The photographs were captured using digital single-lens reflex camera
(Canon 1300D, 18-55mm lens). Three types of sedimentation behaviour occur in any
unstable nanofluid, namely dispersed sedimentation, flocculated sedimentation and mixed

sedimentation®°,

3.6.2 Centrifuge Technique

Nanofluid centrifugation is an alternative sedimentation technique and a faster
method for determining the stability of the nanofluids!!!. In this method, the centrifugal
force is applied to the nanofluids to accelerate the sedimentation process. The NDDESs
were centrifuged using a bench top centrifuge (REMI, RM-12C DX). A volume of 5 ml of
each NDDES was added to centrifuge tubes and placed inside the centrifugal system. The

samples were centrifuged at room temperature for 15 min at 1000 rpm.

3.6.3 Zeta Potential Measurements

The zeta potential technique evaluates the stability of nanofluids through the
observation of electrophoretic behaviour of the fluid*2!3, When nanoparticles are
dispersed in the base fluid, the liquid layer surrounding the particle is divided into two parts,

namely; stern layer, and diffuse layer. In stern layer, the charged ions are strongly attached
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to the particle but in diffuse layer, the charged ions are loosely bounded and diffusive in

nature.

Negatively Charged Particles
Adsorbed Stern Layer

Diffuse Layer

Slip Plane

1
1
1
1
: Bulk fluid
1 1

-l o -
: ! | ———e Zeta Potential (mV)
r==-r—j%-
1 1

Figure 3.5: Zeta potential of nanoparticles

The combination of surface charge, stern layer, and diffuse layer is known as
electrical double layer (EDL) (figure 3.5) which consists of both positively and negatively
charged ions but being overall electrically neutral. The zeta potential is the potential
difference between the base fluid and the stern layer attached to the particles and is
measured in millivolts. According to Vandsburger'!*, when the zeta potential is close to
+30 mV, the nanofluids are expected to be moderately stable. If the zeta potential is near
+45 mV, then the stability of nanofluids is guaranteed. The zeta potential value above 60
mV illustrates an excellent stability of the nanofluid system. The zeta potential analysis of

the NDDESs were performed by Delsa Nano (Delsa Nano C, BECKMAN COULTER).
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3.6.4 Optical Microscopy

Optical microscopic images were captured using a high resolution microscope
(Axiostar plus, Carl Zeiss, Germany) at a magnification of 50X*'>!6, The microscopic
images were further used to evaluate the uniform dispersion of nanoparticles as well as the

qualitatively analysis of the cluster size in each NDDES.
3.6.5 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) is a very useful tool for the analysis of
shape, size and distribution of nanoparticles. However, it cannot provide the real state of
nanoparticles in nanofluids as the analysis requires dried samples. The standard procedure
was followed for sample preparation'!’. Here FETEM (JEOL, 2100F) was used for the

experiment.

3.7 Measuring Principles of Thermophysical Properties

In the present sub-section, the measuring principles of the thermophysical properties
of the Deep Eutectic Solvents (DESs) and the Nanoparticle Dispersed Deep Eutectic
Solvents (NDDESs) are briefly described. The thermophysical property measurement
equipment’s are density meter, interfacial rheometer and thermal property analyzer.

3.7.1 Density

The densities of DESs and NDDESs were measured by the Anton Paar density meter
(DMA 4500 M). The principle used for the measurement is the oscillating U-tube method
(figure 3.6). The sample is injected into a U-shaped borosilicate glass tube which oscillates
at corresponding characteristic frequency. The change in the characteristic frequency
basically depends on the density of the sample. The characteristic frequency is then used to

measure the density by a mathematical conversion. The measuring temperature here ranges
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from 273.15 K to 363.15 K with a maximum pressure up to 10 bar. The accuracy of the

measured densities is +0.00002 g/cm?.

Display Unit
Amplifier

U-tube
(sample holder)

Evaluation Unit

Glass Cylinder
filled with gas

Figure 3.6: Measuring Principle of Density

3.7.2 Viscosity

The viscosity of the DES was determined using the Anton Paar interfacial rheometer,
(Phsica MCR301) by the parallel plate method. Nearly, 1 mL of sample was used for
viscosity measurement. The parallel plate type (PP-50) was used for the measurement along
with inbuilt thermal jacket arrangement to maintain a constant sample temperature with an
accuracy within £273.17 K.
3.7.3 Thermal Conductivity

The thermal conductivities of both DESs and NDDESs were measured using a KD2
Pro thermal property analyzer (Decagon Device, USA) (figure 3.7). The device’s
measuring principle is based on the traditional hot-wire method. The device consists of two
parts namely controller and sensor. The sensor namely “KS-1" (figure 3.7) having 1.3 mm

in diameter and 6 cm length was used for the measurement. The sensor is inserted vertically
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into the sample holder. The sample holder is a borosilicate glass vial of 1.5 cm diameter
and 10 cm length. For controlling and conducting the measurements, the probe is connected

to the controller.

PRO w I

Figure 3.7: KD2 Pro Thermal Property Analyzer

Prior to the measurements, standard glycerine and Millipore water were used as the
calibrating agents. To maintain a constant temperature and free convection of the measuring
sample, a heating plate with silicone oil bath was used. The temperature accuracy of the
bath was within £273.52 K. The operating temperature of the sensor is 223.15 K to 423.15
K. The accuracy of the sensor is £5%.
3.7.4 Specific Heat Capacity

Initially the volumetric heat capacity of the DESs and NDDESs were obtained from
the same thermal property analyzer to measure the thermal conductivity. A dual needle

sensor namely “SH-1" having 1.3 mm diameter, 3 cm long and 6 mm spacing was used to
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measure the volumetric heat capacity of the DESs and NDDESs at different temperatures’®.
As the coefficient of expansion for liquids is very small the volumetric heat capacity is
equal to the specific heat capacity®*8.

3.8 Optimization of NDDESs

While dealing with different volume fraction of nanowires and two different base
fluids i.e., DESs it is necessary to choose the best nanofluid i.e., NDDES. In order to select
the best nanofluids, all the four thermophysical properties namely density, viscosity,
thermal conductivity and specific heat capacity need to be considered. The multi objective
optimization of the nanofluid is done on the basis of their thermal behaviours. Mouromtseff
number 19 is used to achieve the highest heat transfer capability of the nanofluid.

Mouromtseff (Mo) number is not dimensionless. The expression of Mouromtseff number is

given below:
06 0.8 0.4
Mo=X_£ CP™ (3.3)
P

The higher Mo number signifies a better nanofluid in terms of heat transfer rate.
3.9 Forced Convection Studies

3.9.1 Experimental Studies

Figure 3.8 represents the schematic of the forced convection flow set up used for our
experiments. The set up includes a chemical pump, flow control valve, rotameter, stainless
steel testing section, cooling unit, HTF tank, thermocouples and pressure transducer. The
pump was attached to a control valve followed by the rotameter. The test section tube with
9 mm inner diameter, 12 mm outer diameter, and 1000 mm length was made of stainless

steel. To maintain uniform heating throughout the test section, flexible heating tape (Brisk
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Heat SDCJCA-BIH101060L) was used. Power to the heater was provided by a DC power

(GATTS MX1174A) supply.

Testing Section

ot

Temperature Card

! Cooling l
N19211
Esmilpemalmam D

] I
m National Instrument (NI)Data
Acquisition

Coolin
e G System cDAQ-9178 9
NI 9203

P
B

NDDES Tank

-
«“—p I

Figure 3.8: Schematic of the forced convection setup

The test section was insulated with fiberglass insulation to minimize the heat loss and
maintain constant heat flux condition. Five J-type thermocouples were welded on the
surface of the test section and two more were welded at the inlet and outlet of the test
section so that inlet and exit liquid temperatures can be measured. Two pressure transducers
were connected at the inlet and outlet of the test section to measure the pressure drop. All
thermocouples (£2°C) and pressure transducers (£0.2mV) were connected to a National
Instrument (NI) data acquisition system cDAQ-9178 via a temperature card NI 9211 and
pressure card NI 9203 which were interfaced with a computer. The LabVIEW software was

used for data processing.
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ain Power ‘q

Supply

DC Powe

Figure 3.9: Forced Convection Setup

3.9.2 Experimental procedure

At the onset of experiment, the pump was run by deionized water to remove any
grime and further with air to remove any water bubbles present inside the test section. Then
the HTF was poured to the tank followed by pumping, where the desired flow rate is

simultaneously maintained and measured by the control valve and rotameter respectively.
45|Page

TH-2704_156107021



Chapter 3

Once the steady state was obtained, temperatures at definite points of the test section were
recorded with the help of LabVIEW software. Further next set of data was collected by
increasing the desired flow rate of the pump (Taha PMD-15).
3.9.3 Data processing

The heat flux (q) was measured from the heater input power (Q) and heating surface

area (A) using the following equation:

a=2-1 (3.4)

Here do represents the outer diameter of the tube and | depicts the testing section length,
while V and I are the input voltage and current respectively.
The calculation of local heat transfer coefficient across the testing section, A(x), was done

by the following equation:

_ q
" 0-T, )

Where Ty (x) and T (x) signifies the local temperatures of the inner surface and liquid
respectively. By using a constant heat flux boundary condition i.e., the one-dimensional

steady state heat conduction equation, the inner surface local temperature was calculated.

The final expression of the inner surface temperature is given below:

T,.(X)=T,(X) —% (3.6)

Here TW(X) is the outer surface local temperature measured by the thermocouples. r, and ri

are the outer and inner radius of the testing channel, respectively. ks is the thermal
conductivity of stainless steel. L is the heating length of testing section. Similarly, the liquid

local temperature can be calculated from the energy equation:
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Tf (X) =Tfi + pCQV' % (3.7)

p
Where Tri is the liquid inlet temperature of the test section, p and Cy are the density and heat
capacity of the liquid respectively, and V' is the volumetric flow rate (in m%/s). x is the axial
distance. The accuracy of thermocouples, voltage, and current are 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.
3.10 Numerical Studies

3.10.1 Anupravah Simulation

The flow inside the tube for present range are assumed to be incompressible,
Newtonian, and within laminar regime. The governing equations for flow can be expressed

as:

Continuity equation:

ou;

i 3.8
N (38)
Momentum equations:
) O(pu.u ot
opu)  lpu) _ ap 075 39)
ot OX; oX;  OX;
Energy equation:
olpC.T) o(pC.uT
(pC,T)  2(pCuT) _ o K, T (3.10)
ot OX; OX; OX;

where kr indicates the thermal conductivity of the liquid, T;; is the stress tensor and is given

as
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ou, 0u;
T ﬂ(@xj o J ( )

All equations were discretized using the finite volume method in a collocated grid
arrangement*2%1?!, Rhie and Chow'??> momentum interpolation scheme was used to avoid
the pressure—velocity decoupling. The convective term was approximated by linear
combination of upwind differencing scheme and central difference scheme, while diffusive
term was approximated by central difference scheme. Constant heat flux and no-slip
boundary conditions were used at the wall of the tube. At the inlet, average velocity and
temperature boundary conditions were used, while at outlet, outflow boundary conditions

were used.

3.10.2 COMSOL Simulation

The development of flow through a pipe in the laminar flow regime is depicted in figure
3.10. This was used for the numerical modelling studies using COMSOL (Version: 5.2a).

For COMSOL, the continuity equation is written in vector form as:

pV.(u)=0 (3.12)
The equation of motion for an incompressible fluid in vector form is then written as:

paat—”+ pUVIU=V.[—p+u(Vu)+(Vu) |+F (3.13)
The first two terms of the left-hand side signify the inertia term, while the first term in the
right-hand side represents the pressure gradient. The second term in the right side represents
the diffusion term, while the last term is the body force term. In a similar manner, the
equation of energy takes the form as given below:

oT . .
oC, = +pCuVT +V.g=0Q +Q, (3.14)
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q=—kVT (3.15)

The first two-term in the energy equation represents the accumulation term and convection
term respectively, while the last term is due to heat conduction. On a similar note the first
term on the right side of equation 3.14 represents the heat source terms, while the second

term denotes the viscous heat dissipation term.

— Tube Inner wall

Outlet

— AXxis of symmetry

Figure 3.10: Schematic of pipe flow in laminar region

3.11 Steam Generation Procedure

Aspen Plus simulation tool (\V11.0) was used to evaluate the effectiveness of the best
performing HTF obtained from the forced convection set up. A two-stage heat exchanger
(HeatX) scheme was adopted for the generation of steam using HTF. The U-tube (U-T)
heat exchanger was introduced followed by shell and tube (S-T) heat exchanger. The detail
specifications of the heat exchangers are reported in table 3.5, Initially a benchmarking
simulation of steam generation was carried out using molten salt mixture (figure 3.11)?,
while the stream details are given in table 3.6. The detailed flowsheet for the DES and
NDDES can be found in Figure 3.12. Water inlet temperature is 298.15 K and the same for
NDDES was in the range of 423.15-498.15 K. The HTF flow rate was maintained at 4
m3/hr, while the water flow rate was fixed at 15 kg/hr. The HBA, HBD and nanoparticle

used in our work are not available in standard compound list of Aspen Plus. Therefore, all

49|Page

TH-2704_156107021



Chapter 3

the components including water were added under the pseudocomponent mode for
performing the simulation.

Table 3.5: Detailed Specifications of Heat Exchangers

U-tube (U-T) heat Shell and Tube (S-T)
Parameters
exchanger heat exchanger
Shell Inner Diameter (mm) 224 164
Shell Thickness (mm) 2.5 2.5
Tube Inner Diameter (mm) 32 25
Tube Thickness (mm) 2 2
Tube Length (mm) 1850 719
Number of Tubes 3 (U-Shaped) 9

=) WTRIN

O Temperature (C) Q=1%87

D Vapor Fraction

Q Duty (cal/sec)

Figure 3.11: Aspen plus simulation system of a two-stage steam generator for Nitrate

based Molten Salt as Thermal Media

* DESMID =
- (us)
_U-T HeatX n O Temperature (C)
ll - ’ [o00 ) ) pressar tan )
Q=975 3 _ 0
I N . > D Molar Vapor Fraction
n IM[ Q  Duty (cal/sec) IESIN m
020
WTROUT &
Q=1798
Figure 3.12: Process flow sheet for Aspen Plus simulation for DES and NDDES
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Table 3.6: Stream summary of Nitrate based Molten Salt as Thermal Media

Material
Stream Name | Units [SALTIN |SALTMID|SALTOUT|WTRIN |WTROUT |STEAMOUT
From MIXER S-T U-T U-T S-T
To S-T U-T U-S S-T
- Vapour
Phase Liquid Phase
9 Phase

Temperature K 673.15 | 653.08 | 636.46 | 298.15 | 372.74 390.65
Mass Enthalpy| kJ/kg [-4034.89| -4064.64 | -4089.13 |-15864.3| -14683.2 | -13249.2

Mass Density kg/m® | 602.63 | 606.06 608.88 | 994.69 1.51 0.55
Average MW 84.29 84.29 84.29 18.02 18.02 18.02
Volume Flow | m%/sec | 0.00 0.00 0.00 0.00 0.00 0.01
Heat capacity, | ;o1 k| 124.62 | 124.62 | 12462 | 7538 | 5993 | 34.16
mixture
Vapour Phase
Mass Enthalpy| kJ/kg -13283 -13249
Mass Density | kg/m3 0.58 0.55
Average MW 18.02 18.02
Std. vap. Vol. 3 No Vapour Phase Detected o8 31.10
flow
Heat capacity, | 5, o1 k 34026 | 34.168
mixture

The concept of pseudo component in Aspen Plus simulation was previously
introduced for CO> absorption and aromatic extraction using ILs*?*'2%, Aspen requires
screening charge density (¢) and COSMO volume along with boiling point, density,
viscosity and average molecular weight to define it as a pseudocomponent. The sigma

profiles of the molecules were generated and provided in figure 3.13 and figure 3.14. The

average molecular weight (MW) concept was employed for the calculation of molecular

weight of DES as per following equation.

M _ 2 NME (3.16)

_ZiNiMi
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where N; is the number of molecules of component i; and Mi; is the corresponding molecular
weight. The boiling point (Ty) of the DES was calculated by the group contribution method,
named as Joback Method using equation 87,

T, =198.2+) nAT,, (3.17)
Where n, is the frequency of appearance of the i group of atoms in the molecule, AT,,, is

their contribution to the normal boiling temperature (K). Other thermophysical properties

were evaluated from the experimental measurement within this work.

020F —— DL-Menthol
—— Oleic Acid
— — DES
L o.15)
a
@
I
= 010F
©
c
K=y
P 005
0.00f

1 1 1 1 1 1 1
-0.03 20.02 -0.01 000 00l 002 0.03
Screening Charge Density, o (e/A%)

Figure 3.13: Sigma Profile of DL-Menthol, Oleic Acid and DES
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45}

— DL-Menthol
35— Diphenyl Ether
L., — BN-Nanoparticles
o NDDES
[<B]
= 25}

2
a ootk
©
£
215k
w
10}
5 -
oF <=

1 1 1 1 1 1 1
-0.03 -0.02 -0.01 000 001 _ - 002 0.03
Screening Charge Density, o (e/A?)

Figure 3.14: Sigma profiles for Diphenyl Ether, DL-menthol, DES3, h-BN nanoparticle
and NDDES25

The module of Aspen Exchanger Design and Rating (EDR) was used to design the

heat exchangers used in this study. EDR uses the structural information and the
corresponding dimensions of the heat exchanger to get a complete optimized design based
on the cost effectiveness while satisfying the restriction (namely the desired input or output
variable) of the process. Further, the optimized design gives the performance characteristics
and a complete geometry of the exchanger along with the specification details and layout
drawings. Figures 3.15 and 3.16 represent the EDR browsers for S-T and U-T heat

exchangers respectively.

53|Page

TH-2704_156107021



Chapter 3

Calculation mode: Simulation

Configuration

TEMA Type: (-« [e-v] (M-~
Tube layout option: |E(opﬁmmout 7v\
Location of hot fluid: | Shell side -
Tube OD\ Pitch: mm ~|25 | v [ ]
Tube pattern: | 30-Trianguiar - ‘
Tubes are in baffle window: |Yes "
Baffle type: | Single segmental A ‘
Baffle cut orientation: | Horizontal M ‘
Default exchanger material:

Size

Specify some sizes for Design: Set default v
Shell 1D\ OD: [mm ~|[164 | v [mase |
Tube length: [ mm ~|[719 |
Baffle spacing center-center: [mm ~|[130.67 |
Nurnber of baffles: [3 |
Number of tube \ passes: |9 | \ | 1 ‘
Shells in series: |I ‘
Shells in parallel: |l ‘

Overall Results

Excess surface (%):

Dp-ratio Shellside \ Tubeside:

Total cost (all shells): | Rupee(ingia) ~ |

Recent

BEM
New (optimum) layout
Shell side
\
30

25 3125
Yes
Single segmental
H
$5316

4l
\ 00403
425038

0.0828

Figure 3.15: EDR browser for S-T heat exchanger

Calculation mode: Simulation
Configuration
TEMA Type: (B-~  [e-~| [M-~]
Tube layout option: | New (optimum) layout v|
Location of hot fluid: | Shell side v|
Tube 0D\ Pitch: mm ~|[32 | v |39 |
Tube pattern: | 30-Trigngutar v|
Tubes are in baffle window: | ves - |
Baffle type: | Single segmental v|
Baffle cut orientation: | Haorizontal v|
Default exchanger material:
Size
Specify some sizes for Design: Set default
Shell ID', OD: [mm | v 2308
Tube length: | mm - | |925 |
Baffle spacing center-center: | mm - | | 231.25 |
Number of baffles E |
Number of tube ', passes: \:\ \ \:\
Shells in series: |I |
Shells in parallel: 1 |
Overall Results
Excess surface (%):

Dp-ratio Shellside \ Tubeside:
Total cost (all shells):

| Rupee(india) - |

Recent

BEM
MNew (optimum) layout
Shell side
\
30

32 39

Yes
Single segmental
H
55316

\ 23081

0
Y 0.0075
522835

0.0741

Figure 3.16: EDR browser for U-T heat exchanger
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The released heat by hot fluid (DES) is:

Qrel = qv,DES pcp (Tm - Tout) (318)
Where q, o5, o, C, symbolizes the volumetric flow rate, density and specific heat capacity

of DES respectively, while T and T, are inlet and outlet temperature of DES in K.
The heat absorbed by cold fluid (water/steam) is:

Qab = qm,w(hout_ hin) (319)
Where 0, is mass flow rate of water/steam, h,, and h,, are inlet and outlet enthalpies

(J/kg) of water/steam. From the above equation, the total heat flux of the steam generator

is given by:
q= SQ_b (3.20)

total

Here S, is the required heat transfer area of the steam generator obtained from the

simulation. The LMTD of the whole system is:

AT. —AT_,
e in ou 3.21
AT, = SR (3:21)
In n
A-I—Ol.lt

Where 57 and 7 is temperature difference at the ends of the steam generator. The

overall heat transfer coefficient is estimated as:

%
= AT (3.22)
Substituting Eq. (6) in Eq. (7) and again Eq. (7) in Eq. (9) we get:
h .—h
UATm — qm,w( out |n) (323)

tot
After the preliminary discussion, we shall see the effect of different temperature and

DES flow rate on vapor generation rate, overall heat transfer coefficient, and total heat flux.
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4 Physiochemical and Thermophysical Results

4.1 Physiochemical Properties

4.1.1 Results from NMR

The prepared Deep Eutectic Solvents (DESs) were initially characterized by NMR
spectroscopy. As mentioned in the previous chapter, three different types of NMR
characterizations (*H, *3C and NOESY) were chosen for the confirmation of the DES
formation. *H or proton NMR spectra of all the DESs along with their respective HBA and
HBD are reported in figures 4.1 to 4.6. From the figures the peak shifting occurred which
can be clearly identified by comparing their precursors, namely HBA and HBD. For
example, in DES1, a negative peak shifting occurs. The chemical shift are due to various
possible factors?, such as n-m interaction, effect of hydrogen bonding due to the H-bond
of HBD with HBA, C-H-m interaction between HBA and HBD, HBD effect and
electrostatic field effect.

Further 3C or carbon NMR spectroscopy were carried out and reported in figure 4.7.
From the *C NMR, the absence of any new peaks confirms that there is no reaction'?®,
Furthermore, the final confirmation of DES formation was carried out by NOESY (2D)
NMR spectroscopy study (figure 4.8). NOESY spectra give the spatial arrangements of
protons in terms of H-H interactions between HBA and HBD indicated by contours.
However, in DES3 contours appear within the same molecule. DES3 is a combination of
aromatic and cycloalkane compounds unlike other DESs. Hence, it can be stated that only
eight NOESY scans may not be sufficient enough to detect H-H interactions between HBA
and HBD for solvents like DES3. Literature also suggests that a greater number of NOESY

scans can locate higher H-H interactions for DESs®,
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Figure 4.1: *H NMR spectra of (a) DL-Menthol, (b) Oleyl Alcohol and (c) DES1
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Figure 4.2: *H NMR spectra of (a) DL-Menthol, (b) Oleic Acid and (c) DES2
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Figure 4.3: 'H NMR spectra of (a) Diphenyl Ether, (b) DL-Menthol and (c) DES3
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Figure 4.4: *H NMR spectra of (a) Diphenyl Ether, (b) Benzophenone and (c) DES4
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Figure 4.5: 'H NMR spectra of (a) Benzophenone, (b) Biphenyl and (c) DES5
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Figure 4.7: 13C NMR spectra of (a) DES1, (b) DES2, (c) DES3, (d) DES4, (e) DES5 and

(f) DES6
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4.1.2 Thermal Stability Analysis of DESs

Thermal stability of all the DESs were measured with a temperature range of 298.15
K to 673.15 K at a heating rate of 10°C/min. TGA plot representing the mass loss with
respect to the temperature is reported in figure 4.9a. Further the dTG plot (figure 4.9b) is
also reported. The mass loss trends for all the DESs are different from each other (figure
4.9a). In case of DES1 and DES2, two distinct mass loss slopes can be observed (figure
4.9a), which elucidate separate mass loss temperature regions for HBA and HBD.
However, such a pattern is absent in DES3, DES4 and DES5. The first peak of mass loss
occurs at nearly 450 K (figure 4.9b) for both DES1 and DES2. This corresponds to the
degradation temperature of DL-menthol for DES1 and DES2. The second mass loss
happens at 540 K (i.e., oleyl alcohol) and 560 K (i.e., oleic acid) for DES1 and DES2,
respectively.

In DES3, while observing the dTG plot, the sharp peak at 450 K is the mass loss of
DL-menthol and for diphenyl ether the mass loss happens at 460 K. The maximum mass
loss of HBA (Diphenyl ether) and HBD (Benzophenone) of DES4 occur at 483 K and 493
K respectively. Similarly, the mass loss of HBA (Benzophenone) of DES5 happens at 501
K and for HBD (Biphenyl) maximum mass loss is found at 517 K. From TGA plot, a single
slope of degradation is observed in DES3, DES4 and DES5. This is due to the stronger
hydrogen bonding in the vicinity of degradation temperatures. Two slopes of degradation
are observed in DES1 and DES2, which due to the weaker hydrogen bonding and higher

degradation temperatures of HBDs.
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Figure 4.9: (a) TGA and (b) dTG plot of DESs
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4.1.3 Moisture Content of DESs

Initially the DESs were vacuum dried overnight in order to remove any excess
moisture. The moisture content of all the DESs are summarized in Table 4.1. All the
measurements are repeated thrice and the average value is reported. DES4 has the lowest
moisture content (0.10 wt.%) while DES1 has the highest moisture content (0.92 wt.%).
Overall, the moisture content of the prepared DESs are in a range of 0.10-0.92 wt.% (Table
4.1).

Table 4.1: Moisture Content of DESs (wt.%)

Name Moisture Content (wt.%0)
DES1 0.92
DES2 0.50
DES3 0.30
DES4 0.10
DES5 0.51
DES6 3.00

4.1.4 Vapour Pressure of DESs

The vapour pressure of the DESs as a function of temperature are reported in figure
4.10. As expected, an increase in the vapor pressure can be observed with increase in
temperature.  The  order of the vapour pressure of DESs are
DES3<DES1<DES2<DES5<DES4. DES4 and DES5 have higher vapour pressure as
compared to other DESs. This is due to the weaker intermolecular forces between the

molecules.
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Figure 4.10: Vapour Pressure (mm Hg) of DESs

The measured properties namely density, viscosity and melting point are reported in

Table 4.2. The predicted or calculated properties namely average molecular weight and

boiling point are also reported in Table 4.2.

Table 4.2: Physiochemical Properties of DESs

SI.No. DES A.M.W. Density (kg/m3) Viscosity (Pa.s) Tm (K) Tb (K)
1 DES1 225.921 854.6 0.0127 297.765 619.07
2 DES2 237.53 885.76 0.0216 270.15 645.73
3 DES3 162.95 965.35 0.0026 276.4 539.25
4 DES4 174.84 1080.16 0.0030 281.4 576.81
5 DES5 172.76 1073.55 0.0044 300.4 575.42
6 DES6 - 1219.19 0.0413 - -
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4.2 Stability of NDDESs

4.2.1 Sedimentation Image Capturing Method

The sedimentation behaviours of NDDESs are reported in figure 4.11. From figure
4.11, it is observed that as the concentration increases, stability decreases in NDDES 17
and NDDES18. As the nanoparticle concentration is reduced, lower sedimentation is

observed in NDDESs.

Figure 4.11: Visual observation of Prepared NDDES after 8 weeks (Numbers represent

the NDDES from table 3.4)
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4.2.2 Zeta Potential Measurements

Figure 4.12 demonstrates the scatter plot for the zeta potential of the NDDES
samples. It can be observed from figure 4.12 that the zeta potential values of NDDES10
(+96.51 mV), NDDES22 (+101.51 mV), NDDES25 (-82.08 mV), NDDES26 (-60.77 mV),
NDDES34 (-77.88 mV) and NDDES45 (-74.68 mV) show excellent stability. NDDES7,
NDDES19, NDDES21, NDDES23, NDDES24, NDDES29, NDDES30, NDDES33,
NDDES35 and NDDES36 result in good stability, while NDDES27, NDDES28,
NDDES31, NDDES37, NDDES38, NDDES39, NDDES40, NDDES41land NDDES42
have low stability. The result indicates that the h-BN nanoparticles exhibit better stability
compared to the Al>O3 spherical and cylindrical nanoparticles except for NDDES10 and

NDDES?22. All the readings are taken after six months of NDDES preparation.
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Figure 4.12: Zeta Potential of NDDESs (The number at the end of NDDES represent the

convention as used in Table 3.4)
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4.2.3 Optical Microscopy

Figure 4.13 represents the distribution for nanofluid samples NDDES1 to NDDES45
which is captured by high resolution microscope (Axiostar plus, Carl Zeiss, Germany)
using a 50x magnification lens. A good dispersion of nanoparticles can be observed in the
base fluids (i.e., DESs). With increasing nanoparticle concentration, an increase in the
number and size of agglomerates are observed in the NDDESs. It should be noted that the
clusters that are observed here are in the size of microns. The sizes of particles and clusters
are less than 0.3 um or below, hence cannot be seen under the optical microscope. In this
regard, TEM/FETEM can provide statistics on clusters of large sizes, along with the particle
size. However, it can give an impression or qualitative assessments of the cluster sizes in
each nanofluid sample. The left, central and right column (figure 4.13) refers to the three

weight percentages of nanoparticles (0.02, 0.05 and 0.10 wt. %).
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Figure 4.13: High Resolution Microscopic images of NDDESs with a scale of 20 um

(The NDDES names are as reported from Table 3.4)
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4.2.4 Transmission Electron Microscopy

TEM images of nanoparticles are reported in figure 4.14. Figure 4.14 (a) represents
the TEM micrograph of Al,Oz spherical nanoparticles of size less than 50 nm. Figure 4.14
(b) represents the Al>Oz cylindrical nanoparticles with a length of 100-150 nm and diameter
of 1-2 nm. While figure 4.14 (c) represents the TEM image of boron nitride nanoparticles
which is in hexagonal shape and 90-100 nm size.

(a) Al,0, Spherical

(€) h—BN Hexagonal

Figure 4.14: TEM images of (a) Al.Os spherical, (b) Al2O3 cylindrical and (c) h-BN
nanoparticles
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4.3 Results of Thermophysical Properties

4.3.1 Density

A comprehensive study of density measurements was conducted for all DESs and
their corresponding NDDESs with weight percentage of 0.02, 0.05 and 0.1 %. Figure 4.15
represents the density of all the DESs (base fluids) as a function of temperature ranging
from 293.15 K to 363.15 K. The density of DES3 is higher than the DES1 and DES2 while
the same is lower than DES4 and DESS. In addition, the density of DES1, DES2 and DES3

is lower than water while DES4 and DES5 have higher density compared to water.
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Figure 4.15: Density variation with temperature for DES1-DES6
The density of the all DESs are decreasing linearly with the increase in temperature.
Further it can be observed that there is vary less variation in density with the temperature
which is due to the negligible volumetric expansion at higher temperature. The order of

density is in the form of DES1<DES2<DES3<DES5<DES4<DES6.
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Figure 4.16: Density variation with temperature for NDDES1 to NDDES46
Figure 4.16 represents the density values of three different nanoparticles in three
different weight percentages with corresponding DES. From figure 4.16(a), it can be
observed that the density of NDDESs (i.e., NDDES1-NDDES9) are higher than the base
fluid (DES1). In addition, the same behaviour has been observed in case of DES2 and the
corresponding NDDESs (i.e., NDDES10-NDDES18) (figure 4.16(b)). In case of DESS3,
DES4, DES5 and their corresponding NDDESs (i.e., NDDES19-NDDES45), a negligible

enhancement of density has observed (figure 4.16(c), (d) and (e)). The overall observation
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from figure 4.16 is the density decreases with increase in temperature, which agrees well
with the acceptable behaviour of the fluids. For NDDESs, the effect of the weight fraction
of nanoparticles is very less on the density. Further, the density increases with nanoparticle
concentration, as the nanoparticle being added are of higher density than the DESs. A linear

decrement of density has been observed in all the DESs and NDDESs.
4.3.2 Viscosity

Figure 4.17 (a) displays the shear stress vs shear rate plot of DES1 at a temperature
range of 298.15K to 378.15K. The linear shear stress and shear rate curve agrees well with
the Newtonian behaviour of DESL1. Figure 4.17 (b) indicates the shear viscosity of the DES1
as a function of shear rate for different temperatures. The shear stress vs shear strain for
DES2 is depicted in figure 4.18 (a), where it was observed that the fluid obeyed a
Newtonian behavior'?’. Further, the viscosity of DES2 is also measured as a function of
shear rate, where the Newtonian behavior*?” was again confirmed (Figure 4.18 (b)). A

strong temperature effect was observed on the viscosity of all the DESs.
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Figure 4.17: (a) Shear stress as a function of shear rate and (b) Viscosity as a function of
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shear rate at five different temperatures of DES1
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Figure 4.18: (a) Shear stress as a function of shear rate and (b) Viscosity as a function of

shear rate at five different temperatures of DES2
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The viscosity of the formulated DESs are reported in Figure 4.19 as a function of
temperature from 293.15 to 363.15 K. As expected, the viscosity of the DES1 decreases at
a higher rate from 0.0214 to 0.0016 Pa.s with an increase in temperature. The viscosity of
the DES1 decreases at a higher rate from 0.0335 to 0.0028 Pa.s. However, the viscosities
of DES3, DES4 and DES5 at room temperature are 0.004, 0.004 and 0.005 respectively
which are very low as compared to that of DES1 and DES2. Overall, DES3 have the
significantly lower viscosity among all the DESs. Further, the order of density is in the
form of DES3<DES4<DES5<DES1<DES2<DES®6. In addition the presented experimental
data are again compared with commercially available thermal fluid Therminol VP1?? and
the previously published data of IL ([N4111][TF2N])*?812%, The viscosity of DESs is found
to be lesser than ILs, while at the higher temperature, DESs has equal viscosity as the

Therminol VP1%,
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Figure 4.19: Measured viscosity as a function of temperature for base fluids
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The decrease in viscosity of DES happens because of the increase in temperature as
the cohesive force decreases, which results in higher Kkinetic energy. Hence, particles
become free for easy movement. Along with density, we do also have a reduced viscosity
when compared to other alternative solvents. Overall, the density of DES affects the
viscosity. DES having low mass per unit volume is lighter, as a result, the molecules need
less energy to move. Therefore, the rise in temperature decreases the viscosity and density
of DES. To conclude, the lower viscosity reduces the pumping cost of the DES while using
as a thermal fluid in CSP*¥,

The viscosities of all the NDDESs with three different weight percentages and their
corresponding DES are reported in Figure 4.20. Addition of nanoparticles shows both
enhancement and curtailment in viscosity of NDDESs when compared to DES. In figure
4.20(a), the h-BN hexagonal nanoparticles based nanofluids (NDDES7, NDDESS8 and
NDDES9) exhibits an enhancement of viscosity as compared to the base DES, while a
negligible effect is observed in case of Al.O3 spherical and cylindrical based nanofluids
(NDDES1 to NDDESS). In figure 4.20(b) Al2O3 spherical based nanofluids (NDDES10,
NDDES11 and NDDES12) exhibits an enhancement of viscosity compare to the base DES,
while a curtailment in viscosity is observed in case of h-BN hexagonal and Al.O3
cylindrical based nanofluids (NDDES13 to NDDES18). Further, in figure 4.20(c) a similar
trend is observed as in figure 4.20(a), which may be due to the effect of DL-menthol present
in both DES1 and DES3. In figure 4.20(d), viscosity enhancement is observed with Al2O3
cylindrical based nanofluids (NDDES31, NDDES32 and NDDES33), while a negligible
effect of viscosity is observed in case of Al>O3 spherical and h-BN hexagonal nanoparticles
based nanofluids. However, DES5 based nanofluids do not confirm to any effect of

enhancement or curtailment.
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Figure 4.20: Measured viscosity as a function of temperature for NDDESs

In addition, DES6 and the corresponding nanofluid (NDDES46) has a very high

viscosity and density (figure 4.16(f)), for which DES6 has not been considered for further

experiments. Overall, negligible effect of nanoparticle weight % has been observed. In

addition, the enhancement of viscosity by increasing nanoparticle concentration is not valid

for all cases. Further the lower viscosity of all the DESs and NDDESs indicate a lower

pumping cost since viscosity is a flow property of fluids.
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4.3.3 Thermal Conductivity

Figure 4.21 represents the measured thermal conductivities of all the Prepared DESs
with respect to the temperature. The lower thermal conductivity of DES1 and DES2 are
observed due to the effect of weak hydrogen bonding between the respective HBAs and
HBDs!!, Further DES3, DES4 and DES5 exhibits higher thermal conductivity due to
denser hydrogen bonding of HBA and HBD, which is earlier discussed in section 4.1.2.
The thermal conductivity of DESs 5 in the order of
DES1<DES2<DES3<DES6<DES5<DES4. Thermal conductivities of liquids generally

decrease with increase in temperature except a few e.g. water and glycerine.**?
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Figure 4.21: Thermal conductivity of DESs as a function of temperature
The thermal conductivities of all the NDDESs along with their respective DES are
reported in figure 4.22. From figure 4.22(a), it may be observed that all h-BN hexagonal
nanoparticles based nanofluids (NDDES7, NDDES8 and NDDES9), NDDES1 (0.02 wt.%
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Al>03 spherical), NDDES5 and NDDES6 (0.05 and 0.10 wt.% Al.Os cylindrical) have

higher values as compared to the base DES, while others have lower thermal conductivity.

In figure 4.22(a), the thermal conductivity of all nanofluids are higher than the base DES.
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Figure 4.22: Thermal conductivity of NDDESs as a function of temperature
Again h-BN hexagonal nanoparticles based nanofluids (NDDES25-27, NDDES34-
36 and NDDES43-45) exhibits an enhanced thermal conductivity as reported in figure
4.22(c), (d) and (e). However, NDDES19, NDDES24, NDDES31, NDDES32, NDDES39,

NDDES41 and NDDES42 shows lower values from the base fluid’s thermal conductivity.
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This may occur due to agglomeration of nanoparticles. The enhancement of thermal
conductivity is observed for DES modified NDDESs which is due to the presence of
nanoparticle inside the base fluid. Nanoparticles transfer heat energy by the vibrations of
atoms or molecules. The atomic or molecular vibrational energy of the solids or
nanoparticles are called phonons and hence transfer of heat by the atomic vibrations is
termed as phonon transport. Overall NDDES25 has the highest thermal conductivity at the
beginning. In addition, NDDES25 also possesses better thermal conductivity than DES3
except at temperatures higher than 335 K, where both the HTFs have nearly equal thermal
conductivities. Similar enhancement in thermal conductivity of nanofluids can also be
found in literature.*®® Further after comparison the thermal conductivity of BN-based
NDDESs have higher values than the Al>O3 spherical and cylindrical nanoparticle based

NDDES.
4.3.4 Specific Heat Capacity

The measured specific heat capacity of all the DESs with respect to temperature are
reported in figure 4.23. In contrast to thermal conductivity (figure 4.21), specific heat
capacity of all the DESs tend to increase with increase in temperature. Further, DES2 have
the highest specific heat capacity among all the DESs. The specific heat capacities of DESs
is in the order of DES2<DES4<DES3<DES5<DES].

In addition, temperature dependent specific heat capacity of different NDDESs are
also investigated. The specific heat capacity of all the NDDESs with the respective DES
are reported in figure 4.24. A universal trend has been observed: an increase in specific
heat of NDDESs with the increase in temperature. In figure 4.24(a), the specific heat

capacity of h-BN hexagonal nanoparticles based NDDESs (NDDES7 to NDDES9)
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enhances while the Al>O3 spherical and cylindrical nanoparticles based NDDESs shows a

curtailment trend except for NDDESS5.
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Figure 4.23: Specific Heat Capacity of DESs as a function of temperature

Further in figure 4.24(b) an enhanced specific heat capacity is observed in case of all
the NDDESs. Similarly, in figure 4.24(c) specific heat capacity of all the NDDESs are
higher than the base DES and interestingly the h-BN hexagonal nanoparticles based
NDDES have the highest enhancement. From figure 4.24(d), both enhancement and
curtailment are observed. The heat storage capacity of NDDES25 is highest among all the
NDDESs. DES-1 derived h-BN hexagonal nanoparticles based nanofluids result in
somewhat comparably better specific heat capacity than the base fluid. Reproducibility of
thermal conductivity and specific heat capacity values are taken care of by repetition of

experiments for three independent measurements. The deviation is found to be around £4%.
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Figure 4.24: Specific Heat Capacity of NDDESs as a function of temperature

4.4 Optimization of NDDESs

The next step is to recommend and adopt a suitable nanofluid based on the
thermophysical properties measured. The values of M, number of all DESs are reported in

figure 4.25. The Mo number of the DESs are in the order of

DES2<DES1<DES5<DES4<DES3. DES3 shows a highest My, number among all the

DESs.
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Figure 4.25: Mo number profiles of DESs (Mo=Mouromtseff number)
The calculated profiles of Mo number of all the NDDESs are reported in figure 4.26.
For all the HTFs, Mo number increases almost linearly as a function of temperature.
Significant enhancement in heat transfer performance can be observed. The profile
indicates that NDDES25 is the most preferable HTF (Figure 4.26). Based on the M, number
values, NDDES25 is further selected for forced convection flow experiments and its
associated Aspen simulation.

Table 4.3: Uncertainty in thermophysical properties measurements

Name Uncertainty

Density +0.05 kg/m?3

Viscosity +0.0004 Pa.s

Thermal Conductivity +0.0096 W/m?.K

Specific Heat Capacity +5.97 J/kg.K

The percentage error in Mo number calculation varies from 0.2% to 8.7%
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The measured uncertainty value for density, viscosity, thermal conductivity, specific

heat capacity and percentage error associated with the calculation of Mo number is reported

in Table 4.3.The propagation of percentage error for the independent variable (Mo) is

calculated as per standard protocol given by Pallab Ghosh®*.
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Figure 4.26: Mo number profiles of NDDESs (Mo=Mouromtseff number)
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5 Forced Convection Studies

5.1 Introduction

After the measurement of thermophysical properties, we shall now proceed with the
forced convection studies. Forced convection studies are performed for the three different
DESs (DES1, DES2, DES3) at different conditions. Initially the experiments are carried
out with DES1 (DL-menthol + Oleyl Alcohol) under laminar flow regime with different
Reynolds number and heat fluxes. The experimental findings are further validated by
comparing with the numerical results. The numerical simulation is then performed using
in-house AnuPravaha CFD solver'?. In the next part, the forced convection experiment is
carried out with DES2 (DL-menthol + Oleic Acid) and the corresponding Al.O3 spherical
nanoparticle based nanofluid (NDDES10). The experiments are performed at constant heat
flux and different Reynolds number under laminar flow regime. Further COMSOL
simulation is carried out in order to validate the experimental findings. A detailed
description is given in the subsequent sections. In the penultimate part, the forced
convection studies are performed with the DES3 (Diphenyl Ether + DL-menthol) and
NDDES?25 (0.02 wt.% h-BN hexagonal nanoparticle). The experiments are carried out

under both laminar and turbulent flow regime.
5.2 Forced Convection Study with DES1

The forced convection study with DESL1 is carried out under laminar flow regime.
The experimental system is first run by Millipore water to check the reliability of
measurement technique. After validating the experimental setup, the experiments for DES1
are conducted for laminar flow environment. The experiments are carried out at four
different Reynolds number with two different heat fluxes, i.e., 13514.86 W/m? and
13607.22 W/m? respectively.
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5.2.1 Temperature Profile

Figure 5.1(a) and 5.1(b) represents the surface temperature profile throughout the
axial distance. Figure 5.2(a) and 5.2(b) shows the typical fluid bulk mean temperature
profile throughout the axial distance. The experimental findings are further compared with
the AnuPravaha CFD solver!?! with the same experimental parameters. In the present
work, the fluid bulk mean temperature is in the range of 298.15 to 320.15 K. From figure
5.2(a) and 5.2(b) due to constant heat flux boundary condition a linear increment of
temperature can be observed along the axial distance and the same trend is observed in
computational results. From figure 5.2(a) and 5.2(b) it is clear that the length of
hydrodynamic entry region is, Ln = 0.05 Re.D and the length of thermal entry region is, Lt
= 0.05Re.Pr.D, where, Re is Reynold's number, Pr is the Prandtl number and D is the

diameter of the pipe.
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5.2.2 Heat Transfer Coefficient

The comparison of heat transfer coefficients at different heat fluxes (a) 13514.86
W/m? and (b) 13607.22 W/m? can be seen in figure 5.3(a) and 5.3(b). It is obvious that the
heat transfer coefficient of DES1 at heat fluxes 13607.22 W/m? is higher than 13514.86
W/m? heat flux. This is because at higher heat flux, the viscosity of DES1 decreases while

the specific heat capacity increases.
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Figure 5.3: Heat transfer coefficient of DES1 as a function of axial distance at different

heat fluxes (a) 13514.86 W/m? and (b) 13607.22 W/m?
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5.2.3 Nusselt Number

Figure 5.4(a) and 5.4(b) indicates the heat transfer performance of DES1 for four
different Reynolds number and two different heat fluxes at the laminar flow region. The
simulation results are compared in the plot, which shows a higher Nusselt number varying
from 5-10% as compared to experimental results. The difference in experimental and
simulation result is because of the heat loss from the heating tape of the experimental setup.
The calculated laminar region as evident from Reynold’s number also varies with the
hydrodynamic entrance length. This length is defined in terms of a diameter which varies
from x = 10D to 100D. On the contrary, the thermal entrance length varies as x = 1716D—
4251D. This trend implies that the flow is only hydrodynamically developed, which is

evident from figures 5.4(a) and 5.4(b).
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Figure 5.4: Heat transfer behaviour of DESI at different heat fluxes (a) 13514.86 W/m?

and (b) 13607.22 W/m?
5.3 Forced Convection Study with DES2

The COMSOL simulations is performed in COMSOL Multiphysics (Version 5.2a).
Initially the space dimension as 2D axisymmetric is selected. A No slip boundary condition
and uniform heat flux is applied to the wall. A time dependent study has been performed
so as to ascertain steady state. The dimensions of the test section are assumed to be
rectangle of length 1000 mm and width 9 mm. The two-dimensional tube geometry is
generated by COMSOL inbuilt meshing tool where a total of 228680 mesh elements are
created. Experimentally measured thermophysical properties (density, viscosity,
conductivity and specific heat capacity) as given in Figures (4.13, 4.14(b), 4.17, 4.18(b),
4.19, 4.20(b), 4.21 and 4.22(b)) are used for the simulation. Thereafter the simulation is

started with an initial guess which shall help us in solving the velocity and temperature
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profile. A uniform heat flux of 13312 W/m? is applied to the wall. This is the same flux as

used in figure 3.6 via heating tape. To solve the energy equation, velocity information is

necessary. This is obtained by solving the continuity and momentum equation (equation

3.12-3.15). Here the flow coupling is added explicitly as provided under the Multiphysics

section. While figures 5.5-5.7 discusses the heat transfer performance of DES2, figures 5.8-

5.10 depicts the NDDES10 performance.

5.3.1 Temperature Profile

Figure 5.5 signifies the temperature profile of DES along the axial distance of the test

section with three different Reynolds Number within the laminar regime. Further the

experimental results are compared with the simulated results. The fluid temperature is in

the range of 361.96 to 446.06 K.
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Figure 5.5: Temperature profile along the test section for DES2

104 |Page

TH-2704_156107021



Chapter 5

A linear increment of temperature can be observed along the axial distance in both

experimental and computational which is due to constant heat flux boundary condition.

5.3.2 Heat Transfer Coefficient
Figure 5.6 represents the heat transfer coefficient of DES2 along the axial distance at

a heat flux of 13312 W/m? in three different Reynolds numbers.
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Figure 5.6: Heat transfer coefficient of DES2 as a function of x/D
The experimental heat transfer coefficient is compared with the numerical results
where it gave negligible deviation. The DES2 gave enhanced heat transfer coefficient along
the entire axial distance with the heat transfer coefficient decreasing with axial distance. As
expected the heat transfer coefficient is also found to increase with increase in Reynolds

number.
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5.3.3 Nusselt Number

Figure 5.7 represents the Nusselt Number of DES2 along the axial distance at three
different Reynolds number. Here the Nusselt Number increases with increase in Reynolds
number. Al>Os (spherical) nanoparticle of weight percentage of 0.02 wt.% has been chosen
for the both experiment and simulation. A similar phenomenon is observed for NDDES10
with respect to temperature profile (Figure 5.8), heat transfer coefficient (figure 5.9) and

Nusselt Number (figure 5.10).
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Figure 5.7: Nusselt Number of DES2 as a function of x/D
5.4 Forced Convection Study with NDDES10

In both the cases (DES2 and NDDES10) it has been found that the inside surface
temperature of the tube is higher with decrease in Reynolds number. However, a decrease

in Reynold number led to an ~10% enhancement in the surface temperature which is
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evident near the entrance region. It should be noted that a one metre length pipe is sufficient
for a flow to be considered hydrodynamically developed but the same cannot be said of its
thermal layer. In both DES2 and NDDESI10, at the entrance of the pipe, heat transfer
coefficient is very large due to which boundary layer thickness is very small. It is found
that the boundary layer thickness starts increasing while the heat transfer coefficient
decreases along the pipe length. An appreciable increase in the coefficient of heat transfer
is attributed to the increased thermo-physical properties of DES2 nanofluids and a delay in

the development of the boundary layer in the entrance area.
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Figure 5.8: Temperature profile along the test section for NDDES10 at 0.02 wt.%
This behaviour indicates that measures could be taken such as creating "artificial

entrance" regions along a pipeline to maximize the performance of these novel nanofluids.
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The flow is not thermally developed as the value of Prandtl number is large for both DES2

and NDDES10 fluids.
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Figure 5.9: Heat transfer coefficient of NDDES10 (0.02 wt.%) as a function of x/D

Overall the thermal entrance length of the nanofluid flows has a longer length scale
when compared to only DES2 flow. The enhancement of the local heat transfer coefficient
is higher in magnitude when compared to the increase in the effective thermal conductivity
within the test section. Thus, the use of NDDES10 nanofluids hence significantly improves
the convective heat transfer, particularly at the entrance region. This may be due to the
particle migration resulting in a non-uniform distribution of both thermal conductivity and
viscosity. This eventually reduces the thermal boundary layer thickness. The benefit of
NDDESI10 as heat transfer fluid shall be determined based on the consideration between

the increase of heat transfer performance with increase of pumping power. Further the
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stability of nanoparticles is another concern. Its agglomeration ability is a critical problem
faced in the practical application of nanofluid. This affects properties of nanofluid and
impacts on the heat transfer performance of nanofluid. The agglomerates can have various
sizes and configurations depending primarily on elapsed time. It invariably can affect the
thermal conductivity of nanofluid. This agglomeration may also be due to the nanofluid
preparation and the experimental study time along with different time duration of
experimental study. However, use of surfactants can increase their stability. In some of the
earlier reported work'*>!3% these may be reached in low pH condition thereby making

nanofluid difficult in many application systems.
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Figure 5.10: Nusselt number of NDDES10 (0.02 wt.%) as a function of x/D
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5.5 Forced Convection Study with DES3 and NDDES25

The experimental set up was run at three different flow rates for both laminar and
turbulent region with each HTF namely DES3 (Diphenyl Ether + DL-menthol) and
NDDES25 (DES3 + 0.02 wt.% h-BN hexagonal nanoparticles).

5.5.1 Fluid Temperature

Figure 5.11 represents the testing section surface temperature of DES3 and
NDDES25 for both laminar and turbulent regions along the axial direction. Figure 5.12
represents the wall temperature of DES3 and NDDES25 for both laminar and turbulent
regions along the axial direction. From figure 5.12 (a) this can be observed that, under the
laminar flow regime, temperature profiles show linear increment along the length of the
test section due to longer residence time. However, for turbulent flow (figure 5.12 (b)), the

temperature remains almost constant.
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Figure 5.11: Wall temperature in (a) laminar and (b) turbulent flow regime
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Figure 5.12: Fluid temperature in (a) laminar and (b) turbulent flow regime
5.5.2 Heat Transfer Behaviour under Laminar flow regime
Figure 5.13 predicts the thermal behaviour of both DES3 and NDDES25 as a function
of characteristic length of the testing section when the flow is laminar. From figure 5.13
(@) this can be observed that NDDES25 at Re=1402 results are the highest heat transfer
coefficient and hence the maximum Nu can be observed (figure 5.13 (b)). For laminar flow,
a comparable observation of heat transfer coefficient and Nusselt number are made for

DES1 and DESS3.
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Figure 5.13: (a) Heat transfer coefficient and (b) Nusselt number within the laminar flow

regime
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5.5.3 Heat Transfer Behaviour under Turbulent flow regime

The observed values of the heat transfer coefficient and Nu are more for turbulent
flow (figure 5.14 (a) and (b)) than the laminar regime (figure 5.13 (a) and (b)). For turbulent
flow, the fluid particles encounter a higher number of intermolecular collisions with an
increase in velocity and hence a higher heat transfer can be observed. Similar to laminar
flow, NDDES25 also shows better thermal performance for turbulent flow. The heat
transfer coefficient and Nu decrease with the progressing characteristic length for laminar
flow behaviour. However, the heat transfer coefficient and Nu for turbulent flow are either

constant or increase with an increase in characteristic length.
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Figure 5.14: (a) Heat transfer coefficient and (b) Nusselt number for turbulent flow

regime
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6 Aspen Plus Simulation for Steam Generation

Here we have initially benchmarked the procedure with known reported data on nitrate-

based salts. Thereafter it has been reproduced for our own DES and NDDES systems.
6.1 Benchmarking of Aspen plus simulation using Molten Salts

The previously reported experimental procedure by He et al.*? has been considered
for the Aspen Plus simulation. The results obtained from the simulation are compared with
the experimental results®2. Table 3.6 shows the stream property, amount, energy, and phases
for the entire steam generation system. From the stream table, all possible data can be
extracted for a specific flow rate.

6.1.1 Heat Transfer Performance
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Figure 6.1: Overall heat transfer coefficient and Heat flux of molten salt at flow rate of 1

m?¥/hr.
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The overall heat transfer coefficient and heat flux absorbed by water/steam at a
temperature range 583.15-673.15 K is illustrated in Figure 6.1. From the results, it has been
found that when the inlet temperature of molten salt rises, the overall heat transfer
coefficient increases and heat flux decreases. When the inlet temperature rises from 583.15
K to 673.15 K, a maximum overall heat transfer coefficient of 100.85 W/m? K can be

observed at 673.15 K.

60 -4 1.2
() () () e e ) ) o e 10
50 ®
© S ¢ ¢ o
P )
) —40.8
§40—
2 B
v - 06 28
\/g o (m} o <
> (m]
=30 |

-4 0.4
—0— qm’W(Aspen)
20 F o q,.(Exp)[12] 0
~ - ntotaI(ASpen) ]
10 L 1 2 1 X 1 ntotaI(EXp). [12] 0.0
580 600 660 680

620 640
Temperature (K)
Figure 6.2: Steam generation rate and thermal efficiency of steam generation system at

Molten Salt flow rate of 1 m%/hr.

Figure 6.2 represents the rate of steam generation and efficiency of the whole system
with respect to temperature at a molten salt flow rate of 1 m%h. As inlet molten salt
temperature rises, the steam generation rate increases gradually while the thermal

efficiency shows a constant trend. When the inlet temperature of molten salt increases from
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583.15 K to 673.15 K, steam generation rate proportionately increases from 21.73 kg/h to
30.36 kg/h.
6.1.2 Thermal Performance at different flow rates of Molten Salt

Figure 6.3 shows the rate of vapor/steam generation with in a temperature range of
583.15-673.15 K for different flow rate of molten salt. The vapor generation rate primarily
increases and then start to decrease with temperature for all the experimental values. On
the other hand, the vapor generation rate in Aspen plus simulation for similar temperature

range and flow rate of molten salt increases gradually with the temperature.

30
=20}
g
=
o —o— Aspen @1m‘/h
o Exp @1lm*h [12]
10 —0— Aspen @1.5m’/h
0 Exp @1.5m*h[12]
—A— Aspen @2m’/h
A Exp @2m°h [12]
O 1 N | N 1 N 1 1 1
580 600 620 640 660

Temperature (K)
Figure 6.3: Steam generation rate with molten salt with different flowrates of Molten Salt
Figure 6.4 represents the overall heat transfer coefficient with the temperature
varying from 583.15 K to 673.15 K for different flow rates of molten salt. Overall heat
transfer coefficient again increases and then starts to decrease with temperature. The overall
heat transfer coefficient for similar temperature range and flow rate also decreases
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continuously for 1.5 and 2 m®h and is almost constant for 1 m3/hr (figure 6.4). Within the
experimental range, it is found that the boiling heat transfer coefficient starts to decrease at
a higher temperature which is the reason for the decrease of overall heat transfer coefficient

at a higher temperature. Such consideration in Aspen plus simulations is very difficult to

incorporate.
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Figure 6.4: Overall heat transfer coefficient of steam generation system for molten salt

with different flowrates of Molten Salt
In figure 6.5, total heat flux is shown in the temperature range of 583.15-673.15 K
for the different flow rates of molten salt. Experimental values for total heat flux give a
similar variation with respect to the overall heat transfer coefficient for molten salt. The
simulated values are also observed to be increasing with the increase in temperature as well
as flow rate of molten salt. In figure 6.4 it is found that for Aspen plus simulation values,

the overall heat transfer coefficient decreases with increasing temperature, as the LMTD
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increases rapidly with the temperature thereby making a marked effect in total heat transfer

coefficient.
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Figure 6.5: Heat flux of steam generation system for molten salt with different flowrates
of Molten Salt
Now after desired benchmarking we shall move our discussion to the novel solvents
that we propose namely the Deep Eutectic Solvents.
6.2 Aspen-based Simulation on DES2 System
In this simulation work, DES2 as a heat transfer fluid and has been used as
pseudocomponent in Aspen plus simulation as discussed before. All design aspects are very
similar to molten salt simulation, as discussed above.
6.2.1 Vapour and Thermal Fluid flow rate
Figure 6.6 shows an increasing pattern with temperature for vapor generation rate,
using DES? as a heat transfer medium for three different flow rates of 2, 2.5 and 3 m®hr
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respectively. Here the water is in the tube side and DESZ2 is on the shell side. Thus, an
increase in temperature of DES2 inlet will increase the temperature difference, which
results in increased LMTD of the system. Further, an increase in the DES2 flow rate will
also improve the heat transfer coefficient. This happens due to the phase change of the tube

side fluid i.e., water. Eventually, the vapor generation rate also increases with the flow rate

of DES2.
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Figure 6.6: Steam generation (kg/hr) rate with DES2
6.2.2 Overall Heat Transfer Coefficient
Figure 6.7 depicts the change in the overall heat transfer rate with DES2 flow rate
within the inlet temperature range 503.15-603.15 K. At lower Reynolds number, the overall
heat transfer coefficient does not vary with change in flow rate. However, due to the high

convective heat transfer between DES2 and water, the boiling heat transfer coefficient at
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tube side is higher in magnitude and the overall heat transfer coefficient rises with both

flow rate and inlet temperature of DES2.

160
m 2m’h
e 25m’h
140 A A A A A 3.5m¥h
~ A
Nx. N °® Y [ [ ] a
E . l° 2
S 120
< . A
N 4 4
100
80 " 1 " 1 " 1 " 1 " 1
500 520 540 560 580 600
Temperature (K)

Figure 6.7: Overall heat transfer coefficient of steam generation system for DES
6.2.3 Total heat flux

Figure 6.8 shows the change in the total heat flux with DES2 flow rate and inlet
temperature ranging from 503.15-603.15 K. By increasing the inlet temperature of DES2,
the difference in wall temperature and the bulk temperature increases, which gives a higher
LMTD. Similar enhanced behaviour of overall heat transfer coefficient is observed in both

the properties including LMTD. Thus, the overall heat transfer coefficient follows an

increasing total heat flux.
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Figure 6.8: Heat flux of steam generation system for DES
6.2.4 Comparison of Total heat flux and Overall heat transfer coefficient
Figure 6.9 reports the change in the overall heat transfer coefficient and total heat flux
with a DES flow rate of 2 m®hr within the inlet temperature range of 503.15-603.15 K.
From figure 6.9, it is observed that the overall heat transfer coefficient is lower than that of
total heat flux when compared with DES operating temperature. The maximum for the

overall heat transfer coefficient and total heat flux were high at higher operating

temperature.
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Figure 6.9: Overall heat transfer coefficient and heat flux with DES temperature

6.3 Aspen Plus Simulation with DES6

6.3.1 Effect of DES flow rate

In figure 6.10 the vapour generation rate is found to increase with both temperature
and DESG6 flow rate. Increasing flow rate of DESG6 reduces the residence time of fluid but
simultaneously increase the Reynolds number on the shell side pass. This increased
Reynolds number shall increase the overall heat transfer coefficient which results in higher
vapour generation rate as well as increasing temperature of DESG6. It eventually increases
the LMTD. With increasing DES6 flow rate as well as temperature, the gap between vapour
generation rates are increasing implying that the overall heat transfer coefficientand LMTD

increases with both flow rate of DES6 and temperature.
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Figure 6.10: Steam generation rate with DES flow rate as a function of temperature

6.3.2 Average Heat Duty for Shell Tube and U-Shaped Heat exchanger

In this case the simulation result (figure 6.11) is plotted in the temperature range
403.15-453.15 K and 1 m®/hr. flow rate of DES6. With rising DES6 inlet temperature, the
average heat duty increases for both the Shell tube and U-shaped heat exchanger. Average
heat duty slope is higher for the Shell tube heat exchanger because the primary DES6 input
flowrate is given at shell tube heat exchanger with the highest temperature in the system.
This causes higher LMTD, higher overall heat transfer coefficient resulting in higher heat

transfer rate.
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Figure 6.11: Average Heat Duty for Shell and Tube and U-Shaped Heat Exchanger as a

function of temperature at flow rate of 1 m%/hr.

6.3.3 Effect of Overall Heat Transfer Coefficient and Total Heat Duty

In Figure 6.12, the overall heat transfer coefficient is plotted in the temperature range
403.15-453.15 K for three different flow rates of DES. In general, overall heat transfer
coefficient does not vary at low Reynolds number because of low interaction of particles
causing lower heat transfer rate between the particles. However, the overall heat transfer
coefficient tends to increase because of the high heat transfer rate between DES particles

even at low Reynolds number.
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Figure 6.12: Overall Heat Transfer Coefficient of steam generation system as a function

of temperature

In Figure 6.13, the total heat transfer rate is plotted in the temperature range 403.15-
453.15 K for three different flow rates of DES. Total heat transfer rate is found to increase
with inlet DES temperature and flow rate. Considering a single DES flow rate, the total
heat transfer rate increases with an increase in the difference between wall temperature and
bulk temperature. Similarly, for a particular temperature, the total heat transfer rate again
increases which is due to the previous observation as in figure 6.11. The difference between

total heat transfer rates is found to increase with temperature and LMTD.
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Figure 6.13: Total Heat Transfer rate of steam generation system as a function of

temperature

In figure 6.14, the total heat transfer rate and overall heat transfer coefficient are
plotted in the temperature range 403.15-453.15 K and 1 m®/hr as the flow rate of DES.
Overall heat transfer coefficient is almost constant for the range 403.15-453.15 K because
temperature change does not make any significant effect on the heat transfer coefficient,
since the total heat transfer rate is increasing with temperature. It can be concluded that
total heat transfer rate increases with an inlet temperature of DES as well as flow rate of

DES but overall heat transfer coefficient is constant with inlet DES temperature.
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6.4 Aspen Plus Simulation with NDDES25

6.4.1 Thermodynamic Property of Steam
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The amount of steam generated, and corresponding steam temperature are reported

as a function of NDDES25’s inlet temperature in Figure 6.15. With an increase in

NDDES25’s inlet temperature, the rate of steam generation gradually increases. Further, at

temperature 494.15 K, steam generation is equal to the amount of water input i.e., 15 kg/h,

which confirms the absence of any liquid fraction. After 494.15 K, superheated steam

generation can be observed from a standard steam table.

The entropy and vapour fraction of the steam at the exit of the steam generation

system are reported in Figure 6.16 as a function of HTF inlet temperature. As expected, the

TH-2704_156107021
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vapour fraction and entropy at the exit increase gradually with the increase in the HTF inlet
temperature; and after 494.15 K the vapour fraction reaches unity which indicates the
complete conversion of water into steam. Further, the entropy of the superheated steam is
also compared to the standard steam table and provided in Table 6.1.%%
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Figure 6.15: Steam generation rate and steam temperature with NDDES25
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Figure 6.16: Vapour fraction and entropy of steam generation system for NDDES25

Table 6.1: Comparison of superheated steam properties with standard steam table

Simulation Steam table

Steam Mass ) Steam Mass ]
Density Density
Temperature Entropy (kg/m?) Temperature Entropy (kg/m?d)

(K) (kd/kg.K) g (K) (KikgK) | 9
494.15 7.9120 0.4376 493.15 7.9153 0.4413

497.15 7.9240 0.4349 - - -
498.15 7.9280 0.4340 498.15 7.9353 0.4368

6.4.2 Overall Heat Transfer Coefficient of the Heat Exchangers

Figure 6.17 presents the overall heat transfer coefficient of U-shaped and shell and
tube heat exchanger at NDDES25 inlet temperature range of 423.15-498.15 K and a flow
rate of 4.0 m3/h. The overall heat transfer coefficients of both the heat exchangers increases,

but in case of shell and tube heat exchanger it increases first and then decreases with the
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increase in inlet temperature. This can be explained that at lower inlet temperature of
NDDES?25, the rise in overall heat transfer coefficient occurs due to the increase in the
convective heat transfer coefficient. At higher inlet temperature of NDDES25 (after 463.15
K), the overall heat transfer coefficient of shell and tube heat exchanger decreases due to
the increase in wall temperature and subsequent decrease in boiling heat transfer

coefficient.
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Conclusion

A comprehensive study has been carried out to reveal the scope of DESs and
NDDESs as HTF. COSMO-SAC model is used for the prediction of the eutectic
composition of the novel DESs and the DESs is prepared successfully following standard
preparation protocol. *H and ¥C NMR studies indicated the absence of chemical
interactions between HBA and HBD. Further NOESY (2D) NMR studies are carried out to
understand the hydrogen interaction between the HBA and HBD. TGA analysis revealed
the thermal stability of the DESs. The hydrophobic nature of the DESs has been observed
from the near absence of water content. Further the vapour pressure of the prepared DESs
are investigated and DES3 (Diphenyl Ether : DL-menthol) has found to be lower vapour
pressure compared other DESs.

The NDDESs are Prepared in order to enhance the thermophysical properties of the
based fluids (DES). The stability study of the NDDESs are performed by different
techniques. NDDES10 (DES2 + 0.02 wt. % Al>O3 spherical nanoparticles), NDDES22
(DES3 + 0.02 wt. % Al>Oz cylindrical nanoparticles), NDDES25 (DES3 + 0.02 wt. % h-
BN hexagonal nanoparticles), NDDES26 (DES3 + 0.05 wt. % h-BN hexagonal
nanoparticles), NDDES34 (DES4 + 0.02 wt. % h-BN hexagonal nanoparticles) and
NDDES45 (DES5 + 0.10 wt. % h-BN hexagonal nanoparticles) exhibited excellent stability
in terms of zeta potential values. The density of DESs and NDDESs is found to decrease
with increase in temperature over the temperature range of 298.15 - 353.15K. The DES
shows a Newtonian behaviour which is evident with its shear viscosity decreasing with
increasing temperature. The temperature dependence takes an exponential form over the

temperature range of 298.15K- 423.15K. The thermal conductivity of the DESs and
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NDDESs was found to decrease with temperature and further the values are higher than
other alternative solvents and commercial solvent Therminol VP1. The thermal
conductivity of DESs are in the order of DES1<DES2<DES3<DES6<DES5<DESA4.
Overall the h-BN hexagonal nanoparticles are found to be more promising in the thermal
conductivity enhancement. The specific heat capacity of the DESs and NDDESs are found
to be increasing with the temperature. The specific heat capacity of DESs is in the order of
DES2<DES4<DES3<DES5<DESL. In addition, similar to thermal conductivity the
specific heat capacity of h-BN hexagonal nanoparticles based NDDESs are found to be
more promising in the specific heat capacity enhancement. The observation the
optimization i.e., Mo number concludes that NDDES25 (DES3 + 0.02 wt. % h-BN
hexagonal nanoparticles) is the best HTF among all the nanofluids.

The thermal entrance length of the DES1 is very large due to high viscosity and low
thermal conductivity. It is also observed that the convective heat transfer data correlates
well with the AnuPravaha CFD solver in the laminar flow region. Thereafter forced
convection experiments were carried out for DES2 and NDDES10 (DES2 + 0.02 wt. %
Al>Oz spherical nanoparticles) in laminar regime. An appreciable increase in the coefficient
of heat transfer was attributed to the increased thermophysical properties of DES2 based
nanofluid (NDDES10) and a delay in the development of the boundary layer in the entrance
areas. This behaviour indicates that measures could be taken such as creating "artificial
entrance" regions along a pipeline to maximize the performance of these novel nanofluids.
In the penultimate section, numerical modelling using COMSOL were also carried out to
validate the heat transfer coefficient and Nusselt number. Forced convection results of

DES3 and NDDES25 clearly represents a higher thermal performance for nanofluid. The
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obtained heat transfer coefficient and Nu number are the highest for NDDES25 for both
laminar and turbulent flow behaviours.

Simulations on nitrate-based molten salt are being performed and compared with the
experimental data where a good agreement with respect to steam generation rate is
observed. Further, a comparison within the same simulation has been invoked with novel
solvents DES consisting of an equimolar ratio of DL-menthol and Oleic acid (DES2). The
experiment is conducted at three different flow rates. The simulation process is then
developed by designing a heat exchanger network using Exchanger Design and Rating
(EDR). The DES is added as a new component to the Aspen Plus data bank within the
pseudocomponent routine through continuum solvation calculations using the COSMO
model. The simulations have been performed by setting the maximum operating
temperature of the DES, i.e. 600.15 K, which is below their boiling point. Further, as
compared to the molten salt, DES gave steam generation rate which suggests that the
thermal media i.e., DES can be used as an alternative thermal fluid in Concentrated Solar
Plants. The Aspen Plus simulation point out to the fact that the steam generation rate
increases with both the temperature and the flow rate of DES6. The average heat transfer
coefficient of the shell and tube heat exchanger is found to be higher than the U-shaped
heat exchanger at a higher temperature. This eventually maximizes the steam generation
rate, which implies that the DES can be used for enhancing the heat transfer coefficient in
CSP plants. The usefulness of the HTF was adopted by allowing it to convert water into
steam. Aspen simulation suggested 100% efficiency in steam generation using NDDES25

as the HTF.
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Recommendation for Future Research

The present research was conducted on the thermal performance of the DESs and
NDDESs. The experimental results illustrate that NDDESs has higher thermophysical
properties compared to base DESs which makes them a potential heat transfer fluid for
CSP. However, there is an extensive scope to NDDESs to evaluate the fluids in solar
thermal applications. Suggestion for future research are as follows:

I In the forced convection thermal behaviour, more specific mechanism (at the
entrance length) of heat transfer enhancement of NDDES needs to be explored. The effect
of nanoparticle size and shape also need to studied. Future research can be carried out to
explore the effect of particle morphology on thermal performance of NDDESs and
recommend specific nanoparticle size and shape for maximum enhancement.

ii. Molecular dynamic simulation can be performed in NDDESs to see the nanoparticle
and ion interaction within HBA, giving insight into the mechanism of the thermophysical
property enhancement.

iii. Free convection studies can also be performed.

v, As steam generation is performed by Aspen Plus Simulation, an experimental setup
can be fabricated for confirming the same. A pilot plant setup is already been started in our
future work. A comprehensive cost analysis is being performed by considering it as a small

capacity power plant.
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ABSTRACT: The current work reports the thermophysical
and flow measurements of novel thermal solvents based on
deep eutectic solvents (DESs) and alumina-based nano- AhOs
particle-dispersed deep eutectic solvents (NDDESs) for its .t Nenopartiles ™
use as a potential solar energy storage medium. The DESs ~
were synthesized using a hydrogen bond donor (ie., oleic
acid) and a hydrogen bond acceptor (i.e., piL-menthol) by
using the COSMO-SAC-predicted equimolar ratio at a
temperature of 350.15 K. Thereafter, NDDESs or nanofluids
were formed by dispersing different volume fractions (0.001,
0.005, 0.0075, and 0.01) of AL,O; nanoparticles in the DESs.
2:! ;?;zgm:lugﬂﬁeﬂi;&ﬂ?:ﬂi‘iggizlCclaf-l 1;120?32:;3;;0%’;;::11‘;5 . ;;\]mni;;l : ﬂ;nlml b';sed DI;él) Eutectic Solvent as Novel Heat Transfer Fluid
b
viscosity, thermal conductivity, and specific heat capacity) and
its agglomeration or stability behavior. As expected, NDDESs with a 0.005 volume fraction gave a higher enhancement in
thermal conductivity, viscosity, heat capacity, and density as compared to DESs. To evaluate the heat transfer coefficient, forced
convection experiments were conducted in a circular test section for both DESs and NDDESs under laminar conditions (Re =
124, 186, and 250). The enhancement of the local heat transfer coefficient was found to be higher when compared to their
thermophysical properties. This was due to the nanoparticle migration resulting in a non-uniform distribution of both thermal
conductivity and viscosity fields, which was inherently found to reduce the thermal boundary layer thickness. In the final
section, the heat transfer coefficient and the Nusselt number were also validated with COMSOL Multiphysics simulations.

1. INTRODUCTION determining the overall efficiency of the system. The
conventional thermal fluids have low-to-moderate thermal
stability and heat storage capacity, which results in high
operating costs.' Researchers have tried ionic liquids (ILs) as
one of the alternatives for heat transfer fluid for future
generaticms.2 However, ILs are highly viscous, costly, and
difficult to synthesize. Application of ILs in solar collector
511:.|p1'1catiC)ns"'4 have been recently reported. Wu et al.® have
focused the applicability of 1-butyl-3-methylimidazolium
hexafluorophosphate, 1-octyl-3-methylimidazolium hexafluor-
ophosphate, 1-butyl-3-methylimidazolium bis-trifluromethane
sulfonamide, 1-butyl-3-methylimidazolium tetrafluoroborate,
1-octyl-3-methylimidazolium tetrafluoroborate, and 1-butyl-3-
methylimidazolium bis-trifluromethane sulfonamide as a
thermal energy storage medium for solar collectors. The
storage density of l-octyl-3-methylimidazolium hexafluoro-
phosphate was found to be 378 M]J/ m®. Moens and Blake®
have performed an overall assessment of ILs for its use as a
heat transfer fluid in solar parabolic trough systems.

Concentrating solar power (CSP) is currently recognized as a
valuable source of renewable energy.l The stored thermal
energy can be utilized in various thermodynamic cycles such as
Brayton cycle to generate turbine power from gas turbine
engines. The advantage of CSP is that the energy stored in
daylight can be used at nighttime where the thermal fluid can
potentially reuse the solar energy. The main drawback includes
its elevated cost as compared to conventional energy sources.
For this reason, the scientific community aims to improve the
overall efficiency of these solar plants. One of them is to
improve the efficiency of the heat transfer processes that occur
in this application. CSP plants usually adopt a technology
involving parabolic cylindrical collectors, which in turn uses a
heat transfer fluid for the storage and transport of heat.
Keeping the CSP process in mind, increasing the heat transfer
effect is a key deliverable usually obtained by enhancing the
thermophysical properties of these fluids. The current study is
thus meant for generating turbine power using the CSP energy

storage.
In CSP, the solar energy is usually concentrated using Received: October 5, 2018
mirrors and lenses and stored in a thermal fluid. The working Accepted: December 10, 2018
fluid used in the CSP plant plays an important role in Published: December 21, 2018
ACS Publications  © 2018 American Chemical Society 18016 DO: 10.1021/acsomega.8b02661
b ACS Omega 2018, 3, 18016=18027
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Abstract. In a concentrated solar power (CSP) plant, an increase of heat transfer effect of the working fluid is a key
deliverable which is usually obtained by enhancing its thermo-physical properties. The current work reports the synthesis
of heat transfer fluids (HTF) based on deep eutectic solvents (DESs) consisting of a hydrogen bond donor (HBD), namely,
triphenylphosphonium bromide, and a hydrogen bond acceptor (HBA), namely, ethylene glycol. Initially, the thermophysical
properties, namely, density, viscosity, thermal conductivity (TC) and specific heat capacity were measured and compared
with the conventional solvents. The properties were further enhanced by the dispersion of spherical Al;O3 nanoparticles in
DESs. The alumina nanoparticles were found to have a negligible effect on the physical properties (density and viscosity)
of the base fluid, thereby limiting the pressure drop and also the coefficient of friction. For their potential application as
thermal fluids for CSP plants, the thermal properties of DESs and nanoparticle dispersed deep eutectic solvents (NDDESs)
were measured within a temperature range of 25-60°C. The TC of | wt% Al203 with the base fluid was around eight times
higher than the base DES. It was found that the TCs of DES and NDDES were higher when compared to the commercial
HTF, namely, Therminol VP-1. Eventually, the Aspen plus flowsheet was conceptualized to ascertain the steam generation
rate and the overall heat transfer coefficient of these novel solvents. A combination of U-shaped for latent heat and shell and
tube heat for sensible heat was employed in the flowsheet. The CSP scheme gave a steam generation rate of 1.7 kg h—! at

180°C with a corresponding DES flow rate of 1 m® h=1.

Keywords.

1. Introduction

Concentrated solar power (CSP) is a valuable source of renew-
able energy. The solar energy stored in the form of thermal
fluid can be exploited in thermodynamic cycles such as Bray-
ton cycle to generate turbine power from gas turbine engines.
The advantage of such a system is that the energy stored dur-
ing the sun hours can be used at night-time primarily due to
the reusability of solar energy. One of the main limitations
for such a process is its elevated cost owing to parabolic mir-
rors or collectors and a need for a large land area. This makes
the process economically faring poorly when compared to
conventional energy sources. It is for this reason that method-
ology should be developed for utilizing the stored energy in
an effective manner. It implies that the scientific community
needs to improve the overall efficiency of these solar plants.
One of them is to improve the overall heat transfer coefficient
of the fluid which usually carries the sensible heat.

In this scenario heat transfer fluids (HTF) play an important
role, particularly in CSP, where the solar collectors absorb the
solar radiation and convert it into heat energy. This energy is
then transferred as heat through a HTF [1]. This makes the

Published online: 11 September 2019

Deep eutectic solvents; heat transfer fluid; Aspen plus; steam properties.

evaluation of the thermodynamic properties such as viscosity,
density, thermal conductivity (TC) and specific heat capac-
ity (Cp) highly desirable [2,3]. But the limitations of the
presently used HTF in CSP are manifested in its lower stor-
age capacity and thermal stability. This ultimately results in
a lower cycle efficiency and higher operating cost. There-
fore, it is essential to enhance the working efficiency of
HTF for achieving a cost-effective CSP system. To meet
these requirements, nanoparticle dispersed deep eutectic sol-
vents (NDDESs) have great potential as an alternative to
conventional HTE. NDDESs, a class of nanofluids, can be
synthesized by dispersing a small amount of nanoparticles in
bare deep eutectic solvents (DESs). This synthesis is of one
pot in nature and usually occurs within a few hours of the
metathesis reaction.

DESs refer to mixtures of two or more compounds in which
hydrogen bond donors (HBDs) and hydrogen bond acceptors
(HBAs) combine together to form liquids upon mixing. These
have melting points below than that of the individual com-
ponents [4—6]. DESs are now considered as low-cost green
solvents having equivalent characteristics compared to ionic
liquids (ILs) which are also green in nature but expensive.
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Evaluation of Thermophysical Properties of Menthol-Based Deep
Eutectic Solvent as a Thermal Fluid: Forced Convection and
Numerical Studies
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ABSTRACT: Concentrated solar power (CSP) is one of the emerging
renewable energy technology, where sunlight is concentrated from a large
area and is stored in a collector filled with heat-transfer fluid (HTF). The =
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current work reports the synthesis of novel HTF based on menthol-based Y
deep eutectic solvents (DESs). DES consisting of a hydrogen bond [J] |22 ol _
acceptor, namely, bL-menthol and a hydrogen bond donor (oleyl alcohol), Syt o Deep Bt Selvnt e S

has been prepared and explored to evaluate its effectiveness as a thermal
fluid. The thermal properties, namely, viscosity, density, thermal
conductivity (TC), and heat capacity, are measured and compared with
both conventional and commercial solvents within the temperature range
T = 298.15-353.15 K. The density of DES was found to decrease with
increase in temperature, while the rheological measurements suggest a
Newtonian fluid with its shear viscosity decreasing exponentially with
increasing temperature. The TC of the DES was found to be ~0.161 W/m
K, which decreases linearly with temperature, while a contrary was observed for heat capacity. Further, the performance of these
solvents has been evaluated in a forced convective heat-transfer configuration under laminar flow conditions with Ny, = 105,
155, and 260. The convective heat-transfer experiments demonstrated the fact that the thermal entrance length of the DES is
very large because of its high viscosity and low TC. The convective heat-transfer data, namely, heat-transfer coeflicient and
Nusselt number, were compared with the in-house AnuPravaha CFD simulator under laminar conditions. From the obtained
thermophysical properties, it is confirmed that the synthesized DES can be used as a next-generation heat storage media in the

p, . [TostingSection]
Tl T [T [Te[T, ]

Ment Tt Coefiient (WK1
L i

Forced Convection Setup and Flow Behaviour

CSP plant.

1. INTRODUCTION

The remarkable decrease in the fossil fuels and the
simultaneous increase in energy demand has become a
challenge for the scientific community. To overcome the
ever-expanding energy demand, solar energy can be an
alternative source of energy. This is the most copious and
readily available sustainable source of energy with zero
environmental pollution. The solar energy can be collected
and used as potential power sources. In this scenario, heat-
transfer fluid (HTF) plays an important role wherein the
concentrated solar power (CSP) system' is created in terms of
parabolic mirrors or solar collectors so as to reflect a higher
fraction of sunlight to store energy. Being an important
component of any solar thermal system, the solar radiation is
absorbed by solar collectors in the form of heat energy and
then transfer the heat to a HTF for useful applications.
Previously, black liquids have been used as HTF for collecting
solar energy.Z The thermophysical properties for determining
the efficiencies for such fluids are thermal conductivity (TC)
and specific heat. Additionally, viscosity and density of HTFs
also determine the flow behavior of such fluids. Overall, these
properties play a vital role in determining the overall efficiency
of solar energy utilization.™* However, the restrictions of

4 ACS Publications ® 2019 American Chemical Society

currently used HTF in CSP are its lower storage capacity and
lower thermal stability, resulting in lower cycle efficiency and
higher operating cost. Therefore, it is necessary to increase the
working efficiency of HTF to achieve a cost-effective efficient
CSP system. In general, the CSP is designed based on the
thermal fluid. Therefore, CSP is capable of being operated
from 473.15 to 1375.15 K.5°°
temperature applications, the HTFs deserve superior thermo-
dynamic properties and good thermal stability. In such a
scenario, researchers have explored alternative fluids, one of

Furthermore, for low-to-high-

them the conventional eutectic mixtures, comprising of
biphenyl derivatives,” that is, a combination of diphenyl
ether and biphenyl (Therminol VP1). However, these
conventional fluids suffer from disadvantages such as high
freezing point and lower thermal stability. It is in this scenario,
the current work explores alternative solvents, which are also
known as deep eutectic solvents (DESs).
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ABSTRACT: The current work explores deep eutectic solvents
(DESs) as heat transfer fluids (HTFs) primarily for generating
concentrated solar power. The eutectic composition of the DES
comprising diphenyl ether and pL-menthol as the hydrogen bond
acceptor and hydrogen bond donor was initially computed through
the quantum chemical-based COSMO-SAC model. To improve
upon the thermal performance and reduce the interfacial
resistance, DESs were modified by dispersing hexagonal boron
nitride nanoparticles with weight percent ranging from 0.02 to
0.10. Thermophysical properties, namely, density, viscosity,
thermal conductivity, and heat capacity, of the HTFs were then
measured as a function of temperature. Further, based on these
four parameters, the Mouromtseff number (Mo) was calculated to
rank the nanoparticle-dispersed DESs. The nanofluid consisting of DES-1 with 0.02 wt % of nanoparticles gave the highest Mo value,
and hence, it was further considered for the experimental forced convection study and process simulation using an Aspen Plus
simulator. From the forced convection experiment temperature profiles, the heat transfer coefficient and Nusselt number (Nu) were
evaluated and compared for nanofluids with the corresponding base fluid. The flow behavior of the thermal fluid along the
characteristic length of the test section was investigated for both the laminar and turbulent regimes. The effectiveness of the HTF in
terms of steam generation capacity was predicted, and it was observed that the nanofluid with 0.02 wt % was able to successfully
convert 100% of the input water (15 kg/h) into superheated steam at the temperature of 494.15 K.

KEYWORDS: Deep eutectic solvents, Heat transfer fluids, Concentrated solar power, Hexagonal boron nitride

Bl INTRODUCTION

Solar energy has embarked on its journey in the field of applied
energy research as a promising renewable and nonconventional
energy resource. It is a clean and abundant source of energy
when compared to fossil fuels. The storage of solar radiation in
the form of either thermal or electrical energy is an important
and key factor for solar energy applications. Solar photovoltaic
and concentrated solar power (CSP) are the major industrial
level techniques for harvesting solar energy." Several applica-
tions of solar energy can be segregated according to temperature
levels.” Space heating and domestic hot water production are
two of the low-temperature applications of solar radiation by
direct heating. In most of the commercial CSP plants, solar
radiation is collected by a parabolic trough, stored using a heat
transfer fluid (HTF), and finally transferred to a steam
generator.””® Solar energy can also be stored directly by HTF
without the presence of concentrating mirrors.> The HTF plays
an important role in determining the effectiveness and cost of
the process with respect to both CSP and direct storage systems.
Examples of commonly used HTFs are molten salts and mineral
oils." The melting point of molten salts is above 200 °C, which

© 2020 American Chemical Society
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14595

restricts their application at lower weather conditions.”* Mineral
oils need additives in order to enhance the thermal stability.
Some of the commercially available HTFs have trade names
such as Dowtherm, Syltherm, and Therminol (comprising
diphenyl ether and biphenyl).® Conventionally, molten salts are
primarily used as HTFs in medium- to high-temperature
applications. The thermal performance of molten salt-based
steam generator technology has been already reported .°~*
Water was also used in industrial applications such as HTFs.*’
However, a narrow liquid range (0—100 °C) and a high vapor
pressure of water limit its usability.

Tonic liquids (ILs) have already evolved as a potential solvent
for a wide range of industrial applications. The physicochemical
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