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ABSTRACT

Natural circulation loops (NCLs) offer a very efficient option of heat transport from
source to sink without any prime mover. In the NCL, buoyancy is the driving force to circulate
the working fluid in the entire loop. The buoyancy force is developed due to a temperature
gradient between source and sink which causes the fluid to circulate and hence no pump is
required. Due to the absence of a pump, NCLs offer advantages such as high reliability, safety
and low maintenance cost. Thereby, it offers some unique and distinctive applications such as
nuclear reactor core cooling, geothermal heat extraction, solar water heaters, refrigeration

systems, electronic cooling systems etc.

The present scenario of high thermal loading coupled with high flux levels demands
exploration of new heat transfer augmentation techniques. In this context, ‘Nanofluid” emerged
as alternative heat transfer fluid. The term ‘Nanofluid’ is used to indicate a special class of heat
transfer fluids that contain nanoparticles (< 100 nm) of metallic/non-metallic substances
uniformly and stably suspended in a conventional fluid. This opens the possibility of enhancing
the thermo-physical properties of the base fluid in a desired manner. The idea of suspending
some solid phase material in conventional liquids is to enhance its heat transfer properties. With
this background, the present dissertation focuses to study the thermal performance of natural

circulation loop working with nanofluids.

The main objective of this research was to carry out theoretical and experimental studies
on nanofluid based single phase natural circulation loops (NCL). For this research work, three
water based nanofluids such as SiOz-water, Al2Oz-water and CuO-water at different particle
concentrations were used. Initially a comparative study was made between water and nanofluids
that can be used in natural circulation loops for various heat transfer applications. At the same
operating conditions, the enhanced thermophysical properties of the nanofluid facilitate to
reduce the size of NCL compared to that of water. Analytical studies were conducted at laminar
and turbulent flow conditions, the results show that in both flow conditions the improved
thermo-physical properties of the nanofluid brings compactness to the NCL. Experimentally,

the effect of temperature on viscosity and thermal conductivity of nanofluids was also studied.

Further, a one-dimensional (1-D) numerical modelling was carried out to analyse
rectangular NCL with end heat exchangers operating at steady-state conditions. This study

predicts the balanced mass flow rates of NCL for different design and operating conditions.



From the results, it was concluded that, for given input conditions, there exist an optimum value
of heat exchanger length and loop pipe diameter. The noteworthy conclusion drawn from the
result was, the external fluid (water) flow rate does not influence the loop performance.

However, the external fluids temperatures affect the loop performance strongly.

In extended work, a three-dimensional (3-D) numerical modelling was carried out for
single phase natural circulation loop with heater as heat source. For this study, a 3-D NCL
model was developed and simulated using Ansys-Fluent 14.0. The effect of power input,
particle concentration, loop inclination angle and multiple channels (double riser and double
downcomer-DRDD) on thermal performance of the NCL were studied. The results show that
as particle volume concentration increases the temperature difference at the heater decreases
hence, the steady-state mass flow rate increases. Another notable outcome from the analysis
was, as the particle concentration increase from 0% to 5%, the mass flow rate in the NCL
increases, but further increment in particle concentration reduces the mass flow rate due to
viscous forces that dominate the buoyancy forces. Therefore, for this NCL geometry, 5%
particle concentration was considered as an optimum value. Effectiveness of the nanofluid
based NCL is more than the water based NCL. The effectiveness increases with the loop
inclination angle. One more important conclusion from this analysis was lower inclination
angles up to 15° will be preferable without much effect on Rayleigh number and average heat
transfer coefficient. The performance of the NCL with multiple channels (DRDD) was
enhanced by 2.5% when compared with single channel NCL (SRSD) in terms of the mass flow
rate.

Based on the numerical studies, two perfectly instrumented rectangular NCLs were
fabricated with heater as heat source and heat exchanger as heat source, separately. Experiments
were conducted on both the test rigs with nanofluids as loop fluid and results were compared
with water. The experimental results were validated with the numerical results as well as with
the published data. The experimental results show that NCL operated with nanofluid quickly
reaches a steady-state condition compared with that of water. Stability of NCL was studied by
the sudden perturbation of power input to heater. Within the scope of this study, oscillatory or
reversed flow in NCL was not found. Finally based on the theoretical and experimental work,

several conclusions were drawn and recommendations were made for future studies.
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Chapter 1

Introduction

1.1  Background of natural circulation system

From an engineering perspective, the term circulation defined as the flow of fluid
through a closed circuit. One common example would be blood circulation in the human body
(fig. 1.1a) and oceanic current circulations in nature (fig. 1.1b). However, there is a fundamental
difference between the two types. In fig. 1.1a, the central component which is the human pumps
blood and imparts enough driving force for circulation to the body and this kind of phenomena
is termed as assisted or forced circulation. In fig. 1.1b, circulation takes place solely due to the
density gradient in different parts of the medium (air or water) caused by thermal imbalance
and this kind of circulation is termed ‘natural circulation’. Gebhart [1] addressed the flows
arising in a body of fluid enclosed in a cavity or totally surrounded by surfaces using the term
‘internal natural convection’. The specific features of natural circulation systems are mainly
susceptible to unstable operation and high sensitivity to operating conditions due to the
completely coupled nature of flow and temperature fields. In natural circulation systems, flow
rates are very low compared to forced circulation (flow imposed by prime movers like pumps
or fans). As a result, equivalent orders of viscous and momentum effects playing a vital role in

natural circulation systems.
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(a) Blood circulation in human body forced by (b) Water evaporation from oceans and
the heart [2] rainfall completes a natural cycle [3]

Fig. 1.1 Examples of forced and natural circulation in everyday world

1.1.1 Working principle of the natural circulation loop

The concept of fluid motion (Natural circulation) arose due to bottom heating at the
bottom and top cooling at the top, as was investigated by Lord Rayleigh [4]. Before going
further, it would be sensible to look at the working principle of simple Natural Circulation Loop
(NCL) which consists of two horizontal pipes (heat source and heat sink) and two adiabatic
vertical pipes (riser and down comer) as shown in fig. 1.2. The fluid flowing through the loop
is called a loop fluid or working fluid. The loop fluid flows in anti-clockwise direction as shown
by arrows in fig. 1.2. When the system reaches a steady - state condition, the fluid circulates in
one direction unless external input parameters changed. So, we considered flow takes place in
the clockwise direction. The entire analysis is considered to be steady state. This tendency is
most likely caused by geometrical imperfections in the tubes that make the loop asymmetric
and drive the fluid motion in a preferred direction. The loop fluid absorbs heat in the heat source,
and becomes warm and lighter as it flows through the heat source. The resulting buoyancy force
drives the fluid through the riser up to the heat sink. In heat sink, the loop fluid becomes colder
and denser due to heat rejection. The colder and denser loop fluid flows back to the heat source
through the downcomer due to gravity to complete the cycle. In NCLs, simultaneous heating
and cooling cause the density gradient which results in buoyancy, that drives the fluid. Usually
the heat source is located under the heat sink to promote natural circulation. If the heat source

and heat sink are maintained at constant temperature, a steady-state condition is predictable
2



when the heat absorbed by the loop fluid at heat source is equal to the heat rejected by the loop
fluid at the heat sink. It is apparent that the flow in the loop is enhanced by the density difference

between the riser and downcomer.
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Fig. 1.2 Simple construction of natural Fig. 1.3 An example of thermosyphon is

circulation loop evacuated tube solar water heater [5]

The NCLs are sometimes called thermosyphons or natural convection loops. Japikse [6]
summarised the difference between “thermosyphon” loop where the flow is upward along the
wall of the tube with an associated downward return flow in the core, and ‘natural circulation
loops’, where the flow is generally in one direction around the loop. Figure 1.3 shows an

example of a thermosyphon.

1.1.2 Classification of natural circulation loops

NCLs are categorized based on several aspects [7]:

a) Based on the shape of the loop
e Toroidal
e Rectangular
b) Based on the state of the working fluid
e Single-phase NCL
e Two-phase NCL
e Supercritical NCL
c) Based on the interaction with surroundings

e Closed loop



e Open loop
d) Based on the number of heated channels for nuclear and solar applications
e Single-channel
e Multi-channel
e) Based on the body force field
e Centrifugal force
e Gravitational force
f) Based on invention of the system for steam generators
e Single-phase

e Two-phase

1.1.3 Advantages of natural circulation loops

e Simple in construction
Simplicity is the main advantage and a key feature of NCL. NCLs have greatly
simplified maintenance, operation and construction by eliminating pumps and other power
supply units. In addition, all safety issues related to the failure of the circulating pumps are
removed due to the elimination of pumps.
e Safety characteristics
Since natural circulation loops work on a natural physical law, they are not expected to
fail like the fluid moving machinery such as pumps. This aspect of NCL has enabled its
application in many systems where safety is of highest importance. Apart from this, NCLs have
relatively low power densities and large volumes when compared with forced circulation loops
under the same power conditions. As a result, NCL has a slow thermal response, giving
operators ample time to respond to plant aspects: giving operators enough time to reply to plant
elements.
e Better flow distribution
The flow distribution in parallel channel cores of NCLs is more uniform.
e Flow characteristics
As there is no prime mover, the two phase region of the loop should not be restricted
within a specified zone. In principle two phase flow may occur throughout the entire length of

the loop [8].



1.1.4 Disadvantages of natural circulation loops

e Low driving head
The main drawback of NCL is that the driving head is low. To increase the loop fluid
mass flow rate at a given power would require either a decrease in the loop resistance or a
increase in loop height either of which may increase the cost of the plant.
e Low mass flow rate and instability effects
In common, the mass flow rate in NCL is low. Consequently, the allowable maximum
power is less prominent for a larger core volume compared to a forced circulation system of the
same rating. In addition, large volumes can result in stability of the system and enable one to
avoid zonal control problems. This is attributable to the nonlinear nature of the natural
circulation phenomenon, where any change in the driving force affects the flow, which may
lead to oscillatory behaviour.
e Low critical heat flux
The critical heat flux of the system is also influenced by the low mass flow rate. Since
flow in natural circulation reactors is low, they tend to use the maximum allowable exit quality
to minimize their size. In the process, their critical heat flux value tends to be significantly lower

than that of forced circulation systems.
In summary table 1.1 presents the highlights of advantages and disadvantages.

Table 1.1 Advantages and disadvantages of natural circulation loop

Advantages Disadvantages

Better two phase characteristics Specific start-up procedures required
Simplicity and low cost Critical heat flux is less

More thermal inertia Driving head is less

No pumps required Maximum power per passage is less
Uniform flow distribution Potential instabilities

1.1.5 Applications of natural circulation loops

NCLs have been employed very successfully in a wide variety of engineering and

industrial:

e Closed loop pulsating heat pipe (Khandekar et al. [9], Khandekar et al. [10]; Tong et al.
[11]).



Turbine blade cooling (Cohen and Bayley [12]),
Solar heaters (Close, [13]; Mertol et al. [14]; Ong [15]; Shitzer et al. [16]; Zvirin et al.
[17], Koca et al. [18]),

Thermosyphon reboilers (McKee [19]; Sarma et al. [20]),

Geothermal energy extraction processes (Kreitlow et al. [21]),

Electronic chip cooling (Tuma et al. [22]),

Chemical process industries (Joshi, [23]),
¢ Nuclear power generation (Choi et al. [24]) and plenty more.

Other novel ideas for application of NCLs are:

Models of thermal springs of Virginia (Torrance [25]),

Heat dissipation employing the so-called ‘liquid fins’ (Madejski et al. [26]), in the study
of deterministic chaos (Wang et al. [27])

Refrigeration (Kiran et al. [28])

Recently in the field of liquid fuels, Gumus et al. [29] proposed a model to improve

combustion performance as well.

1.2  About nanofluids

A new approach to improve the thermo-physical properties of the working fluid is the
suspension of high thermal conductive solid particles in inherently poor conductive
conventional working fluid. However, suspension of solid particles in base fluid is not a new
idea, it is traced back to the 19" century. Maxwell [30] is the pioneer in the area of dispersing
solid particles in a liquid medium to enhance the effective thermal conductivity of the working
fluid. He proposed an appropriate theoretical basis, to estimate effective thermal conductivity
of particle suspended in fluids. In continuation of this, Hamilton and Crosser [31] carried out
an outstanding research on particles suspended in fluids and modified the Maxwell correlation
[30] to estimate effective thermal conductivity of working fluid more precisely. But both [30],
[31] dispersed micro sized solid particles in base fluids, and so their studies are limited by some
flaws like the rapid settlement of the solid particles, necessity of more pumping power, wall
erosion and clogging of flow passage in flow field. However, advancement in material
technology facilitates to produce the availability of nanosized solid particles gives scope to
introduce an innovative and novel heat transfer fluid. For the first time, Wang et al. [32]
addressed the phenomenon of suspending nanosized solid particles in a base fluid and this

particle suspended fluids are nanofluids. Homogeneous suspension of solid nanoparticles in
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conventional base fluids recasts the thermo-physical properties of base fluid and increases the
heat transfer rate. These enhanced thermophysical properties of nanofluids provide huge
incentive for many researchers to employ nanofluids as new generation heat transfer fluids in
various engineering applications. These nanofluids exhibit superior characteristics such as high
specific surface energy, higher thermal conductive capabilities and enhanced thermophysical
properties, which are favourable characteristics to use nanofluids in NCLs [33], [34], [35] and
[18].
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Fig. 1.4. A schematic representation of some applications of nanofluids [36]

In recent years, several researchers have analysed the synthesis, preparation and
characterization of various nanofluids for different heat transfer applications [37], [38], [39]
[40], [41] and [42]. Many numerical and experimental results have been reported on various
combinations of nanoparticles and base fluids. Among these many kinds of nanoparticles, some
commonly used nanoparticles are Al, Ag, Au, Cu, Fe (metals), Al2O3, CuO (metal oxides), SiC,
TiC (carbide ceramics), AIN, SiN (nitride ceramics), SiO2, TiO2 (semiconductors), carbon in
various forms (like nano-diamond, graphite), carbon nanotubes with single wall, double wall
and multi walls, fullerene and shell composites. Conventional base fluids are water, polymer

solutions, transformer oil, and ethylene glycol.



Many of the earlier researches reported how elevated thermophysical properties were
exhibited by nanofluids. Some notable works on the enhancement of heat transfer
characteristics are presented here and detailed information regarding nanofluid characteristics
and their use in various heat transfer applications are discussed in the subsequent literature
review chapter. Pak and Choi [43] examined the heat transfer behaviour of water based Al203
and TiO2 nanofluids at different Reynolds and Prandtl numbers. They found that the convective
heat transfer coefficient linearly increased with particle volume concentration. Sharma et al.
[44] attained 23.7 % heat transfer improvement at 0.1 vol. % with Al2Os/water nanofluid. Sajadi
et al. [45] obtained 22% enhancement in heat transfer coefficient with TiOz/water nanofluid at
0.25 vol. % . Zhu et al. [46] observed 38 % improvement in heat transfer with Fe.Os/water
nanofluid at 4 % volume concentration. S. W. Lee et al. [47] reported 102 % enrichment in heat
transfer with SiC-DI water nanofluid at 3 vol. %. Ding et al. [48] considered CNT/water
nanofluid and reported 350 % enhancement in heat transfer at Reynolds number of 800 with
0.5 % wt. %. The reliable refinement and uniqueness in heat transfer and fluid transport
properties make nanofluids versatile for various engineering applications like heat exchangers
[40] and [49] car radiator [50], electronic cooling [51], [52] and solar energy [53], [54] and
[55], etc. A schematic representation of some applications of nanofluids is shown in fig. 1.4.

1.3  Structure of the thesis

e Chapter 1 presents a brief introduction to natural circulation loops and nanofluids.

e A comprehensive review of important literature related to present research work is
presented in chapter 2. This is accompanied by the research gaps identified and
conclusions drawn from the literature review are furnished. All the major objectives and

the scope of the research work are also included.

e Chapter 3 deals with the suitability of the nanofluids as working fluids in NCLs. A
comparison is made both for laminar and turbulent flows. It also presents the various
synthesis methods available and discusses in detail earlier research for producing
nanofluids. Along with that various methods to prepare stable nanofluid are explored.
The method adapted for nanofluid preparation in the current research is provided. This
chapter also summarizes the estimation of various thermo-physical properties of
nanofluids from the correlations available in open literature. It also compares the
experimentally measured properties with empirical correlations. A considerable

deviation is observed between the measured results and the empirical solutions.
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e To optimize geometrical dimensions of the loop, one-dimensional (1-D) steady state
analysis is carried out on single phase nanofluid based natural circulation loops with end

heat exchangers and this is presented in chapter 4.

e In chapter 5, the influence of the loop inclination angle, multiple channel and heater
power input on thermal performance of the nanofluid based NCL is studied using three-

dimensional (3-D) numerical modelling.

o Detailed experimental studies are presented in chapter 6. Two test rigs have been
designed based on the numerical results. Tests have been conducted to study the system
performance by varying the operating parameters. The chapter concludes with the
validation of numerical results presented in chapter 4 with the experimental results.

e Chapter 7 presents the general conclusions and scope for future work.

1.4 Closure

The present chapter elaborates the background and motivation governing the research
problem taken up for investigation in the present thesis. It also documents various relevant
features of all the chapters of the thesis to provide a clear idea to the reader.



Chapter 2

Literature review

In the present chapter a literature review on various aspects of natural circulation loops,
such as theoretical and experimental studies on single phase Natural Circulation Loop (NCL)
is presented. In addition to this, detailed studies on the properties of nanofluids, applications,

and nanofluid based heat exchange systems etc. are also presented.

2.1 Natural circulation loops

Single-phase natural circulation loops are very efficient, yet simple in terms of system
construction and operation. Hence, they find widespread applications in a number of important
technical fields, particularly in cases where heat removal from a body at high temperature is the
primary objective and possible utilization of that thermal energy at the low - temperature end
Is secondary. Utilization of natural circulation for nuclear reactor core cooling, turbine blade
cooling, electronic chip cooling, refrigeration, chemical processes etc., come under such
category. Other applications such as use in solar water heaters, PWRs, geothermal power
generation focus more on the effective exploitation of secondary-side energy. Details of
different possible applications of single-phase NCL were presented by Japikse [6], Zvirin [56]
and Greif [57].

NCL systems are always subjected to oscillatory flow and possible flow reversals due

to the strong dependence of the flow field on operating conditions. Strong interaction between
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frictional and buoyancy forces dominate the events. Various modes of flow instabilities have
been observed for almost all kinds of configuration. Along with periodic flow reversals, flow
bifurcation and chaotic behaviour can also appear. That poses a real challenge to the researchers
and over the years, a large number of researchers have worked on natural circulation and related
effects. Both theoretical and experimental findings have been reported. It is truly an arduous
job to have an elaborate discussion on each of the available studies in a few pages. Hence, in
the present section, efforts have been made mention some of the most significant contributions
from the literature and to generate some idea about the gradual development of concept
regarding natural circulation loops, associated configurations and detailed review on

nanofluids.

2.1.1 Theoretical studies on single-phase natural circulation loops

There are several types of problems related to natural circulation loops in which
researchers have been interested for many decades. Natural circulation loops with different
geometric configurations, steady state, transient and stability behaviour; single phase and two
phase loops are some of the areas of interest. Due to the coupled nature of momentum and
energy equations, a theoretical analysis of the natural circulation loop is relatively complex. So
many studies available in the literature deal with simple cases like rectangular and toroidal
loops, loops with point heat source and sink, etc. Most of the studies tend to be idealized that
consider either a known heat flux condition, or as convective heat transfer with known
coefficient of heat transfer and wall temperature. Though, many studies have been carried out
on two-dimensional (2-D) and three-dimensional (3-D) variation of flow parameters along the
loop a majority of the studies are one dimensional. The study of stability is important in the
field of nuclear engineering where the flow reversal or flow oscillations and flow stagnation
may cause severe damage have been as a result of undesirable increase in local temperature at
a particular point. Hence, many studies have been carried out on the stability aspects of natural

circulation loops.

Comprehensive reviews on natural circulation systems have been presented by McKee [19],
Ostrach [58], Japikse [6], Zvirin [56], Norton and Probert [59], Greif [57] and Sarkar [60]. Their
articles give an insight into the categorization of loops and basic understanding of the

phenomena.
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Keller [61] developed a one dimensional model to study the stability of a rectangular NCL with
point heat source and heat sink. He showed that oscillations can occur in the absence of inertial

effects, merely requiring an interplay between friction and buoyancy forces.

Welander [62] discussed the cause of instabilities in rectangular loops. According to Welander,
the unstable motions were related with thermal irregularities in the fluid that were advected
materially around the loop. The irregularities increase through the correlated variations in flow
rate. A warm pocket of fluid creates a maximum flow rate through the upper part and a
minimum flow rate going through the lower part of the loop. Both Keller and Wallander showed
analytically that loop flow instabilities were predicted by the dynamics of the system

independent of fluid properties.

Damerell and Schoenhals [63] used the same geometry used by Creveling et al. [64] but with
various tilt angles (0) of the heated section. They reported that the maximum flow rate was
achieved with vertical configuration i.e. 0°, for a fixed heat flux and a constant wall temperature
cooled section. As the tilt angle (0) was increased, with the other parameters kept constant, the
flow rate diminished towards zero. For 6 > 60°, the agreement between the one dimensional (1-
D) model and experimental observations seemed to be good. For small tilt angles (6 < 60°),

their model predictions overestimated the experimentally observed flow rates.

Grief et al. [65] studied the transient and stability behaviour of the toroidal loop. For the first
time they solved numerically the governing equations using a finite difference method to
calculate the spatial and temporal variation of the temperature and velocity field. Results from

these calculations were in good agreement with a linear stability analysis.

Mertol et al. [66] carried out a two-dimensional (2-D) analysis of a natural circulation loop.
Their model allowed radial and axial variations of temperature and radial velocity variations.
When the governing equations were non-dimensionalized, Graetz number emerged as a
parameter. The friction factor (f) and the Nusselt number (Nu) were not needed as input data;
instead they were now the outputs of the solution. It was shown that both f (friction factor) and
Nu (Nusselt number) reach their fully developed values when Graetz number was small. They
compared the flow rates, obtained in the two dimensional numerical simulations, with the

experimental results of Creveling et al. [64] and reported good agreement.

Zvirin and Greif [67] presented a numerical model to evaluate the transient behaviour of a
rectangular NCL with point heat sink and heat source. To estimate the mass flow rate and
temperatures with time the integral forms of the momentum and energy equations were solved.

12



He noted that instability depends strongly on the shape of the temperature distribution. Zvirin
[68] in another paper theoretically evaluated the effect of dissipation in rectangular and toroidal
loops. He found that for a laminar flow in a rectangular NCL, dissipation affects only the
temperature distribution, but not stability characteristics or the steady state flow rate. He also
found that, the steady-state flow rates were enhanced by dissipation for laminar and turbulent

flows in a toroidal loop.

Chen [69] studied the stability of the flow in a rectangular NCL. He presented both numerical
and analytical solutions for different loop aspect ratios for both laminar and turbulent flows. He
defined a dimensionless parameter. The flow was stable when this dimensionless number was
less than a critical value; and flow was unstable when its number was above the critical value.
The calculated neutral stability condition showed that flow was least stable for a square loop.
Chen [70] presented another theoretical study on the optimum configuration of a rectangular
loop for maximum heat transfer rate. He derived a dimensionless parameter which was used as
a criterion for maximum heat transfer. But in both the papers he had given the analytical solution
by considering the constant temperature boundary conditions. Of course, in practice, the

temperature is never constant at the heat source and heat sink.

Vijayan et al. [71] reported a comparison between forced and natural circulation data in a figure
of eight loops. They found that the pressure loss coefficient of NCL exceeded 30% compared
to forced flow conditions. A generalized correlation of pressure loss coefficient was then

derived in terms of a modified Grashof number.

Ambrosini et al. [72], reported the influence of truncation error on stability phenomena. For
this study, they considered three different NCL configurations under a single-phase mode and
different boundary conditions. The methodology adopted for investigating the impact of various
finite-difference discretization techniques can be considered as the numerical analogue of the
usual techniques adopted for partial differential equation (PDE) stability analysis.

Rao et al. [8] presented the effects of geometric parameters of NCL with heat exchangers at
both ends. An analysis was made based on some assumptions, and it was concluded that heat
capacities of hot and cold streams should be large and the number of transfer units (NTU) of
both end heat exchangers should be equal to get maximum flow rate. Rao et al. [73] had shown
the pressure variation of loop fluid along the loop for NCL with end heat exchangers. No general
conclusion was drawn from this study, but the observations can be useful to understand the

temperature field in an implicit manner.
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Vijayan et al. [74] investigated the heater and cooler orientations on the stability behaviour of
the single-phase NCL. They briefly explained the nature of oscillatory flow behaviour in NCL.
Vijayan [75] numerically studied the steady state behaviour of uniform and non-uniform
diameter NCLs and he developed new correlations in terms of Reynolds number and modified
Grashof number for fully laminar and fully turbulent flows in loop. Testing of the laminar flow
correlation showed very good agreement with data from both uniform and non-uniform
diameter loops. The turbulent flow correlation showed excellent agreement with data from non-
uniform diameter loops. However, the turbulent uniform diameter loop data showed a
significant deviation from the turbulent flow correlation. The deviation can be mainly attributed

to the neglect of the local pressure losses while plotting the data.

Seyed et al. [76] made a detailed analysis of transient and stability characteristics of a single
phase natural circulation loop. He made a comparison between the results obtained using a
finite difference method (FDM), experimental observations and RELAP5 code. Also, he
analysed data by changing the position of the heater from horizontal to vertical leg and proposed
that this analysis can also be applicable to this change of orientation of the cooler. All the

techniques were found to be in good agreement with each other.

Dipankar et al. [77] investigated the influence of the ambient temperature on loop performance
and reached general conclusions like increase in ambient temperature results in higher coolant
outlet temperature, etc. In continuation, Dipankar et al. [78] studied the effects of geometric
parameters of rectangular NCL and came to conclude that a loop with smaller diameter and
shorter height produced higher effectiveness, i.e., carry large amounts of energy to the sink, but

retaining lower flow rate caused by reduced buoyancy.

Dipankar et al. [79] also numerically compared the dynamic performance of toroidal and
rectangular NCLs with identical dimensions. They reported that rectangular NCL exhibits
higher mass flow rates at the same operating conditions. However, the toroidal loop was
integrally more stable which can be attributed to the prevalence weaker buoyancy force.
Dipankar et al. [80] have proposed an analytical solution for four different loop configurations
under steady-state with identical boundary and operating conditions. They concluded that the

rectangular NCL model has higher flow rates.

Pilkhwal et al. [81] analyzed the unstable behaviour of the single-phase NCL with system codes
like RELAPS5, in-house non-linear tools for 1D and FLUENT commercial code for 3D. They
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changed the orientation of the heater and cooler and found the effects on stability of the loop

fluid in the loop.

Lin et al. [82] investigated the effects of the wall thermal conductivity and the wall thickness
on the heat transfer rate of NCL. The presence of axial conduction through thick and highly
conductive loop walls tends to strengthen markedly the buoyancy-induced circulating flow in
the loop at lower Rayleigh number. However, this study was for a specified range and not for

general applicability.

The impact of geometrical parameters on the stability of NCL under steady state condition was
numerically studied by Dipankar et al. [83]. They concluded that stabilities can be suppressed
by increasing the loop height because of stronger buoyancy effects. They also found that NCL
with a smaller pipe diameter has more stability due to enhancement in friction. An NCL with
wider loop and a longer heat source section has greater stability. They also reported that a small
loop inclination angle (10° — 15° range) was adequate to reduce instabilities in the loop even at

high powers.

Kiran Kumar et al. [84] numerically evaluated a 1-D rectangular NCL under steady state for
low temperature applications with hot and cold heat exchangers at the source and the sink
respectively, and they developed a new relation for determining suitability of various fluids in

NCL in terms of pipe diameters and temperature rise/drop.

Chen et al. [85] numerically and experimentally studied the effect of loop tilt angle on the
performance of a supercritical carbon dioxide based natural circulation loop. For their
numerical study 2-D numerical NCL model was developed and simulated. They also conducted
experiments on the same geometrical NCL to validate the numerical results. They reported that
at high heat flux, the effect of tilt angle on average Nusselt number was minimal. At low heat

flux, however, this effect was considerable.

Wang et. al [86] numerically investigated the heat and flow characteristics in an NCL with
water as the working fluid. In their study the effect of two different loop inclination angles (30°
and 75°) was studied. Their simulation results matched well with the published experimental

data.

Yadav et. al [87] carried out a numerical study on CO2 based NCLs and they developed new
correlations for heat transfer and friction. In their extended work [88], transient analysis of CO2
based NCLs was numerically studied. In their study the effect of loop inclination angle on

NCLs was discussed. They reported that NCL reaches a steady state in the shortest time at 45°
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tilt angle. Steady state mass flow rate and heat transfer rates were reduced with an increase of

tilt angle. This was due to the reduced loop height which causes a decrease in buoyancy force.

D. Lu et. al [89] numerically studied the stability analysis of single-phase rectangular NCLs by
considering liquid metal as a working fluid. The effects of the geometrical parameters and the
types of working fluids on the stability of NCLs were estimated. They found that sodium—
potassium alloy (NaK) loop and liquid sodium (Na) loop would be more stable than lead
bismuth eutectics (LBE) loop. The NCL with a lower aspect ratio (ratio of vertical center
distance between the cooling and heating section to the width of loop) was supposed to be more
stable.

Goudarzi et. al [90] carried out a non-linear stability analysis and the entropy generation for a
uniform and non-uniform diameter loop under single-phase natural circulation. In this
investigation, a constant heat flux boundary condition at the heater and constant wall
temperature boundary condition at cooler were considered. The effect of geometrical
dimensions of the loop and power input to heater on stability and entropy generation in the loop
was investigated. They reported that a large aspect ratio (Lt/D) causes more entropy generation
within the loop. It was found that larger heater length led to more entropy generation within the
loop. Also decreasing the heater diameter caused more entropy generation within the loop. The
stability of the system was strongly influenced by the diameter of the cooler. A larger cooler
diameter rather than the average loop diameter decreased the unstable region and rendered the

system more stable.

Srivastava et al. [91] carried out a transient study on molten salt based NCL. For this study a
one-dimensional in-house code (LeBENC) was developed and the results were validated with
experimental results of molten salt based NCL (MSNCL). Jayaraj et al. [92] developed a three-
dimensional CFD model and simulated it to study the transient characteristics of MSNCLSs.

Karadeniz et al. [33] carried out a 3-D numerical study to investigate the effect of loop
inclination on the performance of mini-NCL for low heat transfer applications with Al2Os/water
nanofluids at different particle volume concentrations (1%, 2% and 3%). In this study power
input to the heater and loop inclination angle were varied between 10-50W and 0-50°
respectively and the heat sink temperature was assumed as 20 °C. They concluded that the loop
fluid temperature difference in the heater and maximum temperature of the loop fluid increases
with power input, particle concentration and loop inclination angle. They also reported the
effectiveness of the loop increases with particle concentration and inclination angle.
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Luzzi et al. [93] evaluated and developed analytical and numerical models on experimental data
to study the natural circulation dynamics in vertical loops. They concluded that the thermal
inertia of piping wall materials influences NCL behaviour. Also they reported that the SST k-®

model could be a better option for CFD turbulent flow in NCL.

Krishnani et al. [94] studied the influence of the loop inclination on the stability of single-phase
rectangular NCL. They concluded that, unstable oscillations were observed in the loop with an
increase in power input and cooler temperature. However, the loop that operated with 15° was

found to be very stable for all the cases.

Goudarzi et al. [95] employed a non-linear stability method used to investigate the stability of
NCL and an entransy dissipation (heat flow direction) method used to estimate thermodynamic
performance of the NCL. In this work, various geometrical and operating parameters and
orientation of the heater and cooler were investigated. They concluded that under steady state
conditions, the horizontal orientation of the heater and cooler leads to higher mass flow rates
than other orientations. In horizontal orientation of the heater and cooler, more stable was

observed by enhancing the heater diameter.

2.1.2. Experimental studies on single-phase natural circulation loops

Creveling et al. [64] experimentally studied the instabilities of a toroidal loop. Their study
confirmed the observations of Keller and Wallander by observing flow instabilities even at
atmospheric pressure and moderate temperatures. They developed a theoretical model for

turbulent region as well.

Misale et al. [96] experimentally studied the effect of pressure drop on the stability of the loop.
For this study, they made a provision for introducing localized pressure drops by using orifices
with different diameters. A small diameter orifice stabilized the loop faster than larger diameter

orifices.

Vijayan [75] developed a correlation based on experimental results for flow rate in terms of
Reynolds number, Grashof number and a dimensionless loop parameter. Testing these
correlations with experimental data showed reasonable agreement. The developed correlation
suggests that the simulation of the steady-state flow in single-phase NCL’s can be attained by

simulating the non-dimensional parameter (Grm/Ng).

Misale [97] experimentally investigated the effect of orientation angle of a rectangular natural

circulation loop and found that the deviation of the quiescent state (steady temperature
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difference across the heat sinks) increases when power decreases while the loop inclination

increases.

Vijayan et al. [98] demonstrated the effect of the heater and cooler orientations on single-phase
natural circulation loop and concluded that a loop operated with horizontal orientation of heater
and cooler achieved the maximum flow rate. However, this orientation was found to be the least

stable and the orientation with both heater and cooler vertical was found to be the most stable.

Nayak et al. [99] studied the circulation behaviour in a rectangular loop with water and Al20s-
water nanofluids. From this study it was demonstrated that, not only the flow instabilities were
suppressed, but also the natural circulation flow rates were enhanced by using nanofluids. The
enhancement in the natural circulation flow rate and suppression of instabilities were found to

be dependent on the concentration of nanoparticles in water.

Garibaldi et al. [100] experimentally studied the influence of geometrical parameters and fluid
properties on the thermal performances of rectangular single phase natural circulation mini
loops, which could be used for cooling electronic devices. Water and FC43 (a commercial
secondary fluid) were chosen for comparison. Results show that at the same power, the velocity
of FC43 was almost twice that of water, but the thermal performance was worse because FC43
was characterized by low specific heat. Misale et al. [101] studied the effect of heat sink
temperatures on the stability of the loop. They reported that, by tuning the heat sink temperature
the loop was switched from unstable to stable flow condition without varying power input. The
stability behaviour of the water based NCL was better than FC43 based NCL.

Misale et al. [102] conducted experiments on natural circulation mini loop operated with water
and Al2Os-water nanofluid at different loop inclinations. The result showed that nanofluid based
mini loop at 75° inclination exhibits enhanced thermal performance when compared with water

based mini loop.

Doganay et al. [35] experimentally studied the effect of loop inclination angle on effectiveness
of Al2Os-water nanofluid based single phase rectangular natural circulation mini loop. They
concluded that the time required to reach steady state conditions increases with loop inclination
angle. The steady state mass flow rates of any loop fluid decrease with loop inclination angle.
It happens due to decreasing gravitational acceleration. But the effectiveness of the NCL was

enhanced proportionally with loop inclination angle and particle concentration.

The effect of power steps on thermal and hydraulic behaviour of NCL was experimentally

studied by Misale [103]. The experiments were carried out at constant power input and variable
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power inputs. The amplitude of steps was £20% or £50% of the power input, whereas the period
of the oscillations varied between 50 s and 7200 s. All test results showed unstable behaviour,
I.e., temperature oscillations across the heated sections occur in the fluid, at both variable power
and constant power input conditions. Furthermore, the frequency and the amplitude of the
oscillations increase with power input. The thermal inertia of the loop plays a vital role in

oscillatory flow in case of smaller time steps.

Koca et al. [18] experimentally analysed the thermal performance of natural circulation mini-
loop using Ag/water nanofluid as working fluid for solar applications. They reported that the
effectiveness of NCL was enhanced by 11 % at 1 % particle volume concentration compared
to pure water. Furthermore, the effectiveness was enhanced with the loop inclination angle and

particle concentration at a fixed power input.

Sadhu et al. [104] experimentally studied an air cooled NCL using supercritical COz as working
fluid under steady-state operation. The effectiveness of the NCL was found to be in the range
of 63-91% of the operating range of parameters considered. The effectiveness was significantly
influenced by the inlet temperature of the heat sink. There was a stable operation observed for
the entire range of operation. For a particular heater power level, an optimum charge was found
at which the thermal conductance of the heat sink was maximized.

2.2 Nanofluids and its applications

Advancements in nanotechnology opens a gateway to a new generation of fluids for heat
transfer applications. Suspending the nanoparticles in the working fluid at low concentrations
significantly alters the thermal conductivity and consequently heat transfer properties. In the
past several years, nanofluids have found widespread applications in various industrial and
commercial applications such as in refrigerators, cooling electronic devices, solar collectors,

different heat exchangers, nuclear reactor core cooling, liquid fuels and lubricants.

Nanofluids are a relatively new class of heat transfer fluids spread over all fields of
technology and engineering due to their prevalent properties. Higher thermal conductivity of
nanofluids attracts and encourages researchers to use them in many technological applications.
The other pivotal thermophysical property is viscosity, which defines the hydrodynamic
behaviour of a fluid. Both thermal conductivity and viscosity increase with that particle
concentration. Along with particle concentration, another considerable parameters that

influence the thermophysical properties of nanofluid are temperature, size of particle, properties

19



of base fluid etc. Suspension of solid particles in fluids to promote their thermal properties is
not a new idea. Maxwell et al. [30] dispersed solid particles in liquid medium to enhance the
thermal conductivity of the working fluid and developed a correlation to estimate the thermal
conductivity of particle suspended fluid. Hamilton et al. [31] extended the Maxwell research
and modified Maxwell thermal conductivity correlation for more precise prediction. But both

researchers [30], [31] suspended micro-size particles in flowing fluids.

The capability to produce nano sized solid particle with the advanced material technology create
a new platform for a new class of innovative heat transfer fluids. For the first time Choi et al.
[105] addressed the phenomenon of suspending nano sized solid particles in a base fluid to

augment its thermal and flow properties and labelled such fluid as nanofluids.

Wen and Ding [106] conducted experiments with Al2O3-water nanofluid in a test tube and
reported 47 % increase in the heat transfer coefficient at 1.6 vol. %. In their extended work,
Ding et al. [48] used CNT/water nanofluid as working fluid in a horizontal tube and reported

350 % enhancement in heat transfer coefficient at Reynolds number of 800 with 0.5 wt.%.

John Philip et al. [36] reviewed and summarized the research progress on nanofluids
preparation, stability, thermal and rheological characteristics of alumina (Al203) nanofluids.
While Fotukian et al. [107] reported a 25 % heat transfer enhancement at 0.24 vol. % of

CuO/water nanofluid with a 20 % penalty of pressure drop.

Kao et al. [108] examined the characteristics of Al2O3 brake nanofluids produced by plasma
charging system. They reported that the boiling point temperature was increased by 8 °C when
compared with conventional brake fluid. Also, viscosity and thermal conductivity of the
nanofluid based brake fluid was higher than conventional brake fluid. Kao et al. [109] analysed
the performance of CuO brake nanofluids produced by arc-submerged synthesis system. From
their results, it was observed that the boiling point, viscosity and thermal conductivity of CuO
brake nanofluid were higher than conventional brake fluid.

Ahammed et al. [110] experimentally examined the viscosity and surface tension of graphene-
water nanofluid at different concentrations and temperatures. They reported that the viscosity
of the nanofluid following the incremental trend with the particle concentration and following
the inverse trend with the temperature, while surface tension was decreasing with both particle
concentration and temperature as well. At 1.5 % particle concentration and 50 °C the viscosity
of nanofluid was augmented by 47.12 %, while the surface tension reduced by 18.7% for the

same concentration and temperature.
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Strong Van Der Waals interactions between nanoparticles suggest a technical challenge for
preparing a stable homogeneous suspension. Ghadimi et al. [111] proposed and tested chemical
method by adding surfactant to modify the surface of particles and physical methods, applying
powerful forces on the clustered nanoparticles to produce stable nanofluids. Xuan and Li [112]
also recommended the addition of surfactants and ultrasonication to improve the stability of

nanofluids.

Ramanujam Lenin et al. [113] conducted experiments to study the influence of base fluid
properties on enhancement of thermal conductivity of nanofluid. For their study, they
considered toluene, xylene, mesitylene, and kerosene as base fluids and magnetic nanoparticle
coated with oleic acid as suspended particles. They observed that the base fluid having a lower
thermal conductivity exhibits the maximum thermal conductivity enhancement. They also
noticed that, below a certain limit of particle concentration, there was no considerable
improvement in thermal properties and that concentration was termed as the critical
concentration. The critical concentration was different for different base fluids and among all
the considered working fluids, kerosene exhibits the lowest critical concentration and highest
thermal conductivity enhancement than other working fluids. They mentioned that the base
fluid and nanoparticle interactions at the interface was a critical parameter which will directly
influence the stability and thermophysical properties of a nanofluid. If the particle concentration
was above the critical concentration, nanoclusters may form due to VVan der Waals interactions,

leading to the enhancement of thermal conductivity.

Ghasemi et al. [51] experimentally evaluated the performance of a circular heat sink with
Al2Oz/water nanofluid at different flow rates and particle concentrations. They reported that
Nusselt number and heat transfer coefficients were also increasing with volume flow rate at the
heat sink, while the pumping power was also proportionally increasing with flow rate, whereas
the friction factor was decreasing with the flow rate.

llyas et al. [114] experimentally investigated the stability and thermophysical properties of
Multi Wall Carbon Nano Tubes (MWCNT)/thermal-oil nanofluid of up to 1.0 % concentration.
To conduct the experiments, MWCNTS were neither functionally treated nor was the surfactant
used to prepare the stable nanofluid. At 1.0 % particle concentration, viscosity and thermal
conductivities increased by 76 % and 33.6 % respectively than that of thermal oil. Since, there
was a considerable variation between the empirical and experimental results, they proposed a
new correlation for both thermal conductivity and viscosity of nanofluids.
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Ueki et al. [115] experimentally studied the thermal conductivity and specific heat of water
based nanofluids. They conducted experiments on two water based nanofluids, which were
prepared from soot Carbon Black (CB) and Carbon Nano Powder (CNP). In their work, CB
particles were synthesized by the combustion process, while CNP was purchased from a vendor.
It was clear from their experimental results that the nanoparticle shape and nanofluid
temperatures had great influence on the enhancement of thermal conductivity. The effective
thermal conductivity of CB and CNP was augmented by 7 % and 19 % at a particle
concentration of 1.5 %. They concluded that the fine soot CB particles can be produced either
by thermal decomposition or by incomplete combustion of hydrocarbons at commercial scale

at relatively low cost, which was the prime motto of their experimental work.

Singh et al. [116] studied the use of nanofluids in a Proton-exchange membrane fuel cells
(PEMFC) cooling system (for vehicle applications) and they concluded that the radiator frontal
area can be minimised by 10%. From the studies of Wong and De Leon [116] it was concluded
that aerodynamic drag decreased with smaller radiator frontal area leading to reduced fuel

consumption.

Kimetal. [117], [118] carried out a study to evaluate the performance of water-cooled systems
with nanofluids in nuclear applications. The plasma divertors, accelerator targets, primary
coolant, pressurized water reactor (PWR), standby safety systems were possible applications
[119].

Tzeng et al. [120] examined the heat transfer performance of Al203 and CuO nanofluid based
engine transmission oil of the rotary coupling 4-wheel vehicle. They reported that the lowest
transmission temperatures were observed for both nanofluids at low and high rotating speeds.
Thus, from the thermal performance viewpoint, the use of nanofluid in the transmission has a

clear advantage.

Lin et al. [121] analysed the silver nanofluid based heat pipes and found heat transfer
characteristics were improved with silver nanofluid. Nguyen et al. [52] examined thermal
performance of Al2Os-water nanofluid based cooling system (closed loop) designed for
electronic devices. Their results reveal that in the use of nanofluid in the cooling system, the
convective heat transfer coefficient significantly increased. The heat transfer coefficient
increased as much as 40% compared to the base fluid of water at 6.8% particle concentration.

Smaller nanoparticles showed higher convective heat transfer coefficients than larger ones.
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To develop the difference of transient temperature response between conventional cryosurgery

and nano-cryosurgery, Yan and Liu [122] performed simulations on the combined phase change

bio-heat transfer problems in a single cell level and its surrounding tissues.

2.3 Research gap observed from the literature review
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2.5

Though numerical and experimental studies on water based NCLs were carried out,

studies on nanofluid based NCLs are relatively few.

Objective and scope of the present research work

The objectives of the present work are as follows:
To study the suitability of nanofluids in NCL.

To optimize the dimensions of the loop i.e. diameter of the loop pipe, length of the loop,
and the heat exchangers length, etc.

To study the influence of operating parameters such as inclination angle, particle
concentration, external fluid temperatures, external fluid mass flow rate of thermal

performance of nanofluid based natural circulation loop.

To study the transient behaviour of NCL.

Research approach

In the current research, numerical and experimental investigations have been carried out

to evaluate the thermal performance of the single-phase natural circulation loop operated with

heater and with end heat exchangers. A comparative study has been conducted on NCL with

different working fluids.

1. An analytical expression is developed to show the suitability of nanofluid in rectangular

natural circulation loops.

Experiments were carried out to find the thermo-physical properties, such as thermal
conductivity and viscosity.

A one-dimensional and three-dimensional mathematical model are developed and the
system of equations solved by in-house code (in MATLAB) and commercial software
(Ansys-Fluent 14.0), respectively.
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4. Based on the numerical results, a test rig was designed and fabricated. Experiments were
conducted to study the effect of operating parameters, such as inclination angle, particle
concentration, external fluid temperature, external fluid mass flow rate, etc.

5. Experiments were also conducted to study the effect of small perturbations on the
stability of the loop fluid in NCL.

6. Comparative studies were conducted by considering the all possible errors while

conducting experiments.

2.6 Conclusion

A comprehensive review of literature concerning single phase natural circulation loops
and nanofluids has been provided. From an exhaustive exploration of literature, the various
parameters that influence thermal performance of NCL and stability behaviour in NCL is
known to be (i) geometrical and operating parameters and (ii) the properties of working fluid
has been documented in the present chapter. In conclusion, the factors that are useful and
provide the appropriate background information for consideration to the present research
problems have been provided. The different principal objectives of current research work are
provided, which will provide a detailed view on the thesis. The ensuing chapters one devoted
to presenting extensive details on the suitability of nanofluids in the natural circulation loop,
several synthesis methods of nanofluid preparation, introducing various nanofluid stability
approach used in the current work. The study also estimated the necessary thermophysical
properties, using empirical correlations available in the literature. Thermal conductivity and
viscosity of the nanofluids were experimentally estimated and compared with empirical

correlations.

24



Chapter 3

Nanofluid preparation, thermo-physical properties of nanofluids

and suitability of nanofluids in natural circulation loop

In this chapter, the preparations of nanofluids as well as the analytical and experimental
measurement of thermo-physical properties of nanofluids are discussed in detail. Experimental
studies on viscosity and thermal conductivity of nanofluids are compared with existing
empirical correlations, as used in the present research. Furthermore, the suitability of various
nanofluids as loop fluids in the natural circulation loop is presented. A qualitative comparison
is made between nanofluids and water in terms of pipe diameters and temperature differences
to reduce the size of the loop. Based on a simple model, results are obtained in both laminar

and turbulent flow conditions considering single-phase flow through the loop.

3.1 Synthesis of nanoparticles

Producing nanoparticles, generating a homogeneous suspension and producing stable
nanofluids are the key issues with particle suspended fluids. The method of nanoparticle
synthesis and its dispersion depends on the type of bulk material and its properties. With
updated technology, various synthesis methods are available to produce the nanoparticles at
commercial scale. Some of the synthesis methods to produce nanoparticles are presented and

some of them are discussed in the sections that follow.
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Thermo-physical properties of a nanofluid are strongly influenced by the successful
synthesis and stable suspension of nanoparticles in base fluids. Top-down (break down)
approach and bottom-up (build up) approaches are the most familiar methods of nanoparticle
synthesis [123]. In the top-down approach, external forces are applied to bulk materials to break
them down into fine particles, whereas, in bottom-up approach, atomic transformation or
molecular condensation techniques are used.

Nanoparticles are widely synthesized by either of the approaches mentioned in the
earlier section. The top-down approach can be sub-divided into dry grinding [124] and wet
grinding [125]. In any grinding process, a solid substance breaks into nanoparticles by applying
mechanical energy in terms of shock, compression or friction. In dry grinding, the process is
carried out in the presence of air or gas, whereas in wet grinding, the process is carried out in
the liquid environment. Some of the common dry grinding methods are jet milling [126],
hammer milling, shearing milling, roller milling, shock shear milling, ball milling and tumbling
milling. Common wet grinding methods are tumbling ball milling, vibratory ball milling [127],
planetary ball milling [128], centrifugal fluid milling [129], agitating bead milling, flow conduit
bead milling, annular gap bead milling and wet jet milling. It is worth noting that agglomeration
of nanoparticles is greater with the dry grinding methods as compared to wet grinding methods

The bottom-up approach is broadly divided into gaseous phase methods, and liquid
phase methods. Chemical vapour deposition [133], [134], physical vapour deposition [134],
[135] and thermal decomposition methods [136] come under gaseous phase methods. Chemical
vapour deposition and physical vapour deposition methods can produce nanoparticles ranging
from 10 nm to 100 nm, whereas thermal decomposition methods can produce 4 nm to 18 nm
sized nanoparticles. A thermal decomposition method is widely used for producing metal oxide
particles on a commercial scale. Liquid phase methods are further classified into liquid-liquid
method and sedimentation methods. Chemical reduction of metal ions is an example of liquid-
liquid method. The principal advantage of this method is that, the particles can be produced in
different shapes and sizes by using an appropriate reducing agent. Along with these methods,
solvo-thermal synthesis [140], spray pyrolysis [141], spray drying are some other typical liquid-
liquid methods. While, the sol-gel process is an extensively used sedimentation method, which
is used to produce polymer nanoparticles and metal oxide nanoparticles [142]. Detailed
classification of nanoparticle synthesis methods is given in fig. 3.1.
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Fig. 3.1 Classification of nanoparticles synthesis methods at a glance [142]

Nanofluid preparation

Nanofluid preparation is the pivotal stage that decides the stability and thermo-physical

properties of a nanofluid. A nanofluid is not a simple mixture of liquid and solid. The prepared

nanofluid must possess some essential requirements including durability, stability with minimal

agglomeration for considerable duration, and being chemically inert to use nanofluid for real

time applications. Two common approaches for the preparation of nanofluids are: one step

method and two step method.

3.2.1 One step method

In the one-step method, nanoparticle generation and dispersion in the base fluid were

one ago [46], [143]. This is the most suitable method for high thermal conductive metals to

avoid oxidation. High stability and uniform dispersions are the principal advantages of this

method. The Even rate of agglomeration is relatively low, producing the high concentration
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nanofluid at predefined concentration is difficult by this method. In addition, the tedious
sequencing of steps like drying, storing, dispersing of the nanoparticles can be avoided. The
major drawback of this method is, nanofluids cannot be produced at commercial scale and also

it is not a cost effective approach for the production of nanofluids at large scale.

3.2.2 Two step method

In the two-step method, nanoparticles are separately synthesized and suspended in the
base fluid independently, with the assistance of mechanical aids in desired concentration [144],
[145]. The primary advantage of this method is that the thermophysical properties can be
controlled comparatively in a better way than the single-step method. A notable feature of this
method is nanoparticles can be produced economically on a large scale. However, the prime
difficulty is the unavoidable agglomeration of such particles by virtue of cohesive and Van der
Waal forces among the nanoparticles. This agglomeration can be controlled by employing
appropriate surfactant or dispersant at critical micelle concentration. The agglomeration can
also be minimized by using appropriate mechanical dispersing devices like ultrasonic bath,
magnetic stirrer, high-pressure homogenizer and ultrasonic disrupter.

Nanofluids can be prepared by the two step method. To attain the homogeneous and
stable dispersion, ultra-sonication can be adapted. By blending an appropriate surfactant in the
base fluid agglomeration can be further suppressed.

3.3 Stability of nanofluids

Stability of nanofluids is a key parameter for the consistent functioning of a thermal
system at a designed capacity. Therefore, preparation of stable nanofluids for a considerable
duration is technical difficulty for researchers. The possible reason for agglomeration of
nanofluids is, strong Van der Waal forces and cohesive forces among the nanoparticles. These
forces may be the root cause for agglomeration. The agglomerated nanofluid loses its potential
to transfer heat by decreasing the Brownian motion of particles. It also deteriorates the flow
behaviour by amplifying frictional resistance and consequently increases the pressure drop.
Therefore, stable suspension of nanoparticles is essential to get the desired properties.

Fundamental principles for the stable suspension of nanoparticles are (i) Diffusion
Principle: nanoparticles are scattered by fluid medium and hence dispersed into it by electric
double layer repulsion. (ii) Zeta Potential Principle: the absolute zeta potential value of the

nanofluid must be maximized to the extent possible. As the zeta potential diverges from the iso-
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electric point, strong repulsive forces will develop among particles and reduces the
agglomeration. T.P.Teng et al. [146] observed that Al.Os/water nanofluid is stable and showed
good thermal conductivity by maintaining pH value of 8.

Some instruments that are commonly used to check the relative stability are
sedimentation photographs, zeta potential test, UV-Vis spectrophotometer, SEM (Scanning
Electron Microscope), light scattering, and TEM (Transmission Electron Microscope).

From the literature, it is found that a number of effective strategies were developed to
minimize the agglomeration. The most common methods are (i) adding surfactant (ii) ultrasonic
vibration and (iii) electrostatic stabilization by controlling the pH value. However, the method
of adding a suitable surfactant is widely employed by the researchers in the preparation of a

stable nanofluid.

3.3.1 Surfactant addition

Surfactant is a surface-active agent, which creates electrostatic repulsion among the
nanoparticles in the base fluid to compensate Van der Wall attractions [147]. It enriches the
affinity between the nanoparticles and base fluid. These surfactants are complex chemical
compounds, which lower the interfacial tension between base fluid and suspended
nanoparticles. In addition, they help to stabilize the suspension by increasing the electric double
layer repulsion between nanoparticles (one layer is formed on the surface of particles by the
corresponding ions within the crystal lattice and a second diffusion layer is formed on the base
fluid. When these double-layered particles come closer, repulsive forces develop and thereby
diminish the agglomeration). Surfactants chemically convert nanoparticles from hydrophobic
to hydrophilic and vice versa, based on the type of host fluid and nanocomposite/nanoparticle.
On the other hand, surfactant can also increase the zeta potential of nanofluid, which magnifies
the surface charge of dispersed nanoparticles in the host fluid [148], [149]. The conventionally
used surfactants are Sodium Dodecyl Benzene Sulfonate (SDBS) [150], [151], Sodium Dodecyl
Sulphate (SDS) [148], [152], [153], Cetyl Trimethyl Ammonium Bromide (CTAB) [154],
Dodecyle Trimethyl Ammonium Bromide (DTAB) [155], Hexa decetyl trimethyl ammonium
bromide (HCTAB), Salt and OlicAcid [156], [157] Sodium Octonate (SOCT) [155], Poly Vinyl
Pyrolidone (PVP) [158], [159], Gum Arabic [160] and Octylsilane [161]. To obtain favourable
results, selection of appropriate surfactant should be made in conjunction with the combination

of nanoparticles and base fluid.
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3.3.2 Ultrasonic vibration

It is a standard method for nanofluid stabilization. It is an effective method for
homogeneous dispersion of nanoparticles and breaking the agglomeration. Many researchers
use this technique, because it is simple and easy. The key principle of this technique is that
nanoparticles are continuously subjected to high frequency vibrations and particles are
uniformly dispersed in the base fluid. It is to be noted that the surface properties of suspended
nanoparticles do not change as in other methods. The optimized duration of sonication depends
on the size, type and concentration of nanoparticles. Ultrasonic bath, ultrasonic vibrator and
homogenizers are the most common devices to impart ultrasonic vibrations.

The stability of the nanofluid can be measured by the sedimentation rate in terms of
particle velocity in the host fluid. According to Stoke’s law [162] the speed of nano particle
sedimentation can be decreased by decreasing the nanoparticle size (R), increasing host fluid
viscosity (u), and decreasing the density gradient between the nanoparticle and host fluid
(pnp - pbf). Among all the parameters, the most significant parameter is R. From the theory
of colloid chemistry, it is clear that the sedimentation is zero due to Brownian motion of
nanoparticle, if the particle size reaches the critical size (Rc) [163]. One can estimate the

sedimentation velocity of nanoparticle using eqg. (3.1).

2
V= %(pnp - pbf) (3.1)

From eq. (3.1) of sedimentation velocity, the stability of the nanofluid can increase by reducing
the size of nanoparticle (R), reducing the density difference between nanoparticle and base fluid

and increasing the viscosity of base fluid.

3.3.3 Electrostatic stabilization

The stability of the nanofluid is directly related to the electro kinetic properties of
nanoparticles. An electric charge exists in the atoms in the outer most orbital. This charge is the
root cause of the kinetic behaviour of nanoparticles in base fluids. In electrostatic stabilization,
stable suspension can be attained by forming an electric static double layer by the ions of
particles and host fluid. The diffusion layer is initiated at the iso-electric point at which the zeta
potential is zero. As the pH values of solution move away from this iso-electric point, these
repulsive forces increase and hence the stability of the nanofluid improves. This electrostatic
stabilization method is pH sensitive [164].
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3.4 Nanofluid preparation for the current research work

For the current research, all the nanoparticles (Al203, CuO and SiO2) with sizes of 30-
50 nm are purchased from SISCO Research Laboratory (SRL) Pvt. Ltd., Mumbai, India. The
size of particles is assumed to be the same as quoted by the supplier. Distilled water was taken
as the base fluid for nanofluid preparation as well as for conducting experiments for comparison
of NCL performance. Nanofluids were prepared by the two step method. Nanoparticles were
dispersed in the base fluid using an ultra - sonicator (supplied by Electrostatic Industries, India)
to break the agglomerated particles and to obtain a stable and homogeneous suspension. The
fluid was subjected to continuous sonication for 2 hrs and the sonicator produced ultrasonic
waves at 180 W. C-TAB [154] was used as a surfactant to increase the dispersion stability of
nanoparticles in base fluid. Both sonication and surfactant were used to control the
agglomeration while preparing stable nanofluid. All the nanofluids were prepared at 0.5%,
1.0%, 1.5%, 2%. 2.5% and 3% particle concentrations, which are the suitable particle
concentration for heat transfer applications. It is noticed that all the nanofluids have been stable

for 72 hours at least without forming any sediment or agglomerating.

Fig 3.2. Preparation of nanofluids by ultra-sonicator (i) Al203, CuO, SiO2 nanopowder and
C-TAB surfactant (ii) Al2Os-water nanofluid (iii) CuO-water nanofluid

3.5 Estimation of thermo-physical properties of nanofluids: Empirical

correlations

To precisely measure the performance of a nanofluid based thermal system, accurate
information about thermophysical properties of the working fluid is necessary. To evaluate the
thermophysical properties of nanofluid analytically, the particles are assumed to be uniformly
dispersed in host fluid. These properties depend heavily on the quantity of nanoparticles added
to the base fluid. The mass of the nanoparticles required to prepare the nanofluid for a particular

volume concentration can be estimated by using eqg. (3.2) [43].
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Several researchers from the past decades proposed many correlations to precisely
evaluate the effective thermo-physical properties of nanofluids by considering different
constraints such as particle size, base fluid properties, operating temperature and these
correlations are match with experimental results. Most of the existing correlations for nanofluid
possess good agreement with the experimental outcomes. Thermo-physical properties such as
density, dynamic viscosity, specific heat, thermal expansion coefficient and thermal
conductivity of various nanofluids were estimated using empirical correlations which have
close approximations with experimental results.

In the current research CuO, Al203 and SiO2 nanoparticles with an average particle size
of 30-50 nm were considered for the analysis. The particle concentrations for this analysis 0.5%,
1.0%, 1.5%, 2%. 2.5% and 3% were chosen to precisely predict the thermo-physical properties.

The properties of water and various nanoparticles are presented in table. 3.1.

Table 3.1 Thermophysical properties of water and various nanoparticles considered for the
current research.

. Thermal conductivity Density Specific heat Thermal expansion
Material 3 . -1
(W/mK) (kg/m) (J/kgK) coefficient (K )
AlLO, 40 3900 785.2 8.4x10"
CuO 69 6350 502.8 9.3x10°"
Si0, 14 2648 692 05x10°
Water 06 997 4181.3 25x10
3.5.1 Density

Density of nanofluid is estimated based on the principle of the mixture rule and it can
be calculated by using eq. (3.3) [43]. Vajjha et al. [165] made a comparison between
experimental values of density and prediction via eq. (3.3) for Al20s, CuO and SiOz2 nanofluids.
They observed good agreement between the measured and predicted values. Hence, eq. (3.3) is

used as a general correlation to estimate density of all types of nanofluids in the present work.

_(m _ Mpg+Mpy — Pbf Vbr+PnpVnp _
pnf - (V)nf - be+Vnp - be+Vnp - Q’Dp + (1 Q)pbf (33)
v,
where, § = v £
ptVpf
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Fig. 3.3 Variations of density of nanofluids  Fig. 3.4 Density variation of different
with temperature nanofluids in particle concentration

The influence of temperature and particle concentration on the density of various
nanofluids is described in fig. 3.3 and fig. 3.4 respectively. The density of all nanofluids
decreases with increase in temperature, as shown in fig 3.3. It is clear from fig. 3.4 that the
density of all nanofluids is linearly increasing with particle concentration. It is noticed from eq.
(3.2) that the density of the nanoparticle material directly influences the density of nanofluid.
It can be observed from table 3.1 that copper oxide has the highest density, which consequently

causes higher density of CuO/water nanofluid compared to other nanofluids.

3.5.2 Heat Capacity

Heat capacity is a quantitative measure of heat transfer in a NCL. Specific heat of the
nanofluid is found to decrease in proportion to the increment of particle concentration. This
reduction in heat capacity leads to an increase in the exit temperature of the working fluid at
the heat source in NCL. The heat capacity of nanofluids can be estimated from the principle of

mixture rule by using eq. (3.4) [43].

_ -9pvrCppr+PPpCpp
Coms = ons (3.4)

33



4260 4300

i at @=1% | at50°C
4180 {  H——p——p—r———X 4150 -
< T 2 ]
g 401 £ 4000 1
3 oy .\ S _
S 4020 - % 3850 -
< <
(&) E o 4
= O— 0 =
S 3940 A S 3700 A
p=3 | | —¢Water (;.’_ —B-Si0,
3ge0 { | S0 3550 | —*—ALOs
—k— Al>O; >—CLO
1 —e—CuO |
3780 T T T T T T 3400 T T T T T T
10 20 30 40 50 60 70 80 0 05 1 15 2 25 3 35
Temperature (°C) Particle concentration (%)

Fig. 3.5 Variation of specific heat of  Fig. 3.6 Specific heat variation of different
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The effect of temperature on the specific heat of nanofluids at 1% particle concentration

iIs elucidated in fig. 3.5. The specific heat does not vary much with temperature for all fluids
described in fig. 3.5. The influence of particle concentration of the specific heat of various
nanofluids at 50 °C is described in fig. 3.6. It can be observed from fig 3.6 that the specific heat
is inversely varying with the particle concentration and it is true for all nanofluids taken up in
this research. The nanofluids have a lowest specific heat and need low quantity of energy to
raise the unit temperature. Similar results can be observed for density as well as for specific
heat from many studies [166], [167].

3.5.3 Thermal expansion coefficient

Khanafer et al. [168] developed an empirical relation to estimate thermal expansion
coefficient of nanofluids which is given in eq. (3.5):

1 By 1
Bnr = Bur | —a=os + (3-5)
—9)Pbf 9 Pp
R Bos 1+(1-®)be

Wang et al. [169] suggested a simple relation to estimate the thermal expansion coefficient of
the nanofluid and it is given in eq. (3.6):

Brg =@ Bp + (1= D)Byf (3.6)

Nayak et al. [170] conducted an experimental study to determine the thermal expansion

coefficient of water based nanofluids. Their results show that the thermal expansion coefficient
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increases with particle concentration and temperature. Khanafer et al. [171] theoretically
measured the thermal expansion coefficient of various nanofluids using egs. (3.5) and (3.6) and
these values were compared with the experimental data of Ho et al. [172]. They concluded that
eg. (3.5) had good agreement with experimental data of Ho et al. [172]. Therefore, in the present
work eq. (3.5) was used to estimate the thermal expansion coefficient of various nanofluids at

different concentrations and temperatures.

3.5.4 Viscosity

In many heat transfer applications, fluid flow properties also play a crucial role in
effective thermal management. In NCL also, the flow behaviour of a nanofluid is influenced by
the dynamic viscosity of the working fluid. Thus, viscosity of nanofluids receives equal priority
as thermal conductivity. Plenty of correlations are available in the open literature to estimate
the dynamic viscosity of nanofluid. Some of the favourable correlations, which will closely
predict the dynamic viscosity of nanofluids to the experimental outcomes, are presented in this
section.

Einstein [173] developed a correlation to estimate the effective viscosity of solution having
spherical solid particles in the base fluid using hydrodynamic equations and it is given in eq.
(3.7).

by = (L4 2.50)ups (3.7)

Brinkman [174] modified Einstein’s correlation for use in particle concentrations of 4% and it

is shown in eq. (3.8).

o = (1= @)* ppy (3.8)

Batchelor [175] further modified Einstein’s correlation by considering the effect of Brownian

motion as given in eq. (3.9):

Nguyen et al. [176] briefly describes the impact of particles size and temperature on the
viscosity of a nanofluid. The viscosity of a nanofluid proportionally increased with the size of
the nanoparticle and is reduced with an increase in temperature. The viscosity of nanofluid at

different particle sizes can be estimated using the equations below:

pns = (1475 — 0.3199 + 0.051202 + 0.0090°) ¢ for d, = 29nm (3.10)

tnp = (1+0.0250 + 0.01502)u,, ford,=36nm  (3.11)
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tns = (0.904exp (0.14830)uy s for d, = 47nm (3.12)

Equation (3.13) presents the influence of temperature on the viscosity of nanofluids, while Eq.

(3.14) considers the particle concentration along with the temperature of working fluid [177].

Uns = (21275 — 0.01275T + 0.00027T %), (3.13)

)0.00049

Uy = 4.682 (T—“

Tnf @0.1794ﬂbf (314)

3.5.5 Thermal conductivity

It is the one of the notable thermophysical properties, which govern heat transfer
characteristics of a nanofluid. By suspending high thermal conductive solid particles in base
fluid the net thermal conductivity of the nanofluid increases due to convection currents between
base fluid and solid particles. Many researchers have proposed numerous correlations to predict
and explain the peculiar enhancement of thermal conductivity by considering various
parameters. Maxwell [30] is the pioneer in this area who proposed a theoretical model to
determine the effective thermal conductivity of solid particle suspensions in liquids, which is
the base correlation to determine the thermal conductivity of nanofluids till date. This model is
effective for homogeneously dispersed low concentration nanofluids. It is drawing the attention

of many researchers for its theoretical soundness and practical applications.

_ [knp+2kbf_2¢(kbf_knp)]}
oy = Koy {[knp+2kbf+®(kbf_knp)] (315

Bruggeman [178] proposed a correlation for spherical nanoparticles by considering the

influence of nano clusters on thermal conductivity of nanofluid, and it is given by:

kg =5 (30 — Dy + [(2 = 30Dk ] + 2L VA (3.16)

4

where, A= [(3(25 - 1)? (%)2 +[(2—30)% +2(2 + 90 — 99?)] (kﬂ)l

kpf

Koo and Kleinstreuer [179] introduced a new correlation to precisely predict the thermal
conductivity of nanofluid by considering both the effects of static and dynamic motion of
nanoparticles. In their analysis, Maxwell [30] model is considered as static part where dynamic
motion of nanoparticles is ignored; therefore, a Brownian motion term is introduced to account

for the dynamic motion nanoparticles in base fluid.

knf = kstatic T Krownian (3.17)
36



knp+2khf+2¢(knp_kbf)} (3.18)

knp+2kp—@®(knp—kpf)

kpT
kgrownian = 5X104.3®pbfcp,bf /pn;;dnpf (3.19)

k..=k knpt+2kpf+20(knp—kpf)
nf bF knp+2kp ~0(knp—kpr)

kstatic = kbf{

kgT

PnpAnp

Where, £ was introduced for discussing the interaction between bulk fluid and nanoparticle, f

represented the temperature depending on thermal conductivity

B =0.0137(1009)7%8229 @ < 1% (3.21)
B =0.0017(1000)7%0841 @ > 1% (3.22)
f = (—134.63 + 1722.30) + (0.4075 — 6.040)T (3.23)

Vast literature is available on the influence of various parameters on thermal conductivity.

Summary is given below.
(i) Particle concentration: It follows a linear relationship with thermal conductivity [180]

(ii) Particle material: By suspending the nanoparticles in base fluid, nanoclusters are formed
around the nanoparticle and these causes for the enhancement of thermal conductivity. The size
of nanoclusters depends on the type of particle material. The nanoparticles, which are capable
of forming the larger nanoclusters should possess higher thermal conductivity [47]. The
enhanced thermal conductivity of hybrid nanofluid may be the driving parameter for improving
the heat transfer rate and sustain the interest of researchers to use them in many thermal
applications [28], [32].

(iii) Base fluid: By suspending the nanoparticles in base fluid, an electronic double layer
develops around the nanoparticle and the thickness of the double layer depends on the type of
base fluid and suspended particles [181]. The key parameters that affect the thermal
conductivity of nanofluid are dynamic viscosity and thermal conductivity of based fluid.
Relatively less thermal conductive base fluid will exhibit high thermal conductivity ratio [32].
On the other hand, high viscous fluids possess stable nanofluid, but this obstructs the Brownian
motion of the nanoparticles, as a result of which it reduces the thermal conductivity of a
nanofluid. Systematic experimental work, however, is needed to establish the impact of base

fluid on thermal conductivity of a nanofluid.
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(iv) Particle size: Brownian motion of the nanoparticle is one of the root-causes for enhanced
thermal conductivity of nanofluid. As particle size reduces, nanoparticles move at a faster rate
and hence colloidal motion increases, and improves the energy transport within the liquid
medium [182].

(v) Particle shape: Most of the nanoparticles are produced either in spherical or in cylindrical
shape. Cylindrical shaped particles would exhibit more thermal resistance than spherical
particles. The credible reason could be A long cylinder offers more thermal resistance to heat
flow in the axial direction and therefore cylindrical shape particles have less heat transfer than
spherical shape particles [183].

(vi) Temperature: Temperature will dramatically influence the thermal conductivity of
nanofluid. As the temperature increases, the Brownian motion of nanoparticle also increases,
and thus, the thermal conductivity of a nanofluid also increases [184]. However, any raise in
temperature may also affect the size of nanoclusters and thickness electric double layer.
Therefore, thermal conductivity of nanofluid follows the decreasing trend at elevated

temperatures [185].

(vii) Acidity of nanofluid: The electrostatic repulsive forces of nanoparticles depend on the
pH value of nanofluid. As the pH value of nanofluid moves away from iso-electric static point,
the repulsive forces between the nanoparticles and base fluid also increase and hence the

stability as well as thermal conductivity of a nanofluid increase [164], [186].

3.6 Estimation of the viscosity and thermal conductivity: Experimental

study

Among all the thermophysical properties, thermal conductivity and viscosity are key
properties, which govern the heat transfer and flow behaviour of a nanofluid. Many engineering
applications demand a trade-off between dynamic viscosity and thermal conductivity of a
nanofluid. Enhanced thermal transport properties along with minimal augment of viscosity are
favourable for better thermal performance of an NCL. Both viscosity and thermal conductivity
of water and all nanofluids have been experimentally measured. Experiments were conducted

at different particle concentrations from 0.5% to 3% over 20 "C to 70 "C temperature range.
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3.6.1 Viscosity Measurement

The dynamic viscosity of water, and nanofluids at different particle concentrations and
temperatures were measured using a Rheolab QC rotational rheometer (Anton Paar supplier,
India) as shown in fig. 3.7. The apparatus is equipped with a peltier temperature controlled
thermostatic bath with computer interface to control and measure the rheological behaviour of
nanofluid at different temperatures. The apparatus can measure the viscosity over a range of 1
to 10° cP and over a temperature range of -20 °C to 180 °C. The computer interface facilitates
the collation of measured data and to vary the temperature of working fluid. For reliability of
measurements, viscosity of distilled water is experimentally measured and compared with the
standard data taken from REFPROP tables [187]. The experimental readings have close
approximations with standard data, with less than 2 % deviation, over the considered range of
temperatures. The nanofluid is placed between concentric cylinders of the rheometer. The outer
cylinder is rotated by external means, while the inner cylinder remains stationary. When the
outer cylinder rotates, the torque is transmitted to inner stationary member through a thin liquid
film of nanofluid formed between the cylinders. Based on the speed of rotation, and thickness
of fluid film (gap between cylinders), one can measure the viscosity of fluid from its Newtonian
behaviour [188].

Fig. 3.7 Photographic view of Rheometer with computer interface
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Fig. 3.8 Comparison of empirical and Fig. 3.9 Experimentally measured
experimentally measured viscosity of  viscosity of water and different nanofluids
CuO/water nanofluid as a function of temperature

The viscosity of a CuO-water nanofluid at different particle concentrations is
experimentally measured and compared with several existing empirical correlations. Figure 3.8
shows the variation of empirically estimated and experimentally measured viscosity of a
CuO/water nanofluid as a function of particle concentration. It can be observed from the
experimental results that viscosity of a nanofluid increases with particle concentration and this
increment is relatively more at higher concentrations. The increasing particle concentration
amplifies the entanglement and resistance between adjacent layers and leads to an increase in
the viscosity of a nanofluid. Many other factors related to intermolecular interactions at the
microscopic level also play an indirect role in the enhancement of dynamic viscosity of a
nanofluid. The probable reason for the augmenting of nanofluid viscosity is that the
nanoparticles are loaded into base fluid, with larger interfacial/contact area of nanoparticles
with base fluids promoting greater shear rates and consequently responsible for higher viscosity
[177]. Yet another possible reason may be that the inter-particle forces among the particles
cause higher shear rates and subsequently, an increase of viscosity. It can be observed from fig.
3.8 that there is a notable deviation between measured and analytical results. Among all the
empirical correlations, the Bachelor correlation i.e. eq. (3.9) has a low deviation with
experimental values. Therefore, Bachelor correlation i.e. eg. (3.9) was used to estimate the
dynamic viscosity of various nanofluids in the present work. It is observed from fig. 3.8 that at

a temperature of 50 °C, dynamic viscosity of CuO-water nanofluid is increased from 0.546 cP
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(for distilled water) to 0.653 cP, 0.689 cP, 0.724 cP, 0.749 cP, 0.781 cP and, 0.82 cP for particle
volume concentration of 0.5%, 1%, 1.5%, 2%, 2.5% and 3.0% respectively.

In view of the fact that NCL has to operate over a range of temperatures, dynamic
viscosity of nanofluids is measured at different temperatures. The variation in dynamic
viscosity of distilled water and various nanofluids (CuO-water, Al2Osz-water, and SiO2-water)
with the temperature at 1% particle concentration is presented in fig. 3.9. The viscosity of all
nanofluids is decreasing with an increase in temperature and this decrement is relatively more
at high temperatures. As the temperature of nanofluid increases, Van Der Waals forces of
attractions gradually cease and lead to a reduction in the viscosity of a nanofluid [189].

Correlation proposed to estimate the viscosity of nanofluids:

Experimental investigations are needed for validating the various empirical correlations
used to estimate the viscosity of a nanofluid. Though, plenty of correlations are available in
open literature, most of the correlations are not able to precisely predict the viscosity of
nanofluid with close approximation to measured values. Because, the correlations available in
the literature, considers the particle concentration as a sole parameter that influence the
nanofluid viscosity , but the properties of nanoparticle material are not taken into account.
However, few correlations considered the temperature as an influencing parameter [176], [177].
It is clear from fig. 3.10 that the empirical correlations are under estimating the viscosity of
nanofluid. Therefore, to precisely predict the viscosity of nanofluid a new correlation has been
developed by considering the all possible influencing parameters. In the developed correlation
particle concentration, temperature and density of the nanoparticle are also taken into account

and the developed correlation is:

Bnf _ b (Tns C(’if)‘z
L=1+a¢ (TO) o (3.24)

Constants of the developed correlation for different nanofluids of viscosity are presented in
table 3.2.

Table 3.2 Correlation constants for different nanofluids

Nanofluid/

) a b C d
correlation constant
CuO/water 0.1762 0.0901 1.5472 9.9762
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It is clear from the constants of correlations that the density of nanoparticle has significant
influence on viscosity of nanofluid.

For the proposed correlation, from the curve fit, regression coefficient is 0.9512. It can be
observed that the data would correlated with 96% of the data is with the curve fit range.
Therefore, it is noted to worthy that, the proposed correlation is capable to precisely estimate

the viscosity of water based mono nanofluids as well as hybrid nanofluids with a single

equation.
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Fig. 3.10 Viscosity ratio for experimental Fig 3.11 Comparison of proposed and
measurements & proposed existing correlations.
correlation
Comparisons were made between proposed correlation and various empirical relations
available in the open literature and presented in fig. 3.11. It can be observed from Fig. 3.11 that

the proposed correlation has good agreement with the experimental results.

3.6.2 Thermal conductivity measurement

Thermal conductivity of all working fluids (water and nanofluids) considered in the
current work were experimentally measured using thermal conductivity analyzer (TPS 5008,
Therm. Test Inc., Fredericton, Canada), which is shown in fig. 3.12(a). The instrument is
equipped with different types of sensors with software module interface to measure the thermal
conductivity of different materials like bulk materials, powders, thin films, and wide range of
liquids including nanofluids. The apparatus works based on transient plane source principle and
follows ISO 22007-2.2 standards. In the current work, 7552 Kapton sensor of 2 mm diameter

was used to measure thermal conductivity of nanofluids at different particle concentrations. The
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equipment was supported with a thermostatic bath to facilitate measurement of the thermal

conductivity over a wide range of temperatures, from -20 “C to 200 °C.

Fig. 3.12(a) Thermal conductivity Analyzer

Fig. 3.12(b) Conductivity measuring sensor

To measure the thermal conductivity of nanofluid, Kapton sensor was immersed in the

nanofluid filled attachment, so that both sides of the sensor had identical environment. The

arrangement was kept idle for 20 min to reach thermal equilibrium state and then thermal

conductivity was measured from the software interface module. Each sample was tested three

times under identical temperature conditions and averages of the readings were considered for

the further analysis. The sensor-sample arrangement is as shown in fig. 3.12 (b).
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Fig. 3.13 Variation of thermal conductivity
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concentration

Fig. 3.14 Thermal conductivity of various
nanofluids as a function of temperature

Thermal conductivity of CuO/water nanofluid at different particle concentrations was

experimentally measured and the results were compared with the empirical correlations
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available in the literature as shown in fig. 3.13. It can be observed from fig. 3.13 that the thermal
conductivity of CuO/water nanofluid is progressively increasing with the particle concentration
and it is amplifying at higher concentrations. As the particle concentration increases, the mean
free path of the nanoparticles is decreased, and this leads to lattice vibrations which are
commonly known as percolation effect [192]; that may also be one of the root causes for the
consequential enrichment of nanofluid thermal conductivity. The maximum deviation between
experimental and empirical correlations of Maxwell i.e. eq. (3.15), Brugmenn, i.e. eq. (3.16),
and Koo i.e. eg. (3.20) is 18%, 16% and 10% respectively. This may be because of the empirical
models that were not considered the root causes of anomalous enhancement of thermal
conductivity like Brownian motion, specific surface area, interfacial liquid layering, and surface
chemistry, which will take part in the enhancement of thermal conductivity of a nanofluid.
However, among all the correlations, the Koo correlation i.e. eq. (3.20) has a low deviation vis-
a-vis experimental value for thermal conductivity because it includes Brownian motion effect.
Therefore, in the present research the Koo correlation i.e. eq. (3.20) was used to estimate
thermal conductivity of various nanofluids.

Figure 3.14 shows the enhancement of thermal conductivity of nanofluids with the
temperature at 1% particle concentration. It is clearly observed from fig. 3.14 that the thermal
conductivity of any fluid increases with temperature. This is because the inter particle cohesive
forces and corresponding viscosity are diminished with a rise in temperature which causes
Brownian motion. The increased random movement of nanoparticles promotes micro
convection between nanoparticle and base fluid and leads to enhancement the thermal
conductivity of nanofluid. As elucidated in fig. 3.14 thermal conductivity of CuO/water
nanofluid increases with temperature. The enhancement of thermal conductivity depends on the
properties of base fluid as well as nanoparticle material [193]. It can be observed from table 3.1
that the bulk material of copper oxide (CuO) has higher thermal conductivity than other
materials. Therefore, the maximum enhancement of thermal conductivity is obtained for
CuO/water nanofluid. The thermal conductivity of CuO/water nanofluid is enhanced by 15.67%

at 1.0% particle concentration and 70 °C temperature when compared with water.

3.7  Suitability of nanofluids in NCL

A natural circulation loop can be modelled using a simple one dimensional model or a

detailed three dimensional model. Based on the type of model selected, the governing equations
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are obtained by applying mass, momentum and energy balance equations to the loop (refer fig

3.16 for control volume analysis).

*Cold fluid inlet
Heat Sink ||

d ]
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A-B: Heat source (Heater)
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Fig. 3.15 Representation of geometrical and operating parameters
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Fig. 3.16 Control volume of the fluid in riser
Momentum equation:
For incompressible, steady and one dimension flows, the momentum equation can be written

as follows:
pAAUS =~ As AA — pg As AA — 1,4, (3.25)
Dividing both sides with AA
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puZ—Zz—g—ZAs—pgAs—TWfTZ (3.26)
puz—z=—g—i’As—pgAs—rW% (3.27)
puZ—Z = —g—iAs —pg 4s —“TWAS (3.28)
pu%=—%—mrf% (3.29)

Now. Substitute, t,, = % fpu? in the above equation

ou _ dp _ 2fpu?
pU—-=———pg =~ — (3.30)
Using an order of magnitude analysis,
pu?  pu?
L d

as L > d, the minimal pressure changes can be neglected.
Energy equation:

From the steady and one dimensional heat conduction equation,

oT ’T _ . q h 1
pCpU£—k§—4d—h—4d—h(T—T0)+Zf(pdA (331)

Where, ‘g’ indicates heat transfer per unit area, %’ and ‘C,’ are thermal conductivity and
specific heat of the fluid, ‘4 is heat transfer coefficient, ‘7w’ is the wall temperature and ‘¢’ is
the viscous dissipation function.

In the above energy equation, axial conduction term and viscous dissipation terms are

(qa = kg) and (q,, = % [ dA) respectively.

Now consider left side part of the above equation and do an order of magnitude analysis,

AT AT
pCpuT~kL—2
pCru 1
k L I?
Py
—ulL~1
X u

ul\ v
5@~
(Re)(Pr) » 1
The product of Reynolds number (Re) and Prandtl number (Pr) is far greater than 1. Therefore,
the axial conduction term (k %) can be neglected in energy equation.

Therefore, the energy equation is simplified after neglecting axial conduction term as follows:
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q h 1

h (T-T,,)

Let consider, (nq) = 4 - = 4 and (C; u?) = q, = %f@ﬂ dA
h

Now, apply an order of magnitude analysis to above energy eq. (3.32),

AT
(peuT) @ @0 €

("qL> (ng) (G ud)

pC, AT
2
ngl
(ng) cl( d )

pC, AT

Y i)

(nq)?L?
_ 1 (PCp KAT)?
o =L ( @9
€ =7 (@qa)? (3.34)

As discussed above, the axial conduction term (q,) is neglected because it has very low value
of an order of magnitude. Therefore the term (gq,)? will be very small. Hence, the viscous term
can be neglected in the energy equation.

Therefore, based on an order of magnitude analysis, generally, for single-phase flows, the flow
is assumed to be incompressible as the pressure changes are negligible compared to the system
pressure. Further, for the sake of simplicity, the Boussinesq approximation is used in the
governing equations for the buoyancy term. In addition, the viscous dissipation and axial
conduction terms are assumed to be negligible for most of the commonly encountered natural
circulation loops [56]. Under these assumptions and neglecting inertia terms in the momentum
equation and heat losses in the riser and downcomer, it can be shown that the balanced
volumetric flow rate (V) in the loop is given by [56]:

V= (Zﬁgﬂ)l/3 (3.35)

pCpY

where Q is the total heat transfer rate at the heat source or heat sink, Az is the difference between
elevations of the centres of the heat source and heat sink. The above equation is shown to be
exactly valid for the case of uniform heat flux or for a linear temperature distribution in the heat
source and sink [56]. All the geometric parameters are represented in fig. 3.15. Using the above
equation, it can be further shown that the temperature difference across the heat source/sink
(AT) is given by:
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AT = (L)%( Y )1/3 (3.36)

PCp 2gBAz

In the above equations, Y is the overall resistance parameter defined by:
L
Y =4 (ﬁ) 3 (3.37)

where Lt is the total circulation length, d and Acs are the hydraulic diameter and cross-sectional
area of the loop (assumed to be equal throughout the loop) and fc is the friction factor which
depends on the flow regime. Generally, depending upon the Reynolds number, either fully
developed laminar flow or fully developed turbulent flow correlations are used to estimate the
friction coefficient even though studies show that neither may be completely applicable in
natural convection loops [56]. The characteristic velocity required for calculation of Reynolds
number is obtained by dividing the volumetric flow rate by the cross-sectional area. For the
sake of comparison of different working fluids, it is assumed that the loop is uniform and is
circular in cross-section. In addition, the following correlations are used for estimating friction
factor for laminar and turbulent flows:

16

fe (Laminar flow) (3.38)

= Reeff
fo = 0.079 X Repsp 02° (Turbulent flow) (3.39)

where, effective Reynolds number, ‘Reeft’” is given by:

Regss = (‘;—d) (AL) (3.40)

Equations (3.35) to (3.40) were used to compare different nanofluids with water. Here the
comparison is made in terms of the required tube diameters. Keeping the heat input, temperature
drop across the heat source, loop height and total length same, it can be shown that the ratio of
the required diameter of the loop when water is used as the loop fluid to that with nanofluid as
the loop fluid (dw/dnf) is given by [84]:

;1_:; _ (:_72)1/4 (Ziwf)l/z (%)1/4 (%)1/4 for laminar flow (3.41)
;_:; _ (5_;)1/19 (%)8/19 (“;_*‘:‘)7/19 (%)4/19 for turbulent flow (3.42)

Figure 3.17 shows the variation of diameter ratio with temperature at the inlet to the riser

for laminar and turbulent flows respectively, considering a single-phase liquid flow. It can be
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seen that both for laminar and turbulent flows, the required pipe diameters are much smaller
when nanofluids are used as working fluid in the loop. It is evident from fig.3.17 that the use of
SiO2-water, Al20s-water and CuO-water nanofluids in place of water results in the pipe
diameter can be reduced by 8%, 10.55% and 12.35%, respectively, at 70 °C temperature for
turbulent flows. This is attributed mainly to the higher density and low specific heat of
nanofluids compared to water at the same temperature. Thus, the use of nanofluid in place of
water offers compactness to NCL. Particularly, replacement of water with CuO-water nanofluid

provide more compactness.
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Fig. 3.17 Comparison between water and different nanofluids in terms of pipe

diameters at 1% particle concentration

The variation of diameter ratio with particle concentration at 50 °C temperature for
laminar and turbulent flows is presented in fig. 3.18. It is observed from fig.3.18 that both for
laminar and turbulent flows the pipe diameter ratio (dw/dnf) is increasing the particle
concentration. The diameter ratio is more for CuO-water nanofluid than for other nanofluids
(SiO2-water and Al2Os-water) due to its higher density, low specific heat at fixed concentration
and temperature. The diameter ratio of water to CuO-water nanofluid is increased by 4.12%
and 2.32% when compared with the diameter ratio of water to SiO2-water and water to Al2Oz-
water nanofluids respectively at 3% concentration for turbulent flows. Furthermore, it is implied
from fig. 3.18 that in using SiOz-water, Al20s-water and CuO-water nanofluids in place of
water, the pipe diameter can be reduced by 12.28%, 13.79% and 15.75% respectively at 3%

concentration for turbulent flows.
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Fig. 3.18 Comparison between water and different nanofluids in terms of pipe

diameters at 50 °C temperature

For the same heat input, loop length, elevation between the heat source and sink and tube

diameter, temperature difference across heat source/sink is given by:

AT = (i)% (E)l/ 3 (3.43)

pPCp B

Substituting the friction factor correlations for laminar and turbulent flows in the above Eqg.
(3.43), we get:

AA;:f _ (:_12)1/3 (%) (%)2/3 (%)1/3 for laminar flow (3.44)
AATT:f _ ( :_r\:c )1/ 12 (;;wa)g/ 4 (%)2/ 3 (%)1/3 for turbulent flow (3.45)

Figure 3.19 shows the variation of ratio of temperature drop/rise of different fluids with
temperature for laminar and turbulent flows. From fig. 3.19 it is seen that use of nanofluids in
place of water results in less temperature difference across heat exchangers. In designing heat
exchangers, it is preferable to keep the temperature difference of the fluid minimum to reduce
the exergy losses due to heat transfer. From the property variation of water and nanofluids with
temperature, it is observed that the coefficient of thermal expansion () of nanofluids increases

with temperature. Therefore, it is evident from fig.3.19 that the use of SiO2-water, Al.O3z-water
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and CuO-water nanofluids in place of water, the temperature difference can be reduced by
3.66%, 8.5% and 11.19% respectively at 70 °C temperature for turbulent flows. Furthermore,
use of CuO/water nanofluid in place of water results in very low temperature difference than

with other nanofluids.
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—/— Al:Os- Laminar

1.25 - =3} SiO. - Laminar
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: —— SiO. - Turbulent
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Fig. 3.19 Comparison between water and different nanofluids in terms of temperature
rise/drop at 1% particle concentration
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Fig. 3.20 Comparison between water and different nanofluids in terms of pipe diameters at
50 °C temperature
The influence of particle concentration on temperature difference across the heat
exchanger in 50°C temperature for laminar and turbulent flows is presented in fig. 3.20. It is
observed from fig. 3.20 that both for laminar and turbulent flows the ratio of temperature

difference (ATw/ATns) increases with particle concentration. The temperature difference ratio
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is more for CuO-water nanofluid than for other nanofluids (Al2Os-water and SiO2-water) due
to its higher thermal expansion coefficient at fixed concentration and temperature. The
temperature difference ratio of water to CuO-water nanofluid is increased by 3.45% and 7.98%
when compared with diameter ratio of water to Al2Os-water and water to SiO2-water nanofluids,
respectively, at 3% concentration for turbulent flows. At last, it is concluded from fig. 3.20 that
the use of SiOz-water, Al.Os3-water and CuO-water nanofluids in place of water can reduce the
temperature gradient by 6.10%, 10.03% and 13.04% respectively, at 3% concentration for

turbulent flows.

3.8 Conclusion

This chapter discussed the various synthesis methods that were used to produce
nanoparticles. It addressed themes pertaining to different nanofluid preparation methods and
various techniques to prepare the stable nanofluid. This chapter also investigated the estimation
of thermo-physical properties of nanofluids from the empirical correlations available in the
literature. It also compared the experimentally measured values of thermo-physical properties
with empirical correlations. Results show that experimental results of thermo-physical
properties of nanofluids are in good agreement with empirical correlations. Therefore, the
empirical correlations are used in further study for estimation of thermo-physical properties of
nanofluids.

Furthermore, in this chapter, a comparative study is presented between different
nanofluids and conventional fluid (water) that can be used in single-phase natural circulation
loops for solar, nuclear and electronic cooling applications. The following observations were
reached:

1. For the same temperature difference across the heat exchanger, both for laminar and
turbulent single-phase liquid flows, the required pipe diameters are smaller when nanofluids
(SiO2-water, Al2Os-water and CuO-water) are used in place of water. Of the fluids considered
here, CuO-water nanofluid required least pipe diameter at fixed temperature and concentration.

2. For the same geometry and heat input, the temperature difference across heat
exchangers is least for the systems using nanofluids both for laminar and turbulent flows.

3. Since nanofluids have enhanced thermo-physical properties, they may be considered as

a suitable fluid in natural convection loops for solar and nuclear heat transfer applications.
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Based on the above observations, further studies were carried out on nanofluid (SiO2-water,
Al203-water and CuO-water) based natural circulation loops. These are presented in subsequent

chapters that follow.
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Chapter - 4

Steady-state analysis of nanofluid based natural circulation loop

using 1-D numerical modelling

In the present chapter, the theoretical analysis on steady-state performance of
rectangular natural circulation loop that uses water and various nanofluids as loop fluid is
presented. Also, since analytical models exist for simple cases, the results obtained from the

numerical method used in the present work can be easily validated.

4.1 Mathematical formulation

In the present analysis, a one-dimensional (1-D) mathematical model is formulated to
study the performance of nanofluid based single-phase NCL with end heat exchangers. Figure
4.1 shows a rectangular NCL with hot heat exchanger (HHE) as a heat source and cold heat
exchanger (CHE) as a heat sink and these heat exchangers are connected by two parallel vertical
legs named as riser and downcomer. As NCL is buoyancy driven, the heat source is always kept
below the heat sink. The loop is placed vertically with respect to the gravity vector. In this loop,
the working fluid, also called the loop fluid, absorbs heat from the heat source and rises up,

loses heat in the heat sink and returns back to the heat source through the downcomer.
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¢ Cold fluid outlet
A-B: Hot Heat Exchanger (HHE)
l l g T B-C: Riser
C-D: Cold Heat Exchanger (CHE)
Hot fluid outlet D-A: Downcomer

e
Heat Source

Hot fluid inlet

Fig. 4.1. Schematic diagram of a rectangular natural circulation loop
The following assumptions are considered to simulate the fluid in a single-phase NCL.

e The loop is operated in steady-state mode.

e There is no phase change throughout the loop i.e. only sensible heat transfer takes place in
the heat source and heat sink.

¢ Nanofluid is a homogenous (single-phase) fluid.
o Nanoparticles and base fluid are in thermal equilibrium.
e Vertical legs are adiabatic.

¢ In the energy equation, axial conduction and viscous dissipation effects are neglected.

4.1.1 Conservation equations

The 1-D conservation equations under steady-state condition for single-phase NCL can

be written as follows:

Conservation of mass:

o(pw) _ 0

& (4.1)

Conservation of momentum:

The momentum equation is derived for NCL model by balancing the forces acting on the fluid
element with the assumptions stated earlier. All the variations in the properties are considered
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along the coordinate ‘s’ running along the loop length. The pressure gradient at every section
of the loop is derived separately by modifying the general momentum equation. The resulting
equation is given by:

o(pu?) _ o _ 2. 3
s = s P9~ fpu (4.2)

Equation (4.2) is valid for the riser section where the fluid is in upward motion. But the fluid
flow is downwards in the downcomer section, hence the gravitational pressure head acts in the
direction of the flow. So, the sign of ‘pg’ term in eq. (4.2) changes in the downcomer section.
The momentum equation for downcomer is obtained after changing the sign of a gravitational

head term in the momentum equation (i.e. eq. 4.3).

a(pu®) _  ap

_ _9p _ 2 2
o 5. T P9 — < fpu (4.3)

Conservation of Energy:

The energy equation also has been derived separately for each section of the system.
Downcomer and Riser:

90Q _ __ (dh | @ (u?

w=m(5+5(3)+9) (44)
Where ‘;—S is the heat transferred from or to the loop fluid in the riser and downcomer sections.
Since both the downcomer and riser sections are assumed to be perfectly insulated, aa—f =0.

Then eq. (4.4) can be expressed in terms of enthalpy gradient as:

oh o (u? .
== (7) -g for riser and downcomer (4.5)

The temperature gradient at HHE can be obtained by the following expressions:

. aT (UAsa) e H
mlpr,lf aéf + Ln hh (Tlf — Tin,hw) =0 fOI’ IOOp ﬂU|d (46)
My oy 2+ % (Topw —Tyy) =0 for external fluid 4.7)

The temperature gradient at CHE can be obtained by the following expressions:

. aT (UAgg) .
My Cp iy L+ - e (Typ — Tinew) = 0 for loop fluid (4.8)
My Cp cw a;CSW + (Ui—ia)c (Tiew — Tif) = 0 for external fluid (4.9)
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4.1.2 Friction factor and heat transfer correlations

On external fluid (water) side:

Stephan [194] developed a correlation for laminar flow (Re < 2300) at constant temperature
boundary condition, which is used here to estimate the heat transfer coefficient inside the

annulus and it is expressed in eq. (4.10):

0.8

-1/2
0.19(Pe-d,, /L
Nu=Nu, + 1+o,14(%] ( hy ) - (4.10)
1+0.117(Pe-d,, /L)

in

-1/2
Where Nu, = 3.66+1.2(dL“‘] is the Nusselt number for fully developed flow.

Gnielinski [195] correlation is used to estimate the heat transfer coefficient for turbulent flows
(Re > 2300) and it is given by:

_ ( fC /2)(R€—1000)PF (4_11)
1+12.7(f,/2)" (Pr??-1)

For laminar region the friction factor is expressed as

16
e

f== (4.12)

The reasons behind considering the hydrodynamic developed flow are
(1) System size
(ii) Steady state operation.

On loop fluid (water) side:

In the case of water as loop fluid, for laminar flow (Re <2300) in a smooth circular tube, Shah

[196] suggested an expression to obtain the Nusselt number as given in eq. (4.14).
\1/3
Nu =161 x (Re - Pr-%) (4.14)

On loop fluid (nanofluid) side:

In case of nanofluid as loop fluid, for laminar flow in circular tube, Yimin Xuan [197] came up
with a relation to estimate Nusselt number by eq. (4.15).

Nu,; = 0.4328(1.0 + 11.2850°7%*Pe) 2% ) Re 333 Pr )t (4.15)
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Input the values: geometry of the loop, system pressure (P,),
temperatures of both the external fluid and external fluid flow rates
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Guess the initial velocity of the loop fluid (u,)

& Ui: new Ui

v
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Solve momentum equation (4.2) for p. ,
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Fig.4.2 Flowchart to solve set of all conservation equations
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Table 4.1. Geometrical and operating parameters

Parameter Value
Length of the heat exchangers 1m
Loop height 1m
Total loop length 4m
Loop pipe inner diameter 0.015m
Loop pipe wall thickness 0.0016 m
Inner diameter of both heat exchangers 0.0215m
Mass flow rates of annulus fluids in HHE & CHE 0.05 Kg/s
Inlet temperature of hot water 40 °C
Inlet temperature of cold water 20 °C
Particle volume concentration 1%

4.1.3 Solution methodology

For solving all conservation equations and to simulate the fluid in single-phase NCL, a
computer code is written in MATLAB. Conservation equations are discretized by finite
difference method. International association for the properties of water and steam (IAPWS-IF
97) data is adopted in the developed code for estimating properties of the water. Three water
nanofluids (Al203, CuO and SiO2) at 1% volume concentration were chosen for the present
study. In HHE and CHE, water was chosen as external fluid. In this study, 1.01325 bar was
taken as fluid pressure for all working fluids. To solve the set of equations one has to specify
the required heat transfer rate, dimensions of the loop (height, diameters of downcomer and
riser), pressure and temperature at riser inlet (point B in fig. 4.1). An iterative procedure is then
adapted to arrive at a balanced mass flow rate and temperature difference across the heat sink
and source. The effect of each independent parameter is studied by varying it over a given
range, while keeping the other parameters constant. Perfect algorithm was formulated to solve

the set of conservation equations and it is shown in fig. 4.2.

4.2 Results and discussion

All the results were obtained by solving the complete set of conservation equations
stated earlier. Figure 4.3 shows the temperature profiles of the various loop fluids along the
loop. It indicates that the temperature of the loop fluid is not varied in downcomer and riser
sections because these two sections are assumed as adiabatic. A steep increase in the
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temperature has been observed in HHE in which loop fluid absorbs convective heat from the
hot fluid and the reverse is observed in CHE. Also, it is very clear from fig. 4.3 that high
temperature can be observed for CuO-water nanofluid than for Al2Os-water and SiO2-water due
to its low specific heat and high thermal conductivity.

309
308 Riser CHE Downcomer HHE

307

306

305
304

303

Temperature (K)

302

301 . . .
| 2 3
Axial distance of theloop (m)

Fig. 4.3. Temperature variation along the loop length

4.2.1 Effect of loop height

To study the influence of loop height on the performance of rectangular NCL, a
simulation program is run by varying the loop height from 0.5 m to 3 m while the remaining
parameters are kept constant as per given table 4.1. Figures 4.4 and 4.5 show that in increasing
the loop height, the steady-state mass flow rates and heat transfer rates are increasing,
respectively, for all loop fluids because the buoyancy force in riser section increases with loop
height. This buoyancy enhancement leads to an increase in the mass flow rate which in turn
increases the Reynolds number because the diameter of the pipe is kept constant. As Reynolds
number increases, the heat transfer coefficient in the heat exchanger increases. Thus, though
the heat transfer area is constant, an increase in heat transfer coefficient results in a higher heat
transfer rate.

Vijayan et al. [198] developed a correlation to estimate the steady state mass flow rate
of the loop fluid in NCL and this correlation was successfully used for nanofluids by Nayak et
al. [99]. Therefore, the present numerical results are validated with the analytical results
obtained by using Vijayan’s correlation, which is given in eq. (4.16). Figure 4.4 shows that the
present numerical results are in good agreement with analytical results for all loop heights.
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Fig. 4.4. Variation of steady state mass flow rate of the loop fluid with loop height
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Fig. 4.5. Influence of loop height on heat transfer rate for different loop fluids

1

2gApHQAP AZ;Y p;\3-b
Mg = gap Qb cs Pl (416)
PATUENGC,

4.2.2 Effect of heat exchanger length

Figures 4.6 and 4.7 show the influence of heat exchanger length on mass flow rate and

heat transfer rates of the NCL, respectively. The lengths of both CHE and HHE are assumed to
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be equal and these are varied simultaneously by keeping all remaining parameters constant, as
given in table 4.1.

For all the loop fluids, as heat exchanger length increases from 1 m to 19 m, balanced
mass flow rate decreases due to an increase in pressure drop and it is shown in fig. 4.6. From
fig. 4.7 it can be observed that initially the heat transfer rate increases with length due to the
increased heat transfer area, and it reaches a peak, after which it starts decreasing slightly due
to the reduced heat transfer coefficient. It is concluded from fig.4.7 that the heat transfer rate
reaches a peak at a heat exchanger length of 9 m, 11 m, 13 m and 13 m for CuO-water, Al2Os-
water, SiO2-water nanofluids and pure water, respectively; thereafter no variation is observed
in heat transfer rate with length. So, these values can be considered as the optimum heat

exchanger length for the given input data.
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Fig. 4.6. Variation of loop fluid mass flow rate with heat exchanger length
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Fig. 4.7. Variation of heat transfer rate with heat exchanger length
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4.2.3 Effect of diameter of the pipe

The influence of pipe diameters on the performance of the NCL was studied in detail by

considering three different cases.
Case-I:

In the first case, the diameter of the loop pipe at HHE, CHE, downcomer and riser
sections are assumed to be same, and they were varied simultaneously and the results are
presented in fig. 4.8. In this case, only pipe diameter is varied and all the remaining parameters
were kept constant as given in table 4.1. Therefore, as expected the mass flow rate and heat
transfer rate of any working fluid increases with pipe diameter. For this case, no optimum
diameter could be obtained for the working fluids considered in this study.

800 0.040
| —e— CuO-HT —il— ALOs-HT
700 { —%—SiO-HT  —&— Water-HT 0.035
- { —O- - CuO-mf —[F - ALOs-mf
= 600 { —% -SiO-mf  —/- - Water-mf 0.030 o
P ] : >
S 500 - 0025 X
_ - i 3
S 400 L 0020 8
% ] L 2
- (@]
< 300 L 0.015 &
= ] - 2
T 200 L 0.010 g
100 # L 0.005
04 . . . . 0.000
0.005 0.01 0.015 0.02 0.025 0.03

Loop pipe diameter (m)
Fig. 4.8. Variation of heat transfer rate and mass flow rate with loop pipe diameter

Case-ll:

In the second case, diameters of downcomer and riser were varied simultaneously and
loop pipe diameter at HHE and CHE sections were kept constant, as shown in table 4.1. the
results obtained for Al2Os-water and CuO-water nanofluids are shown in fig. 4.9 and fig. 4.10,
respectively. From figs. 4.9 and 4.10 it is observed that the heat transfer rate increases from 203
W to 475 W and from 221 W to 488 W for Al2Os-water and CuO-water nanofluids, respectively,
with a simultaneous increase in the riser and downcomer diameters from 0.005m to 0.03m. The
steady state mass flow rates are less at lower diameters due to high frictional resistance. This

decreases
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Fig. 4.10. Influence of downcomer and riser diameter on heat transfer rate for CuO-water

nanofluid

the loop performance. The frictional pressure drop decreases with an increase in the diameter
and after a certain value this decrement is negligible, even with an increase in the diameter;
therefore, after a certain value of downcomer and riser diameters, the constant mass flow rate
is attained which results in a constant heat transfer rate. From fig. 4.9 it can be observed that
for all the downcomer diameter values, the heat transfer rate did not vary much when the riser

diameter was increased beyond about 0.02 m, which indicates an optimum riser diameter using
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Al203-water nanofluid and for all riser diameter values, the heat transfer rate is not varied much
when the downcomer diameter is increased beyond 0.02 m which indicates an optimum
downcomer diameter using Al2Os-water nanofluid. Similarly, for CuO-water nanofluid, an
optimum diameter value of both riser and downcomer is 0.015 m, as can be observed from fig
4.10. Therefore, for nanofluids which are considered in the present study, 15 mm can be
considered as an optimum diameter value for both downcomer and riser sections for the given

set of data.
Case-111:

In case Ill, the diameter of the loop pipe at HHE and CHE sections was varied
simultaneously by keeping downcomer and riser diameters constant as per given in table 4.1. It
can be observed from fig. 4.11 that for any loop fluid the mass flow rate and heat transfer rates
are increasing with heat exchanger diameter and within the range studied, no optimum diameter

was attained for any loop fluid.
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Fig. 4.11. Variation of mass flow rate and heat transfer rate with heat exchanger diameter

4.2.4 Hot/cold water flow rates

To study the influence of external fluid flow rates on the performance of the NCL, CuO-
water and Al2Os-water nanofluids, the nanofluids were considered as loop fluids and results
were compared with each other. The results were obtained by varying one parameter at a time
while keeping other parameters constant. The variation of heat transfer rate with external fluid
flow rates is shown in fig. 4.12. It is observed from fig. 4.12 that, the heat transfer rate increases

65



with hot and cold water flow rates. At lower values of water flow rates, the heat transfer rate
increases due to increased heat transfer coefficient on the water side, but after reaching a certain
value, this increment in heat transfer rate becomes small as heat transfer resistance on water
side becomes small for both HHE and CHE. Furthermore, the average temperatures of heat
addition to loop fluid increase with increase in water flow rate in HHE. Similarly, the average
temperature at which heat is removed from the loop fluid decreases with higher water flow rates
in CHE. The properties of CuO-water and Al203-water nanofluids are also influenced by

temperature effects, which in turn affect the heat transfer rate and mass flow rate.
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Fig. 4.12. Effect of hot/cold water flow rates on heat transfer rate

4.2.5 Hot/cold water inlet temperatures

The effect of hot and cold water inlet temperatures on the heat transfer rate is shown in
fig. 4.13. It is observed from fig. 4.13 that the heat transfer rate increases with an increase in
hot water inlet temperature or decrease in cold water inlet temperatures, respectively. It is also
observed from fig. 4.13 that inlet temperatures of external fluids have a much stronger effect
on loop heat transfer rate compared to fluid flow rates. The increased heat transfer rate due to
an increase in hot water inlet temperatures in HHE increases the temperature difference of loop
fluid at HHE which in turn increases the buoyancy. However, in general, the inlet temperatures

of the external fluids depend on the system load and specific application.
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Fig. 4.13. Variation of heat transfer rate with hot/cold fluid inlet temperatures

4.2.6 Optimum values of various parameters in tabular form

Based on the above studies, the optimum values of various geometrical parameters were

presented in Table 4.1.

Table 4.2. Optimum values of various geometrical parameters

Fluid/Parameter Water SiOo-water | AlbOs-water | CuO-water
Diameter of the riser 0.015m 0.015m 0.015m 0.015m
Diameter of the downcomer 0.015m 0.015m 0.015m 0.015m
L.oop pipe diameter at heat No optimum | No optimum | No optimum | No optimum
source and heat sink value value value value
Heat exchanger length 13m 13m 11m 09 m
Loop Height No optimum | No optimum | No optimum | No optimum

value value value value

4.3 Conclusion

In chapter 4, the steady-state analysis of single phase rectangular NCL with end heat

exchangers is developed using 1-D numerical modelling and the following conclusions have

been drawn from the numerical results.
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e All the numerical results validated with the analytical results obtained using published
correlations.

e For a given set of operating parameters, an optimum heat exchanger length is found to
be around 9 m, 11 m, 13 m and 13 m for CuO-water, Al20s-water, SiO2-water
nanofluids and pure water, respectively.

e For a given set of operating parameters, an optimum diameter of the loop pipe is found
to be around 0.015m for any working fluid.

e The mass flow rate of the external fluids is not influenced much by the heat transfer rate
of the loop. However, the loop heat transfer rate is strongly influenced by the
temperatures of the external fluids.

Based on the above discussions, it is clear that CuO-water nanofluid possess higher mass flow
rates and heat transfer rate than other nanofluids. Therefore, further study has been carried out

with CuO-water nanofluid at different particle concentrations.
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Chapter -5

Heat transfer analysis of nanofluid based NCL using 3D

numerical modelling

A three-dimensional (3-D) modelled geometry is essential to estimate the system
performance by considering some critical parameters such as influence of local buoyancy,
bends in geometry, and axial conduction. Therefore, in the present chapter, numerical
investigation has been carried out to study the influence of particle concentration, loop
inclination angle and multiple channels on thermal performance of the CuO-water nanofluid
based single phase rectangular NCL. For this study, a 3-D NCL model was developed and
simulated using ANSYS-Fluent 14.0. All the numerical results were validated with the
published data.

5.1 Numerical methodology

Figure 5.1(a) shows the schematic diagram of a rectangular NCL with heater, riser,
cooler and downcomer. The rotation of the loop in the YZ plane is shown in fig. 5.1(b). The
loop fluid is heated at the heating section with a constant heat flux condition and cooled at the
cooling section by isothermal wall temperature condition. Buoyancy is created by the
temperature gradients that cause the fluid to circulate in the loop. The geometrical parameters
and material specifications are given in table 1. The following assumptions are made to
formulate a 3-D NCL model in ANSYS-Fluent 14.0.
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e The loop is operated in steady state mode.

e No slip boundary condition is applied near the walls.

e Riser and down comer sections are fully adiabatic.

e The flow is under laminar flow condition.

e The nanofluid is incompressible and the nanoparticles have uniform size and shape.

5.1.1 Governing equations

The conservation equations of mixture model are solved using the commercial software,

Ansys-Fluent 14.0. The continuity, momentum and energy equations of mixture model are as

follows [199]:
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Fig. 5.1. (a) Schematic diagram of the geometrical NCL
model and (b) rotation of the loop in YZ plane

Continuity equation:
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Fig. 5.2. Mesh of a loop fluid at
cross section of the heater

V(o Vm) =0 (5.1)
Momentum equation:
Ve (P Vo Vi) = =90 + V- [t (VT it V)| + (o) + F +

V(@uwow VarwV arwt BpPp VarpVaryp) (5.2)
Energy equation:
V- ((@W Vo (pwhy + p)) + ((z)p Vv, (pph, + p))) =V (KegVT) (5.3)
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It is to be noted that the thermo-physical properties of the nanofluid are calculated by the

mixture rule [199]and the Stokes number [199] can be estimated by:

St= 2 (5.4)

ts

where the particle response time (tp) and the system response time (ts) are:

_ ppdf
»= Ten, (5.5)
LC
ts = 75 (56)

The average heat transfer coefficient and Rayleigh number are obtained by,

_ Q
havg - AsX(Tyy—Tp) (57)
_ (gBq"a*p?cp)
Ra = kD (5.8)

Table 5.1 Geometrical specifications of the model.

Parameter Value (unit)
Diameter of the loop 0.015 (m)
Loop pipe wall thickness 0.0016 (m)
Total length of the loop (L+) 5.44 (m)
Length of the heater (L) and cooler (Lc) 1.4 (m) each
Loop height (H) 1.26 (m)
Width of the loop (W) 1.46 (m)
Loop pipe wall material copper

5.1.2 Boundary conditions

For the simulations, constant wall heat flux condition was imposed on the heater over a
range of 500-2500 W with 500 W being step size and isothermal uniform wall temperature of

293 K considered at the cooler. Riser and downcomer were assumed to be perfectly insulated.

5.1.3 Solution methodology

A 3-D geometric model of the NCL was developed in ANSYS-14.0 workbench module
and simulated with water and CuO-water nanofluid. The entire simulations were carried out

under steady state conditions. The implicit coupled condition was imposed. The governing
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equations were discretized by the finite volume method. Semi Implicit Method for Pressure
Linked Equations (SIMPLE) algorithm was used to couple the pressure and velocity. The
momentum and energy equations were iterated by using the second order upwind scheme. The
pressure term in the momentum equation was solved by pressure staggering option (PRESTO)
scheme. To neglect the influence of boundary layer at the pipe walls, no-slip boundary condition
was applied. Axial conduction along the pipe wall and viscous dissipation rate of the loop fluid
were incorporated. The continuity and momentum equations converged by reaching the
velocity and pressure residuals to 10 and the energy equation converged when its residual
reaches to 10°°.

Rashidi et al. [200] numerically compared single phase and two phase models (Volume
of fluid, Eulerian and Mixture models) of nanofluid heat transfer in wavy channel. They
concluded that the two phase models show better performance than the single phase model.
Particularly, the mixture model data perfectly matched with experimental data. According to
the Fluent manual, Stokes number (St) is helpful to choose an appropriate model among all
available models such as volume of fluid (VOF), mixture and Eulerian models for simulating
two phase flows. If St > 1, the Eulerian model is most suitable and if St << I or St = 1, any of
the models can be used. But the mixture model is computationally inexpensive and widely used
to simulate nanofluid flows. In the present study, the Stokes number was estimated using eqg.
(5.4) and its value is around 12x10** and hence the mixture model is employed to simulate a
nanofluid based NCL.
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Fig. 5.3. Mesh sensitivity analysis
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5.1.4 Mesh sensitivity analysis

The meshing of the loop fluid at a cross section of the loop pipe is shown in fig. 5.2.
Previous researchers [201], [202] proposed a method for mesh verification. On refining the
element size, the number of elements in the mesh are increased. This element size plays a vital
role in the simulation results. Therefore, in order to test mesh sensitivity, five different element
sizes were considered and the results were analyzed. For the mesh sensitivity test, the
simulations were carried out with water as the working fluid and at 2000 W of power input
without inclination angle. Figure 5.3 shows the influence of a number of elements on two
independent variables such as steady state mass flow rate and temperature difference of the loop
fluid at the heater. The effect of the number of elements on the temperature gradient and mass
flow rate is presented in table 5.3. By increasing the number of elements from 150,920 to
782,784, the difference in temperature gradient across the heater was reformed by 0.06% and
the mass flow rate difference by only 0.5%. Therefore, the mesh with 150,920 number of

elements was considered for the simulations in order to use the computational time effectively.

Table 5.2. Thermo-physical properties of

Table 5.3. Mesh result details

water and CuO nanoparticle at 298 K No. of | Number
ATheater | m (Kg/s)
elements | of nodes
Property Water Cuo 782784 | 918684 | 28.220 | 0.014300
(unit) (from NIST) | nanoparticle
p (kg/m®) |997.05 6350 150920 | 133280 | 28.204 | 0.014206
Cp (J/kgK) |4181.3 502.8 72350 65304 | 28.100 | 0.013500
k (W/mK) | 0.60652 69 48000 48960 | 28.002 | 0.012500
B (per K) |0.000257 9.3x10°® 27250 39240 |27.880 | 0.011500

5.1.5 Validation

On the developed 3-D NCL model, all the simulations were carried out at a steady state
condition and the results were validated with the analytical results of Vijayan’s correlation
[198] which is given in eq. (4.16) and it was used for nanofluids by Nayak et al. [99].

Figure 5.4 shows that the simulation results of the developed model matched the
analytical results in terms of mass flow rate of the loop fluid. The maximum difference between
the simulation and analytical results is lower than 8.6% that is considerable, making it evident
that, while developing the geometry and carrying the numerical simulations, all the possible

influencing parameters of mass flow rate are considered.
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Fig. 5.4. Validation of numerical results with Vijayan’s data [198]

5.2 Results and discussion

In the present chapter, numerical investigations were carried out for various power
inputs (500 W to 2500 W) at the heater section. A constant temperature (293 K) wall boundary
condition was imposed at the cooler section. The NCL was operated with water and CuO-water
nanofluid as loop fluids. The performance of the loop was studied at different particle volume

concentrations, various loop inclination angles and with multiple channels.

5.2.1 Influence of the particle concentration on thermal performance of the NCL

To investigate the influence of particle concentration on heat transfer and fluid flow
characteristics, the NCL was operated with CuO-water nanofluid as loop fluid at different
particle volume concentrations of 1%, 3%, 5% and 6%, and the performance was compared

with water as loop fluid.
Steady state mass flow rate:

The mass flow rate of loop fluid in NCL under steady state condition was obtained at
various power inputs and different particle volume concentrations. It is well known that mass
flow rate of the loop fluid increases with an increase in power input at the heat source. Figure
5.5 shows explicitly the variation of flow rate of water and CuO-water nanofluid with power

input. By increasing the power input, a higher density gradient is developed between the heat
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source and heat sink which causes an enhanced mass flow rate. It is noticed from fig. 5.5 that
the mass flow rate of CuO-water nanofluid is more than that of the water. It is observed from
fig. 5.5 that the mass flow rate of the loop fluid is enhanced from 4.56% to 18.18% by varying
the particle concentration from 1% to 5% when compared with water. But when the particle
concentration is increased upto 6%, the mass flow rate is decreased by 3.26% when compared

with 5% concentration.
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Fig. 5.5. Variation of steady state mass flow rate with power input

The mass flow rate of the loop fluid in the NCL is solely influenced by buoyancy effects.
This buoyancy effect can be enhanced either by decreasing the viscous resistive forces or by
improving the buoyancy driving forces. The thermo-physical properties of the fluid influence
the viscous forces. Particularly for nanofluid, viscosity has more emphasis resistive forces. As
the viscosity of the nanofluid is a function of the particle volume concentration, its effect cannot
be neglected. Therefore, another way to improve the buoyancy driving forces is either by
increasing the temperature or by regulating the thermo-physical properties of the fluid. As the
particle concentration increases, the effective density of the nanofluid is increased and the
specific heat (Cp) is reduced. By suspending the nanoparticles in the base fluid, the net specific
heat of the nanofluid is reduced [16] as well as thermal expansion coefficient () of the
nanofluid is increased [17] and hence the temperature of the loop fluid increases for the same
power input. In the simulations, the specific heat of the CuO-water nanofluid is estimated by
the mixture rule and the result reveals that, specific heat of the nanofluid is reduced by 2.87%,
8.83% and 14.96% at 1%, 3% and 5% particle volume concentrations respectively when
compared with water. This decrease in specific heat gives a larger temperature rise in the fluid

at the same power input. The temperature rise gives large change in the density gradient
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between the heat source and heat sink which causes an increase in the mass flow rate. In addition
to this, thermal expansion coefficient of the nanofluid is also an important parameter for the
mass flow rate enhancement. The thermal expansion coefficient is more for nanofluids when
compared with water. With increasing the particle concentration, the thermal expansion
coefficient also increases. This may provide a physical reason for the increase of mass flow rate
with the addition of nanoparticles by up to 5% concentration in the water. As the particle
concentration increases from 5% to 6%, the percentage increment in the viscosity is more than
the percentage decrement in the specific heat and therefore, the viscous forces dominate the
buoyancy forces. This may be the reason for the decrement in the mass flow rate by the addition
of nanoparticles beyond 5% particle concentration in water. Therefore, for NCL model, particle

concentration at 5% is considered to be the optimum value.
Average Nusselt number:

The average Nusselt number at the heat source is estimated based on the area weighted
average wall function heat transfer coefficient. The wall function heat transfer coefficient at the
heat source is obtained from the simulation results. At the heat source, a variation of the average
Nusselt number with power input and particle volume concentration is shown in fig. 5.6. The
addition of high thermal conductive nanoparticles in the inherently poor conductive water, the
effective thermal conductivity of the nanofluid increases. Therefore, for a given power input, the
convective heat rate between the wall and the bulk fluid is more for the nanofluid, which results in
an increase in its average heat transfer coefficient. This increment in average heat transfer

coefficient causes the enhancement of the average Nusselt number.
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Fig. 5.6. Variation of Nusselt number with power input at heat source
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5.2.2 Effect of loop inclination angle on thermal performance of the NCL

To study the influence of the loop inclination angle, the loop is simulated with CuO-water
nanofluid at two different particle concentrations (1% and 2%) and at various loop inclination

angles and the results are compared with water. Figure 5.7 shows the developed NCL model with

inclination.
14 14
oy i =
(@). The geometry of (b). The geometry of (c). The geometry of
inclined NCL model inclined NCL model inclined NCL model
without inclination (front view) (side view)

Fig. 5.7. The geometry of inclined NCL model with and without inclination angle

Effect of power input, particle concentration and inclination angle on steady state mass flow

rate:

The variation of steady state mass flow rate of the loop fluid in NCL at different power
inputs and particle concentrations is described in fig. 5.8. It is well known that the mass flow
rate of the loop fluid increases with power input. By increasing the power input, a higher density
gradient is developed between the heater and cooler sections, which enhances the mass flow
rate. For a given power input, the mass flow rate of CuO-water nanofluid is higher than that of
water. By suspending the nanoparticles in the base fluid, the net specific heat of the nanofluid
is reduced by 4.28% and 7.85% at 1% and 2% particle volume concentrations, respectively,
when compared with water. This decrease in specific heat gives larger temperature rise in the
fluid at the given power input. The temperature rise results in a large change in density gradient
between the heater and cooler sections, which causes an increase in the steady state mass flow
rate. In addition to this, the thermal expansion coefficient of the nanofluid is also an important

parameter for mass flow rate enhancement. The thermal expansion coefficient is more for
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nanofluids than for water. When increasing the particle concentration, thermal expansion
coefficient increases and this increment causes an improvement in the driving force. This may
provide a physical reason for the increase of mass flow rate with particle concentration. It is
observed from fig. 5.8 that the mass flow rate of the loop fluid is enhanced by 4.93% and
10.15% at 1% and 2% particle concentration, respectively, when compared with water at high
power input and 15° loop inclination angle.

Figure 5.9 shows the variation of steady state mass of flow rate with loop inclination
angle. The steady state mass flow rate decreases with loop inclination angle. As the loop
inclination angle increases, the effective loop height decreases, which leads to a reduction in
the gravitational acceleration that is related to the cosine of the inclination angle. This could be
a possible reason for increasing the mass flow rate with loop inclination angle. It is observed
from fig. 5.9 that the steady state mass flow rate is decreased by 34.57%, 33.74% and 31.51%
for water, CuO-water nanofluid at 1% and 2% particle concentrations, respectively, by varying

the loop inclination angle from 0° to 60° at 2000 W power input.
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Effect of power input, particle concentration and inclination angle on temperature gradient at

heater:

The analysis has been carried out to study the temperature difference of the loop fluid
at the heater for different power inputs, loop inclination angles and particle concentrations.
Figure 5.10 shows the temperature gradient at the heater for different power inputs and particle
concentrations at 15° loop inclination angle. It is noticed from fig. 5.10 that the temperature
gradient of the loop fluid increases with power input. The temperature gradient is diminished
by 4.08% and 7.86% at 1% and 2% particle concentrations, respectively, when compared with
water at a high power input and 15° inclination angle. The steady state mass flow rate
enhancement causes a decrease in temperature gradient with particle concentration at a given
power input.

Figure 5.11 shows the effect of inclination angle and particle concentration on the
temperature gradient at the heater section for a given power input of 2000 W. Figure 5.11
illustrates that temperature difference increases with inclination angle, and decreases with
particle concentration. One possible reason may be that as the loop inclination angle increases,
the effective loop height reduces, which leads to lowering of gravitational acceleration, and the
corresponding mass flow rate. The lower mass flow rate of the loop fluid causes the temperature
gradient to rise at the heater section. From fig. 5.11 it is seen that the temperature gradient is
increased by 27.98%, 28.23% and 28.77% for water, CuO-water nanofluid at 1% and 2%
particle concentrations, respectively, by varying the loop inclination angle from 0° to 60° at
2000 W power input.
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Figure 5.12 shows the temperature contours of loop fluid at the heater entrance and exit
for different power inputs and particle concentrations at 15° inclination angle. It is observed
that there is a uniform temperature distribution at the heater entrance for all considered loop
fluids at a low power input. On the contrary, at the exit of the heater, the average temperature
of the loop fluid increases with the power input and particle concentration. As the power input
increases, the density of the fluid decreases, and thus the low density fluid in the heater section
moves upward due to buoyancy and causes generation of high temperature zone at the top
portion in heater as described in fig. 5.12. In the same way, as the particle concentration
increases, the percentage of the high temperature zone also increases. The possible root cause
for the generation of high temperature zones is decrease in specific heat and increasing thermal

expansion coefficient with particle concentration.
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Fig. 5.12. Temperature (in K) contours plot for different partcile concentrations at 15° loop
inclination angle.

Figure 5.13 shows the temperature contours at the entrance and exit of the heater section
at 1% particle concentration for different power inputs and loop inclination angles. The
distribution is non uniform at the heater exit for all inclination angles at higher power inputs;
however, the distribution is uniform at lower power inputs. It can be observed from fig. 5.13
that the temperature of the loop fluid decreases at the heater inlet and increases at the heater

outlet with inclination angle. As a result, the temperature gradient at the heater section increases
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with loop inclination angle as described in fig. 5.13. The temperature contours of loop fluid at

the middle of the riser and downcomer are presented in fig. 5.14. It can be observed that for the

same heat input, as inclination increases, fluid temperature increases. Three dimensional

representation of the loop geometry with CuO-water nanofluid is presented in fig. 5.15 and

5.16. Figure 5.15 shows the temperature of the loop fluid thought the loop at 500W and 1%

particle concentration. Similarly, fig. 5.16 shows temperature of the loop fluid thought the loop
at 2500W and 1% concentration.
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Fig. 5.13. Temperature (in K) contours plot for different inlcination angles at 1% particle

concentration. (Refer fig. 5.12 for temperature scale).
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Effect of power input, particle concentration and loop inclination angle on average heat transfer
coefficient:

Figure 5.17 shows the effect of particle concentration and power input on the average heat
transfer coefficient. The average heat transfer coefficient of the loop fluid at heater section is
estimated using eq. (5.7). As illustrated in fig. 5.17, the average heat transfer coefficient is
enhanced with power input and particle concentration. The CuO-water nanofluid has higher
thermal conductivity than water and the thermal conductivity increases with particle concentration.
Therefore, the difference between average wall temperature and average bulk fluid temperature at
the heater section increases with particle concentration, which results in an increase in the average
heat transfer coefficient of loop fluid. This could be one possible reason for the heat transfer
enhancement with the particle concentration. It is noticed from fig. 5.17 that the average heat
transfer coefficient is enhanced by 29.63% and 54.55% at 1% and 2% particle concentrations,
respectively, when compared with water at high power input and 15° loop inclination angle.

The effect of inclination angle on average heat transfer coefficient at heater section is
illustrated in fig. 5.18. The average heat transfer coefficient is decreasing with loop inclination
angle. The net height of the loop decreases with a loop inclination angle which results in a
decrease of the net gravitational acceleration effect. This reduced gravitational effect causes a
decrease in mass flow rate and corresponding Reynolds number. This reduced Reynolds
number leads to a decrease in Nusselt number and corresponding heat transfer coefficient. It is
noticed from fig. 5.18 that the average heat transfer coefficient decreases by 0.83%, 0.94% and
1.05% for water, CuO-water nanofluid at 1% and 2% particle concentrations, respectively, by
varying the loop inclination angle from 0° to 15° at 2000 W power input. Further, by increasing
the loop inclination angle up to 60°, the average heat transfer coefficient decreases by 14.29%,
10.97% and 10.27% for water, CuO-water nanofluid at 1% and 2% particle concentrations,
respectively. Therefore, from fig. 5.18 it can be concluded that the loop inclination angle at 15°

has limited influence on the average heat transfer coefficient.
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Effect of power input, particle concentration and loop inclination angle on Rayleigh number:

Rayleigh number is an important dimensionless parameter which is helpful to study the
buoyancy effect of natural circulation flows. The Rayleigh number of a working fluid can be
estimated using eq. (5.8). It can be noticed from this equation that, for a given geometry, the
Rayleigh number purely depends solely on the thermophysical properties of the working fluid.
Figure 5.19 demonstrates the influence of power input and particle concentration on Rayleigh
number. As can be seen from fig. 5.19, the Rayleigh number of the working fluid increases with
the power input and particle concentration as well. The thermal expansion coefficient of the
nanofluid is much and specific heat of the nanofluid is relatively lower than the water, which results
in an increase in the average temperature of the loop fluid at the heater for a nanofluid. However,
this temperature rise in the heater section leads to the production of high buoyancy forces which
dominate viscous forces. Therefore, the resultant high buoyancy could be a reason for increasing
Rayleigh number in the nanofluid and it further increases with the particle concentration.

The influence of inclination angle on Rayleigh number is presented in fig. 5.20. For a fixed
power input, the Rayleigh number diminishes with loop inclination angle. As the loop inclination
angle increases, the net height of the loop is reduced by the cosine angle which reduces the
gravitational acceleration effect. It is observed from fig. 5.20 that by increasing the inclination
angle from 0° to 15° the Rayleigh number decreases by 1.05%, 1.10% and 1.70% for water, CuO-
water nanofluid at 1% and 2% particle concentrations, respectively. In addition, increasing the

loop inclination angle by up to 60°, the Rayleigh number is reduced by 23.09%, 22.12% and
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21.69% for water, CuO-water nanofluid at 1% and 2% particle concentrations, respectively. The
effect of inclination angle on Rayleigh number is relatively low at lower inclinations as shown in
fig. 5.20. Therefore, lower inclination angles of up to 15° may be acceptable without affecting the

Rayleigh number.
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Effect of power input, particle concentration and inclination angle on effectiveness of the loop:

Effectiveness is a non-dimensional parameter for transparency on the enhancement in heat
transfer rate. For a given geometry, effectiveness is the ratio of actual heat transfer [mss x CphX
(Tho- Thi)] to maximum possible heat transfer [mss X Cp,cX (Tho- Tew)] and this relation is developed
by [35]. Figure 5.21 shows the effect of power input and particle concentration on the effectiveness
of NCL. Figure 5.21 summarizes the effectiveness of NCL, which proportionally increases with
particle concentration. Figure 5.21 shows the effectiveness is improved by 5.70 % and 10.68 % at
1% and 2% particle concentrations, respectively, when compared with water at high power input.
Figure 5.22 shows the effect of loop inclination angle on effectiveness at a given power input of
2000 W. The effectiveness of NCL is increased by 18.63%, 18.97% and 19.83% for water, 1%
and 2% particle concentrations, respectively, at 60° inclination angle when compared with a

vertical configuration (i.e. 0° inclination angle).
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5.2.3 Effect of multiple channels on thermal performance of the NCL

In the present section, the influence of multiple channels (double riser and double
downcomer-DRDD) on heat transfer and fluid flow characteristics of nanofluid based NCL was
investigated. For this investigation the CuO-water nanofluid at different concentrations was
considered as loop fluid and the results were compared with that of water. Figures 5.23 and 5.24
show the schematic diagram and mesh of a rectangular NCL with multiple channels
respectively. This kind of model is suitable for solar water heating systems, geothermal heat
extraction systems and electronic chip cooling systems. The geometrical specifications of NCL
with multiple channels are given in table 5.4 and all the remaining specifications are the same

as given in table 5.1.

Table 5.4. Geometrical specifications of the NCL model with multiple channels

Parameter Value (unit)
Total length of the DRDD loop 824 m
Width of the DRDD loop 1.56 m
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Validation:

The simulation results of the current study were compared with the analytical approach
of Vijayan’s correlation [75] which is given in eq. (5.10). Figure 5.25 illustrates that the
simulation results follows the same trend with the analytical results of Vijayan’s correlation in
terms of steady state Reynolds number and modified Grashof number. It is observed from fig.
5.25 that the analytical approach was close to Reynolds number, though this deviation was less
than 10%.

0.5
Regs = 01768 22| (5.10)
G

The modified Grashof number (Grm) and effective loss coefficient (Nc) can be calculated by
egs. (5.11) and (5.12) respectively [75]:

(9B pira® QnH)
(Acs IlzBf Cp,lf)

(5.11)

Grm,lf =
L¢

Comparison of NCL performance with single channel and multiple channels in terms of

steady state mass flow rate:

The decrease in specific heat and increase in thermal expansion coefficient with particle
concentration gives a large temperature rise in the fluid at the same heat input. This temperature
rise gives a large change in density gradient between the heat source and heat sink, which causes

an increase in the mass flow rate. Figure 5.26 shows that the steady state mass flow rate of the
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loop fluid in multiple channel (double riser double downcomer-DRDD) NCL was increased by

2.5% when compared with single channel (single riser single downcomer-SRSD) NCL.
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Fig. 5.25. Validation of numerical results with Vijayan’s correlation [75]
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Fig. 5.27. Temperature (K) contours plot of multiple channel type NCL at 2000 W

Temperature contours of the loop fluid throughout the loop:

Figure 5.25 shows the temperature contour profile of the loop fluid at different particle
concentrations. It can be observed from fig. 5.27 that the temperature of the loop fluid decreases
at heater inlet and increases at the heater outlet with particle concentration. Therefore, the

temperature gradient at heater increases with particle concentration.

Effect of multiple channels on average heat transfer coefficient:

Figure 5.26 shows the effect of multiple channels on the average heat transfer coefficient.

The average heat transfer coefficient of the loop fluid at the heater section is estimated using eq.

(5.7). As illustrated in fig. 5.28, the average heat transfer coefficient enhances with power input
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and particle concentration. The CuO-water nanofluid has higher thermal conductivity than water
and this thermal conductivity increases with particle concentration. Therefore, the convective heat
rate between the wall and the bulk fluid at the heater section increases with particle concentration,
which results in an increase in the average heat transfer coefficient of the loop fluid. This could be
one possible reason for the heat transfer enhancement with particle concentration.
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Fig. 5.28. Variation of average heat transfer coefficient with power input
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Effect of multiple channels on Rayleigh number:

Figure 5.29 shows the influence of multiple channels on Rayleigh number. It can be seen

from fig. 5.29 that the Rayleigh number of the working fluid increases with power input and

particle concentration. The temperature rise in the heater section leads to higher buoyancy force

and that dominates the viscous force. Therefore, higher buoyancy could be a reason for a increase

in Rayleigh number with the nanofluid and it further increases with the particle concentration

which can be observed in fig. 5.29.

5.3 Conclusion

The steady-state analysis of a single phase rectangular NCL with heater as a heat source

was carried out using 3-D numerical modelling in Ansys-Fluent 14.0. Based on the numerical

results the following conclusions have been drawn.

The steady state mass flow rate of the NCL increases with heat input and decreases with
the loop inclination angle.

If the particle volume concentration increased from 0% to 5%, then the mass flow rate of
the loop fluid increased by 26%, but with any further increase in particle concentration, the
mass flow rate decreased due to viscous forces dominating the buoyancy forces. Therefore,
for this kind of NCL model, 5% particle concentration can be considered as optimum value.
Effectiveness increases with particle concentration and inclination angle. Therefore, the
effectiveness of a nanofluid based NCL is more than a water based NCL.

At a given power input and fixed inclination angle, the average heat transfer coefficient of
the nanofluid is enhanced with the particle concentration. Moreover, the average heat
transfer coefficient is influenced by the loop inclination angle.

Rayleigh number is reduced with the inclination angle; however, the effect of inclination
angle is relatively minor for up to 15°. Therefore, lower inclination angles of up to 15° are
preferable without a significant effect on Rayleigh number.

The performance of the NCL with multiple channels (DRDD) was enhanced by 2.5% when
compared with single channel (SRSD) in terms of the mass flow rate.
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Chapter - 6

Experimental studies on nanofluid based single phase NCL

In chapter 4, one-dimensional theoretical results of nanofluid based natural circulation
loop with end heat exchangers were presented. In chapter 5, three-dimensional simulation
results of nanofluid based natural circulation loop with heater as heat exchanger have been
presented. Although experimental results are available in the open literature on NCL with water
as a working fluid, test results on nanofluid based systems are very few. Hence, in the present
chapter, experimental studies have been conducted to understand the working fluid behaviour
in NCL with heater as a heat source and with heat exchanger as a heat source and to validate
the numerical model which is described in earlier chapters. Experiments were carried out on an

instrumental test facility which was designed for use with nanofluid as working fluid.

6.1 Experimental studies on nanofluid based NCL with heater as heat

source

6.1.1 Experimental facility

A detailed schematic diagram of the experimental facility used for this study is shown
in fig. 6.1. The photographic view of the experimental test rig is presented in fig. 6.2. The
system consists of a heater at the bottom and tube-in-tube cold heat exchanger at top. These two

are connected by two parallel vertical legs called riser and downcomer. A smooth stainles
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steel tube with 15.1 mm external diameter 12.7 mm internal diameter is chosen for the loop
pipe. To prevent heat leak from or to the ambient, the entire loop was insulated with 4 mm thick
asbestos rope. The geometrical specifications and operating parameters are given in table 6.1.
The temperatures of the loop fluid (T1 to T4), external fluid (Ts and Te) and heater wall surface
(T7 to T10) were measured by using RTDs as shown in fig. 6.1. These RTDs were connected to
a computer integrated data acquisition system (Agilent-34972A) to log the temperature data at
regular intervals. Pressure drop between different sections in the NCL was measured using U-
tube manometers. Both heater and cold heat exchangers were operated at constant pressure
condition. Therefore, manometer tubes were connected at the entrance and exit of the riser and
downcomer sections respectively, as shown in fig. 6.1. To measure cold fluid mass flow rate, a
rotameter was connected between CHE inlet and thermostatic bath outlet. Classic scientific
made thermostatic bath was used to control the cold fluid temperature sent to CHE.

Table 6.1. Geometrical specifications and operating parameters of NCL with heater

Parameter Value

Loop pipe diameter 0.012m

Inner diameter of the annulus at CHE | 0.0215 m

Loop width 1.22 m

Loop height 1.64m

Total length of the loop 104 m

Length of heater 1m

Length of cold heat exchanger 5m

Power input to heater 500 W — 2500 W

Cold water inlet temperature 5°Cto20°C

Cold fluid mass flow rate 0.05 kg/s

Particle volume concentration (&) 05%,1.0%and 1.5%
Working/loop fluids SiOz2-water, Al203-water and CuO-water nanofluids

6.1.2 Experimental procedure

An experimental study on single phase rectangular natural circulation loop was initially
conducted with distilled water, and soon after was conducted with three different nanofluids
(SiO2-water, Al203-water and CuO-water) at 0.5%, 1.0% and 1.5% concentrations. During the
experiment, the combined effects of power input, particle concentration and cooling water inlet

temperatures were analysed. The experimentation was carried out with the following procedure:
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Fig.6.2. Photographic view of the Experimental test rig

e The NCL was filled with working fluid.

e Air bubbles were drained out by giving continuous pulses while filling the loop.
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e Sufficient time was given to the loop fluid to obtain thermal equilibrium with room
temperature without heating.

e The cold fluid temperature at CHE was set at a required value.

e The DAQ system was switched on and the initial readings were taken.

e After ensuring the thermal equilibrium from the data acquisition (DAQ) system, the
thermostatic bath and heater are started simultaneously.

¢ Repeatability of the test rig was ensured.

e The same procedure was repeated for all the experiments.

6.1.3 Data reduction

For NCL, the steady - state condition was attained, when the buoyancy and frictional
forces were balanced. The steady state mass flow rate (i) and Reynolds number of working

fluid can be calculated using following relation:
Power input = Qpeater = My * Cp 5 - (T, = Ty) (6.1)

The Reynold number is estimated by:

Relf = (62)

The average heat transfer coefficient and average Nusselt numbers are calculated by:

Qheater
b 6.3
I As (Twaiin—Th,1f) ( )
_ hyD
Nu = P (6.4)

Where Tq1 1 is the inside average wall surface temperature which can be estimated by using

heat conduction equation which is given as follows [203].

T _m Zrl-nq”+rl-2n(p Tout 4 2 2
Twall,in = Lwall,out — ( 2k In )T (rin - rout) (6-5)

Tin

Where, Tyan0ue 1S the outside average wall surface temperature which can be estimated by

using following relation:

o _ T7,out""1‘8,out'|"r9,out"'Tlo,out
Twall,out - 4 (66)

Where, T7,0ut, Ts.out, To,0ut, aNd T10,0ut are the temperatures at outer surface of the heater wall.

Ty, 15 is the bulk fluid temperature and is estimated by:
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T,+T
Tour = 1: : (6.6)

The Rayleigh number can be estimated by:

(gﬁu%fd4pﬁcnu) 6.7)
(g x k) .

Ralf =

6.1.4 Results and discussion

In the present study, the effect of the type of working fluid, particle concentration, power
input and inlet temperature of cold fluid on thermal performance of the NCL were
experimentally investigated. Different nanofluids such as CuO-water, SiO2-water, and Al20s-
water were used at different particle concentrations (0.5%, 1.0% and 1.5%) and results were
compared with water. The power input at heater was varied from 500 W to 2500 W with an
increment of 500 W. The inlet temperature of cold fluid was varied from 5 °C to 20 °C with a

step size of 5 °C.
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Fig. 6.3. Comparison of experimental results with published data

Comparison of experimental results with analytical results:

Figure 6.3 illustrates that the comparison of experimental outcomes with the analytical
results of Vijayan’s correlation (eq. 5.10) [75]. The experimental outcomes of the current study
were compared with the analytical approach of Vijayan’s correlation and it was noticed that the
analytical approach did not come close to Reynolds number; the deviation however was within

manageable limits - lower than 15 %.
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Transient response of the NCL for different working fluids:

Figure 6.4 shows the temperature gradient across the heater at 2000 W power input, and
20 °C cooling water inlet temperature with water and different nanofluids at 1% particle
concentration. It is observed from fig. 6.4 that the transient response of NCL with water and
nanofluids was similar. As seen in fig.6.4 the steady state reaching time for water, SiO2-water,
Al20s-water, and CuO-water nanofluids was 25.33, 22.17, 20.41 and 18.40 minutes
respectively. In particular, NCL operated with CuO-water nanofluid reached a steady state
condition quickly when compared with other working fluids, due to its higher thermal
conductivity than other fluids. From fig. 6.4 it is concluded that the steady state reaching time
can be reduced by 12% to 27% with different nanofluids compared to water.
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Fig. 6.4. Transient response of NCL with different working fluids

Effect of power input and particle concentration on mass flow rate:

The variation of steady state mass flow rate of loop fluid in NCL at different power
inputs and for different working fluids is described in fig. 6.5. It is well known that the mass
flow rate of the loop fluid increases with power input. By increasing the power input, the density
gradient developed across the heater and cold heat exchanger sections was high, which causes
buoyancy forces, that subsequently increases the mass flow rate. For a given power input, the
mass flow rate of any nanofluid is higher than that of water. By suspending the nanoparticles

in the base fluid at 1 % concentration, the net specific heat of SiOz2-water, Al2Oz-water and
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CuO-water nanofluids was reduced by 1.80%, 3.09% and 5.29%, respectively, when compared
with water. This decrement in specific heat gives larger rise in temperature in the fluid for a
given power input. The temperature rise gives a large increase in density gradient between the
heater and cold heat exchanger sections which increases the steady state mass flow rate in the
loop. In addition to this, the thermal expansion coefficient of the nanofluid is another important
parameter for mass flow rate enhancement. By dispersing nano-sized particles in water, the
thermal expansion coefficient was enhanced and this enhancement, improved the driving force
[29]. At a given power input the CuO-water nanofluid has a higher mass flow rate than SiO2-
water and Al2Os-water nanofluids due to its lower specific heat and higher thermal expansion
coefficient. It is observed from Fig. 6.5 that the mass flow rate of the loop fluid was enhanced
by 4.05%, 7.51% and 10.95% for SiO2-water, Al.Os-water, and CuO-water nanofluids,
respectively, when compared with water at high power input.

Figure 6.6 shows the variation of steady state mass flow rate with particle concentration.
The steady state mass flow rate was gradually increased with the particle concentration. The
ameliorated thermophysical properties of nanofluids were responsible for improving the mass
flow rate in NCL. It is observed from fig. 6.6 that the steady state mass flow rate increased by
4.02%, 4.17% and 3.92% for SiOz-water, Al20s-water, and CuO-water nanofluids,

respectively, by varying particle concentration from 0.5% to 1.5% at 2000 W power input.
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Fig. 6.5. Variation of mass flow rate with power input
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Effect of power input and particle concentration on temperature difference at heater:

The analysis was carried out to study the temperature difference of the loop fluid across
the heater for different power inputs and particle concentrations. Figure 6.7 shows the
temperature gradient at the heater for different power inputs, at 1% particle concentration of
nanofluids and 20 °C cooling water inlet temperature. It is noticed from fig. 6.7 that the
temperature gradient of the loop fluid increases with power input. The enhanced thermal and
transport properties of nanofluids facilitate a reduction in temperature gradient at the heater by
5.55%, 9.81% and 14.46% for SiO2-water, Al203-water and CuO-water nanofluids,
respectively, when compared with water at the maximum power input.

Figure 6.8 shows the influence of particle concentration on the temperature gradient at
the heater section for a given power input of 2000 W. Figure 6.8 demonstrates that temperature
difference was decreasing with particle concentration for all nanofluids. One possible reason
is, as the particle concentration increases, specific heat reduces, which leads to an increase in
mass flow rate. The higher mass flow rate of loop fluid causes reduction in the temperature
gradient at the heater section for a given power input. From fig. 6.8 it is observed that the
temperature gradient is decreased by 7.94%, 7.74% and 6.26% for SiO2-water, Al.Os-water,
and CuO-water nanofluids, respectively, by varying particle concentration from 0.5% to 1.5%

at 2000 W power input.
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Effect of power input and particle concentration on Rayleigh number:

Rayleigh number is an important dimensionless parameter which is helpful to study the
buoyancy effect of natural circulation flows. The Rayleigh number of a working fluid can be
estimated using eg. (6.7). It can be noticed from this equation that for a given geometry, the
Rayleigh number depends purely on thermo-physical properties of the working fluid. Figure
6.9 demonstrates the variation of the Rayleigh number with power input for water and different
nanofluids. As seen from fig. 6.9, the Rayleigh number of the working fluid is increasing with
power input. The resultant high buoyancy force could be the reason for the higher Rayleigh
number for nanofluids compared to water. It is observed from fig. 6.9 that the Rayleigh number
is enhanced by 4.41%, 10.20% and 16.64% for SiO2-water, Al.Os-water, and CuO-water
nanofluids, respectively, when compared with water at highest power input.

The influence of particle concentration on Rayleigh number is presented in fig. 6.10. It
is observed from fig. 6.10 that by increasing particle concentration from 0.5% to 1.5%, the
Rayleigh number is increased by 51.29%, 43.63% and 38.20% for SiO2-water, Al2Os-water,
and CuO-water nanofluids, respectively, at 2000 W power input. At fixed concentration, CuO-
water nanofluid has a higher Rayleigh number than SiO2-water or Al2Os-water. The improved
thermo-rheological properties of CuO-water nanofluid leads to a higher Rayleigh number.

Effect of power input and particle concentration on average Nusselt number:

Figure 6.11 shows the variation of average Nusselt number with power input and

different working fluids at 20 °C cooling water inlet temperature. The average Nusselt number
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of the working fluid at the heater section is estimated using eq. (6.4). As illustrated in fig. 6.11,
for a given working fluid, the average Nusselt number increases with power input due to
increased average heat transfer coefficient. At a given power input to the heater, the flow rate
of the nanofluid is higher than that of water, which causes an increase in convection at the
heater; this in turn result in an increase in the average Nusselt number. It is noticed from fig.
6.11 that the average Nusselt number is enhanced by 2.20%, 4.53% and 8.10% for SiO2-water,
Al203-water, and CuO-water nanofluids, respectively, when compared with water at high
power input. At a fixed power input, the CuO-water nanofluid has a higher average Nusselt
number than SiOz-water, Al2Os-water nanofluids, as it has a higher average heat transfer

coefficient.
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The influence of particle concentration on average Nusselt number at the heater section
is illustrated in fig. 6.12. The average Nusselt number is increasing with particle concentration.
When the concentration of nanoparticles increased, the thermal conductivity of the nanofluid
also increased. This enhancement of thermal conductivity of the nanofluid has a positive effect
on the average heat transfer coefficient and consequently on the average Nusselt number.
Another cause for the enhanced average Nusselt number is attributed to the enhanced average
heat transfer coefficient at a higher mass flow rate. It is noticed from fig. 6.12 that the average
Nusselt number is enhanced by 14.82%, 16.22% and 14.61% for SiO2-water, Al.Osz-water, and
CuO-water nanofluids, respectively, by varying particle concentration from 0.5% to 1.5%.

Effect of power input and particle concentration on pressure drop in NCL:

Figure 6.13 shows the pressure drop as a function of the power input for pure water and
different nanofluids. As expected, irrespective of working fluid, the pressure drop increases
with power input. As can be seen from fig. 6.13 all the nanofluids show higher pressure drop
than pure water due to the high viscosity and high density. At low power input, the pressure
drop difference is small among all nanofluids when compared to water and it is increasing with
power input. The pressure drop is increased by 6.90%, 12.44% and 19.08% for SiO2-water,
Al203-water, and CuO-water nanofluids, respectively, when compared with water at high
power input. The CuO-water nanofluid has more pressure drop than other working fluids due

to its higher viscosity and density.
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Figure 6.14 shows the pressure drop with particle concentration at 2000 W power input.
The pressure drop increases with particle concentration. It is observed from fig. 6.14 that by
varying particle concentration from 0.5% to 1.5% the pressure drop is increased by 6.32%,

6.68% and 9.48% for SiO2-water, Al2Os-water, and CuO-water nanofluids, respectively.

Effect of cooling water inlet temperature on mass flow rate and average Nusselt number:

The variation of mass flow rate with inlet temperature of cooling water is described in
fig. 6.15. By reducing the inlet temperature of cold fluid at CHE, high temperature gradient
across the heater and CHE is developed in the loop fluid. That leads to an increase in the
buoyancy and mass flow rate.

Figure 6.16 shows the effect of cooling water inlet temperature on an average Nusselt
number of different working fluids at 2000 W power input. It is seen that the inlet temperature
of cold water has a much stronger effect on average Nusselt number. When the power input to
the heater is kept constant, and when the inlet temperature of the cooling water is decreased,
mass flow rate of the working fluid increases, which causes an increase in the convective heat

transfer rate as well as average Nusselt number.
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Fig. 6.16. Variation of average Nusselt number with inlet temperature of the cooling water

6.1.5 Transient analysis of nanofluid based NCL with heater as heat source

Figure 6.17 shows the variation of temperature difference of the loop fluid across the
heater under increasing power input to the heater. After the loop fluid attains steady state and
runs for one hour in this condition, the power input is increased step wise (500 W step) up to
2500 W. With the stepwise increase in power input, heat transfer also increases step wise.
Initially, when power was 500 W, the system took 28.5 min, 26.67 min, 24. 17 min and 20.83

min, respectively, to reach steady state from the rest (25 °C) for pure water, SiO2-water
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nanofluid, Al2Os-water nanofluid and CuO-water nanofluids respectively. After the system was
run for about 1 hour at this steady state condition, the power input increased to 1000 W. Now
it took 26.2 min, 25.33 min, 22.83 min and 18.51 min to reach steady state for pure water, SiO2-
water nanofluid, Al2Os-water nanofluid and CuO-water nanofluids respectively. In the next step
when the power input was increased to 1500 W and later 2000 W similar trend was observed.
Finally, after increasing the power input to 2500 W, the system took 20.5 min, 18.32 min, 15.33
min and 13.45 min to reach steady state for pure water, SiO2-water nanofluid, Al.Os-water
nanofluid and CuO-water nanofluids respectively. Therefore, from fig. 6.17 it can be concluded
that the steady state time is reduced by increasing the power input. In particular, CuO-water
nanofluid quickly reaches the steady state condition than other nanofluids. The present
experimental results with heater as a heat source and with no oscillations or pulsating flow is
observed within the range of study for any type of nanofluid. In the next experimental work,
power input was decreased step wise (500 W) from 2500 W to 500 W. The results are shown
in fig. 6.18. It is observed that the system returns to the original condition when the power input

change is reversed.
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Fig. 6.17. Temperature difference of the loop fluid across heater under increasing the power

input
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6.2 Experimental studies on nanofluid based NCL with end heat

exchangers

6.2.1 Experimental facility

A detailed schematic diagram of the experimental facility used for this study is shown
in fig. 6.19. The photographic view of the experimental test rig is presented in fig. 6.20. The
system consists of a tube-in-tube hot heat exchanger at the bottom and tube-in-tube cold heat
exchanger at the top. These two were connected by two parallel vertical legs called riser and
downcomer. The present 1-D numerical results show that frictional resistance was almost
negligible beyond 15mm tube diameter, a smooth stainless steel tube of 12.7mm inner diameter
with 1.6mm wall thickness was selected for the inner tube. To prevent heat leak from or to
ambient surroundings, the entire loop was insulated with 4 mm thick asbestos rope. On the
water side (outer tube), mm thick copper tube of 22 mm outer diameter was chosen. The total
tube length of each heat exchanger was 5 m with 5 parallel segments of 1m each, as shown in
fig. 6.20. The geometrical specifications and operating parameters are given in table 6.20. The
temperatures of the loop fluid (T1 to Ta), external hot water (Ts and Ts) and external cold water
(T7 to Ts) were measured using RTDs, as shown in fig. 6.19. These RTDs were connected to a

computer integrated data acquisition system (Agilent-34972A) to log the temperature data at
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regular intervals. Pressure drop between different sections in the NCL was measured using U-
tube manometers. Both hot heat exchanger and cold heat exchangers were operated at constant
pressure condition. Therefore, the manometer tubes were connected at the entrance and exit of
the riser and downcomer sections, respectively, as shown in fig. 6.19. To measure hot water
and cold water mass flow rates rotameters were connected between cold heat exchanger inlet
and chiller outlet and hot heat exchanger inlet and thermostatic bath outlet, respectively. A
classic scientific made thermostatic bath was used to control the hot water temperature sent to

HHE. To control temperature of the cold water, Aditya scientific made chiller was used.

6.2.2 Experimental procedure

The experimental study on a single phase rectangular natural circulation loop was
initially conducted with distilled water, and then after conducted with three different nanofluids
(SiOz-water, Al2O3-water and CuO-water) at 0.5%, 1.0% and 1.5% concentrations. During the
experiment, the combined effect of power input, particle concentration and cooling water inlet
temperatures were analysed. The experiment was carried out with the following procedure:

e The NCL was filled with the working fluid.

e Air bubbles were drained out by giving continuous pulses while filling the loop.

e Sufficient time was given to the loop fluid to obtain thermal equilibrium with room
temperature without heating.

e The secondary cooling water and hot water flow rates were set at the required value.

e The DAQ system was switched on and the initial readings were taken.

e 10 min after the DAQ system began, the chiller and thermostatic bath were started
simultaneously.

e At steady-state condition, which can observe from the trend of the temperature variation
in the graphical display mode on the DAQ system, all the temperature data are collected.

e The same procedure is repeated for all the experiments.

e Repeatability of the test results is also checked.
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Table 6.2. Geometrical specifications and operating parameters of NCL with end heat

exchangers

Parameter Value

Loop pipe diameter 0.012m

Inner diameter of the annulus at CHE | 0.0215 m
Loop width 1.22m

Loop height 25m

Total length of the loop 155m

Length of heater 1m

Length of CHE and HHE 5 m each

Hot water inlet temperature 30°Cto70°C
Cold water inlet temperature 05°Cto20°C
Pipe wall thickness 0.0016 m

Hot and cold fluid mass flow rate 0.05 kg/s
Particle volume concentration (¢) 05%,1.0%and 1.5 %
External fluid to CHE and HHE Water

6.2.3 Data reduction

For NCL, the steady-state condition was attained, when the buoyancy and frictional

forces were balanced. The heat transfer rate (Qure) can be calculated using the following

relations:

Quue = My uHE * Cpw,HHE * (Thi — Tho)

Quue = (UA)yug - MTDyyg

(6.8)

(6.9)

MTDnHe is mean temperature difference at HHE and calculated as:

(Th,i—Tito) = (Th,i=Tifin)
MTDHHE = - ( '?h,i_Tlf,z) ) =

Th,o~Tifin

Overall thermal conductance of the loop was calculated in terms of entropic average

(6.10)

temperatures of the external fluid by using the following equation:

(UA)loop = <

(Th,avg _Tc, avg )

(6.11)
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Thavg and Tcavg are entropic average temperatures (defines as ratio of heat transfer rate to

entropy change) of the external hot and cold fluids and these can be calculated as follows:

Th,avg = W (6.12)
in(7)
Tc,o_Tc,i
Tc,avg = ﬁ (6.13)
Te,i

From the energy balance relation, the steady state mass flow rate of loop fluid was calculated

using eq. (6.14).

QHuE = My HHE * Cp,w,HHE ) (Th,i - Th,o) =mys - Cpr - (T, —Ty) (6.14)
6.2.4 Results and discussion

In the present study, the effects of type of particle concentration, hot fluid inlet
temperature and cold fluid inlet temperatures on thermal performance of the NCL were
experimentally investigated. Different nanofluids such as CuO-water, SiO2-water, and Al20s3-
water were used at different particle concentrations (0.5%, 1.0% and 1.5%) and the results were
compared with that of water. The power input at heater was varied from 500 W to 2500 W with
increment of 500 W. The inlet temperature of cold fluid was varied from 5 °C to 20 °C with a

step size of 5 °C.
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Fig. 6.21. Comparison of experimental results with numerical and published data
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Comparison of experimental results with analytical and numerical results:

The experimental outcomes were compared with the analytical results of Vijayan’s
correlation [75] which is given in eqg. (5.10). Figure 6.21 illustrates that the experimental
outcomes follow the same trend with the results of Vijayan’s correlation. The experimental
outcomes of the current study were compared with the analytical approach of Vijayan’s
correlation and it was noticed that the analytical approach was not coming close to Reynolds

number, though this was lower than 13%, which is acceptable.

Temperature of the loop fluid at various locations:

The variance of the loop fluid temperature with time at different locations of the loop is
presented in fig. 6.22. Even though the system was insulated, a temperature difference of 2 °C
was observed between the inlet and outlet of the riser. This temperature difference may be
attributed to the pressure drop of nanofluid as well as heat loss to ambient surroundings. A
similar temperature difference was observed between the downcomer inlet and outlet. From fig.

6.22 it was observed that the time taken to reach the steady state was around 40 min.
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Fig. 6.22. Variation of loop fluid temperature at various locations of the loop

Repeatability tests:

Figure 6.23 shows steady state mass flow rate with hot water inlet temperature. With an
increase in hot water inlet temperature the loop fluid mass flow rate also increases as discussed

in the theoretical background to the experiment. The cold fluid temperature was maintained at
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a constant temperature of 20 °C. External fluid flow rates were the same and equal to 0.05 kg/s
in both heat exchangers. Repeatability tests were conducted for this range of parametric
variation. All data points are found to lie within the uncertainty range (£ 6%). A reasonably

good agreement is found between the experimental results and the numerical values.
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Fig. 6.23. Repeatability tests of mass flow rate with CuO-water as loop fluid

Effect of hot fluid inlet temperature and particle concentration on mass flow rate:

The variation of steady state mass flow rate of the loop fluid in NCL with hot water inlet
temperature for different working fluids is described in fig. 6.24. It is well known that the mass
flow rate of the loop fluid increases with hot water inlet temperature. By increasing the inlet
temperature of the hot water, the density gradient developed across HHE and CHE sections is
high, which creates buoyancy forces, that subsequently increases the mass flow rate. For a given
hot water inlet temperature, the mass flow rate of any nanofluid is higher than that of water. By
suspending the nanoparticles in the base fluid the net specific heat of the nanofluids reduces.
This decrement in specific heat gives a large temperature rise in the loop fluid for a given hot
water inlet temperature. The temperature rise leads to a large increase in the density gradient
between HHE and CHE sections which causes an increase in the steady state mass flow rate in
the loop. At a given hot water inlet temperature, the CuO-water nanofluid has a higher mass
flow rate than SiOz-water and Al2Os-water nanofluids due to its lower specific heat and higher
thermal expansion coefficient. It is observed from fig. 6.5 that the mass flow rate of loop fluid
is enhanced by 9.11%, 16.75% and 22.43% for SiO2-water, Al2Os-water, and CuO-water
nanofluids, respectively, when compared with pure water at 70 °C of the hot water inlet

temperature.
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Fig. 6.25. Variation of mass flow rate with particle concentration

Figure 6.25 shows the variation of steady state mass flow rate with particle
concentration. The steady state mass flow rate is gradually increasing with particle
concentration. The ameliorated thermophysical properties of nanofluids are responsible for
improving the mass flow rate in NCL. It is observed from fig. 6.25 that the steady state mass
flow rate is increased by 6.36%, 7.37% and 7.73% for SiO2-water, Al.Os-water, and CuO-water
nanofluids, respectively, by varying particle concentration from 0.5% to 1.5% at 70 °C of the

hot water inlet temperature.
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Effect of hot fluid inlet temperature and particle concentration on heat transfer rate:

The analysis was carried out to study the heat transfer rate of the loop fluid for different hot
water inlet temperatures and particle concentrations. Figure 6.26 shows the variation of heat
transfer rate with hot water inlet temperature, at 1% particle concentration and 20 °C cooling
water inlet temperature. As expected, it is observed that with an increase in hot fluid inlet
temperature, heat transfer rate increases due to an increase in the temperature gradient between
the loop fluid and external fluid (water) in HHE. It is noticed from fig. 6.26 that the heat transfer
rate is increased by 14.7%, 26.95% and 36.58% for SiO2-water, Al.Os-water and CuO-water

nanofluids, respectively, when compared with water at the maximum hot water inlet

temperature.
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Fig. 6.26. Variation of heat transfer rate with hot water inlet temperature
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Figure 6.27 shows the influence of particle concentration on the heat transfer rate for a
given hot water inlet temperature of 60 °C. Figure 6.27 points that the heat transfer rate
increases with particle concentration for all nanofluids. The possible reason is, as discussed in
the previous section, the mass flow rate increases with particle concentration which leads to

increase heat transfer rate.

Effect of hot fluid inlet temperature and particle concentration on thermal conductance:

Figure 6.28 shows the variation of thermal conductance (UA) with hot water inlet
temperature for water and different nanofluids. As seen from fig. 6.28, the thermal conductance
of the working fluid is increasing with hot water inlet temperature. As seen in the previous
section, the heat transfer rate increases with hot water inlet temperature, which causes an
increase in thermal conductance. It is observed from fig. 6.28 that thermal conductance
enhanced by 13.55%, 40.67% and 67.79% for SiO2-water, Al2Os-water, and CuO-water
nanofluids, respectively, when compared with water at 70 °C of the hot water inlet temperature.

The influence of particle concentration on thermal conductance is presented in fig. 6.29.
It is observed from fig. 6.29 that by increasing particle concentration from 0.5% to 1.5%,
thermal conductance increased by 64.92%, 55.62% and 50.60% for SiO2-water, Al.Os-water,
and CuO-water nanofluids, respectively, at 60 °C of the hot water inlet temperature. At fixed
concentration, CuO-water nanofluid has a higher thermal conductance than SiO2-water, Al2Os-

water due to higher thermal conductivity.
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Fig. 6.28. Variation of thermal conductance with hot water inlet temperature
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Fig. 6.30. Variation of thermal conductance and MTD of Cuo-water nanofluid

The variation of thermal conductance (UA) of HHE, CHE and total loop is shown in
fig. 6.30. Mean temperature difference of external fluid and loop fluid (CuO-water nanofluid)
in CHE and HHE are also shown in the secondary axis. It can be observed that thermal
conductance increases with hot fluid inlet temperature. Thermal conductance of HHE and CHE
is found to be almost the same. This may be attributed to an equal flow rate through both heat

exchangers.
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Effect of cooling water inlet temperature on mass flow rate and heat transfer rate:

The variation of mass flow rate with inlet temperature of cooling water is described in
fig. 6.31. By reducing the inlet temperature of cold fluid at CHE, high temperature gradient
across the heater and CHE is developed in the loop fluid. That leads to an increase in the
buoyancy and mass flow rate. Figure 6.32 shows the effect of cooling water inlet temperature
on the heat transfer rate for different working fluids at 60 °C hot water inlet temperature. It is
seen that the inlet temperature of cold water has a much stronger effect on the heat transfer rate.
With the hot water inlet temperature is kept constant, and by decreasing the inlet temperature
of the cooling water, mass flow rate of the working fluid increases, which causes an increase in

the convective heat transfer rate.
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Fig. 6.31. Variation of mass flow rate with cooling water inlet temperature
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6.3 Uncertainty analysis

To find the errors associated with the experiment uncertainty analysis was carried out
by Kline and McClintock [204]. The maximum uncertainties of mass flow rate, average heat

transfer coefficient and average Nusselt number were estimated and presented in table 6.3.

Table 6.3. Uncertainties of various variables.

S.No. Variable Uncertainty
1. Steady state mass flow rate 0.3934 %
2 Average heat transfer coefficient 0.3631 %
3. Average Nusselt number 0.4718 %

(1) Power input, Qneater

U Uy 2 Un\?
Qneater =V X1, —heater — (7V) + (TI)

Qheater

= /(0.28)2 + (0.15)2
=0.3176 %

(2) Steady state mass flow rate, m
. _ Qneater Utings _ Uoneater 2 U(r,-T1) z
Mss = Cpx(T2—Ty) T g B \/( Qheater ) + ( T,-T; )
= /(0.3176)2 + (—0.232)2

= 0.3934 %
(3) Average heat transfer coefficient, havg

- 2
h — Qheater Uhavg — (ﬂ)z + (U(Twall‘Tb)>
avg As (Twall_Tb) ’ havg Q (Twall_Tb)

=/(0.3176)2 + (—0.176)2

=0.3631%
(4) Average Nusselt number, NUavg
_ havg d UNuavg _ |(Vhavg)® | (Uk)?
g =ttt () (0
= 1/(0.3631)2 + (0.3)2
=0.4718 %
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6.4 Conclusion

The single phase natural circulation of water and different nanofluids in NCL was
experimentally investigated and the results are presented in this chapter. The conclusions from
experimental results can be summarized as follows:

1. A reasonably good agreement is found between theoretical and experimental results,
thereby validating the mathematical models developed for the study.

2. Natural circulation loop operated with nanofluid quickly reaches a steady state condition
compared to water. The steady state reaching time can be reduced by 12 to 27% by using
nanofluids. In particular, the NCL operated with CuO-water nanofluid quickly reaches
the steady state condition when compared with other nanofluids.

3. The average Nusselt number increases with power input and particle concentration.

4. As expected, with a decrease in cooling water inlet temperature, the mass flow rate and
average Nusselt number increases for any working fluid.

5. Overall thermal conductance increases with particle volume concentration.

6. As expected, with an increase in external hot fluid temperature, mass flow rate and heat
transfer rates also increase.

7. Within the range of study, the loop was found to be stable.
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Chapter - 7

General conclusions and scope of future work

7.1 General conclusions

In the present work a detailed literature survey on natural circulation loops and their
applications was carried out. Following the survey, theoretical studies (one dimensional and
three dimensional) on the steady state performance of the nanofluid based natural circulation
loops were carried out. Based on the theoretical studies, an instrumented nanofluid based
natural circulation loop with heater as a heat source and heat exchanger as heat source was
designed, fabricated and tested. The following are the important conclusions based on this
study.

7.1.1 Based on the literature review

1. A large number of theoretical and experimental studies on natural circulation loops that
use water as loop fluid is available for heat transfer applications, such as in nuclear
power plants, solar collectors etc. However, studies on nanofluid based NCLs are very
limited.

2. Most of the studies on NCL consider constant heat flux condition at the heat source.

Studies on NCLs with heat exchangers at heat source and heat sink are relatively few.
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7.1.2

7.1.3

7.14

Comparison between different working fluids in NCL

Since the same temperature difference across the heat exchanger, both for laminar and
turbulent single-phase liquid flows, the required pipe diameters are smaller when
nanofluids (SiOz2-water, Al2Os-water and CuO-water) are used in place of water. Of the
fluids considered here, CuO-water nanofluid require a least pipe diameter at fixed
temperature and concentration.

For the same geometry and heat input, the temperature difference across heat
exchangers is least for the systems using nanofluids, both for laminar and turbulent
flows.

Since nanofluids have enhanced thermo-physical properties, they may be considered as
a suitable fluid in natural convection loops for solar and nuclear heat transfer

applications.

Based on theoretical studies using 1-D numerical modelling

For a given set of operating parameters, an optimum heat exchanger length is found to
be around 9 m, 11 m, 13 m and 13 m for CuO-water, Al2Os-water, SiO2-water nanofluids
and pure water, respectively.

For a given set of operating parameters, an optimum diameter of the loop pipe is found
to be around 0.015 m for any working fluid.

The mass flow rate of the external fluids does not influence much the heat transfer rate
of the loop significantly. However, the loop heat transfer rate is strongly influenced by

the temperatures of external fluids.

Based on theoretical studies using 3-D numerical modelling

The steady state mass flow rate of the NCL increases with the heat input and it decreases
with the loop inclination angle.

If the particle volume concentration increased from 0% to 5%, then the mass flow rate
of the loop fluid increased by 26%, but with further increase in particle concentration,
the mass flow rate decreased due to viscous forces that dominate the buoyancy forces.
Therefore, for this kind of NCL model, 5% particle concentration can be considered an
optimum value.

Effectiveness increases with particle concentration and inclination angle. Therefore, the

effectiveness of a nanofluid-based NCL is more than a water based NCL.
122



4. Atagiven power input and fixed inclination angle, the average heat transfer coefficient
of the nanofluid is enhanced with the particle concentration. Moreover, the average heat
transfer coefficient is not influenced much by the loop inclination angle.

5. Rayleigh number is reduced with the inclination angle; however, the effect of inclination
angle is relatively low for up to 15°. Therefore, lower inclination angles of up to 15°
will be preferable without any noticeable effect on Rayleigh number.

6. The performance of the NCL with multiple channels (DRDD) was enhanced by 2.5%
when compared with single channel (SRSD) in terms of the mass flow rate.

7.1.5 Based on experimental studies on nanofluid based NCL

1. A reasonably good agreement is found between theoretical and experimental results,
thus validating the mathematical models developed.

2. Natural circulation loop operated with nanofluid quickly reaches a steady state condition
compared to water. The steady state reaching time can be reduced by 12 to 27% by using
nanofluids. In particular, an NCL operated with CuO-water nanofluid quickly reaches
the steady state condition when compared with other nanofluids.

3. The average Nusselt number increases with power input and particle concentration.

4. As expected, with a decrease in cooling water inlet temperature, the mass flow rate and
average Nusselt number increase for any working fluid.

5. Overall thermal conductance increases with particle volume concentration.

6. Predictably, with an increase in external hot fluid temperature, mass flow rate and heat
transfer rates increase too.

7. Within the range of the study, a loop was found to be stable.

7.2 Scope of future work

In the present work, a nanofluid based natural circulation loop suitable for high
temperature applications was successfully analysed, designed, fabricated and tested. However,
to make these systems commercially viable, the following aspects need to be considered:

1. Since stability is always an issue with NCL systems, stability analysis of nanofluid
based NCLs with end heat exchangers should be carried out before using them.
2. Commercialization of these systems require reduction in the overall size of the system.

This may call for efficient heat exchangers compared to the tube-in-tube type heat

exchangers used in the present study. Theoretical and experimental studies on other
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types of heat exchangers specially designed for nanofluid based NCLs are very

necessary.
3. Performance enhancing techniques, such as use of hybrid nanofluid (mixing of the two

types of nano particles in the base fluid) as loop fluid can be explored in greater detail
for industrial use.
7.3 Closure

This chapter consolidates the important findings based on various cases studied in the

thesis. The prominent conclusions and recommendations for future work have been presented

in this chapter.
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