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Abstract

In the forced convection heat transfer, the magnetic nanofluids have been proved
efficient, theoretically and experimentally. But, a conflict exists between the theoretical
and experimental studies on the natural convection heat transfer in magnetic nanofluids.
The theoretical investigations evidenced an enhancement in the heat transfer
capabilities of magnetic nanofluids in natural convection. In contrast, a deterioration
was reported in the experimental findings, which are very few in number and based on
the Rayleigh Bénard convection model. The above conflict between the theoretical and
experimental studies on natural convection and to provide more information on the

open cavity natural convection is the inspiration of the current study.

A cubic cavity, heated from the bottom and open from the top to a controlled
environment, is filled by the water-based FesOs-water magnetic nanofluids. First, the
analysis is done on the water as the working fluid to validate the test section as well as
provide more information on the thermal boundary layer properties and temperature
fluctuation in the open cavity, followed by the FesOs-water magnetic nanofluids of
different particle concentrations. The particle concentrations of 0.01 and 0.1 vol.%, and
the presence of externally applied magnetic field intensity from 0 to 730 Gauss are
selected to investigate their effects on the heat transfer. In addition to the concentrations
and magnetic field, the heat flux at the bottom plate is the other parameter, which is

examined in the present study.

After the preparation of magnetic nanofluids by two-step methods, the thermophysical
properties of the magnetic nanofluids are measured with different parameters. The
viscosity, thermal conductivity and the density of magnetic nanofluids as a function of
concentration, temperature and the magnetic field are measured precisely. These
thermo-physical properties of magnetic nanofluids are used to calculate the non-
dimensional parameters, such as Nusselt number, Rayleigh number, Prandtl number,
and the thickness of the thermal boundary layer. Additionally, the statistical analysis,
consisting of temperature histograms, probability density function, power spectral
density is supervised on the experimental results to understand the responsible

mechanisms behind the heat transfer in magnetic nanofluids.



Through the analysis of experimental values, various outcomes related to the alteration
of heat transfer in the water and magnetic nanofluids are witnessed. The Prandtl number
and Rayleigh number range reported in this work are 4 < Pr < 6 and 10° < Ra < 10°,
respectively. The validity criteria for Oberbeck-Boussinesq approximation is fulfilled for both
water and magnetic nanofluids. For water, it has been confirmed that the existence of the
different zones based on the temperature fluctuations in the vicinity of the thermal
boundary layer in the turbulent thermal convection of the open cubic cavity. The heat
transfer in the presence of nanoparticles in the base fluid has deteriorated. The heat
transfer is increased with the Rayleigh number. At the low concentration of the
magnetic nanofluid, the externally applied magnetic field has a negligible effect on the
heat transfer. However, as the concentration is higher, the effect is significantly
observed in the enhancement of heat transfer. The dependency of Nusselt number on
the Rayleigh number and Prandtl number for the water in the open cavity is also
formulated, which is a major contribution of the present study, as it is not reported in
the literature. The above results are furthermore experienced by estimating the thermal
boundary layer thickness and statistical analysis. A reduction in the boundary layer
thickness is observed with the increment in the Rayleigh number. On the basis of the
Rayleigh number, the difference between the transition regime and intensive turbulence
is also explained using the probability density function of temperature fluctuation data.
The various correlations are formulated by relating the different variables with the non-
dimensional parameters and quantifying and validating the results of the present study.
Keywords: Natural convection, Open cubic cavity, Magnetic nanofluids, Turbulent

Convection, Magnetic field, Thermal conductivity, Nusselt number, Rayleigh number.
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In the beginning desire descended on it -that was the primal seed,
born of the mind. The sages who have searched their hearts with
wisdom know that which is, is kin to that which is not.
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Introduction

The phenomenon of heat transfer from one place to another by fluid motion is knowns
as convection. It is ubiquitous in nature and technology and serving an essential and
wide scope, for example, boiling of coffee, warming of the atmosphere, solar heaters,
mixing of oceans and electronics assemblies. Broadly the convection can be categorised
into forced & natural convection. Forced convection involves the motion of fluids
molecules by means of external sources (pumps, blowers, fans). On the other hand, in
natural convection, fluid motion arises from natural forces like gravity and buoyancy.
Many of the literature comprising numerical and experimental work has been published
on the natural convection heat transfer phenomena in water and other fluids. The cause
behind the ubiquitous nature of natural convection heat transfer is the gravitational
force, macroscopically similar everywhere. Rayleigh Bénard (R-B) convection (fluid
enclosed between two plates, heated from below and cooled from above) is one of the
best-studied classical paradigms to understand the multifaceted convection
phenomenon. Whereas, the open cavity convection phenomena have a few take-overs
and still some facts are unexplored by the researchers. However, the governing
dimensionless numbers for convection and heat transport in the open cavity are the
same as in R-B convection. In most of the cooling applications of natural convection,
conventional fluids such as water, ethylene glycol, or oil are used as working fluids.
However, during the last few decades, it was observed by the researchers that these
conventional working fluids have low thermophysical properties, which limit the
convection heat transfer rate. Hence, by improving the thermophysical properties of the

working fluids, heat transfer can be increased.

1.1 Nanofluids

An overwhelming demand for high heat flow processes has embodied the new
sophisticated technology in a sustainable manner. Nanofluids could be new dawn to the

highly efficient heat flow technologies. Nanofluids is the colloidal suspension of solid



nanoparticles of higher thermal conductivity material into the conventional basic fluids.
Perhaps, active methods like providing vibrations or rotations may enhance the heat
transfer but these techniques have certain disadvantages. On the other hand, nanofluids
as one of the passive methods increase the thermal properties of conventional base
fluids. Enhanced thermal conductivity is the sole reason to make nanofluids. The idea
of dispersion of solid particles was first proposed by Maxwell (1881), who perceived
the enhancement in thermal conductivity. Thermal conductivity of any material is the
measure of the ability of the material to conduct heat; higher thermal conductivity
means high heat transfer and a lower value means less heat transfer. Table 1.1
summarizes the thermal conductivity of common materials used to make nanofluids. In
the earlier decades of 20™ century, Vand (1948) and Robinson (1949) reported the
changes in the thermophysical properties after suspending the metallic and non-metallic
solid particles into the conventional fluids. Later, Masuda et al. (1993) dispersed the
ultrafine solid particles in the base fluid and witnessed the enhancement in thermal
conductivity. However, the size of these solid particles was in the scale of micro or
greater than the micro level which leads to sedimentation, abrasion and clogging in the
flow of these fluids. S.U.S. Choi, a scientist from Argonne National Laboratory, USA,
in 1995 suspended the nanosized solid particles into the base fluids to enhance the
thermal conductivity of the conventional fluids and suggested the term nanofluids.
Later on, several studies reported the enhancement in the thermal conductivity, which
enhances the heat transfer due to nanoparticle addition in the conventional fluids in the
various applications. A plethora of literature on nanofluids is reported in the various
field of science and nature since 1995, the interest in the domain of nanofluids is

increasing exponentially.



Table 1. 1 Thermal conductivities of common materials (nanoparticles and base
fluids) used for nanofluids at room temperature, 300 K.

Materials Thermal Conductivity (W/mK)
Silver 406
Copper 385
Metals Gold 314
Aluminium 205
Iron 79.5
Aluminum Oxide 40
Copper Oxide 32.9
Metals Oxide  Iron Oxide 10
Titanium dioxide 8.3
Silicon dioxide 1.5
Base Fluids ~ Water 0.615
(Conventional Ethylene Glycol 0.252
Fluids) Engine Oil 0.145
Transformer oil 0.126

1.1.1 Magnetic Nanofluids

Magnetic nanofluids (MNFs), the colloidal suspension of ferromagnetic nanomaterial,
have been taken into research fascinatingly. After contemplating its distinctive,
interesting properties and unique eximious features, it offers numerous applications,
not only in the heat transfer field but also immensely prevalent in medical, biological,
aerospace, electronics and solar sciences. MNFs constitute a special class of nanofluids
that exhibit both magnetic and fluid properties. MNFs are the suspension of
ferromagnetic nanoparticles (Maghemite, Magnetite, Cobalt, Nickel etc.) into the
nonmagnetic base fluids. Other than the enhancement in thermal conductivity, MNFs
have one more exceptional feature that it has the magnetic properties as well i.e. a fluid
with magnetic properties. It enables that MNFs can be controlled by applying the
magnetic field. Such features of this kind of smart nanofluids make it eligible for a

numerous plethora of fields.



1.2 Application Areas of Nanofluids

Nanofluids have many applications in the broad various areas of science & technology
to improve the efficiency of the system. The common application areas of nanofluids
are given as:

1.2.1 Applications in automotive
In any automobile, nanofluids are applicable as engine coolant, automatic transmission

fluid, lubrication of gear etc. The use of nanofluids as an engine coolant is enhancing
efficiency and reducing the size of the radiator (A. Kumar & Subudhi, 2019).

1.2.2 Applications in domestic refrigerator
Nano additive refrigerant in the refrigerator and air conditioning system are very

effective and improve the performance of the system. Al>Os/R134a and TiO2/R600a
are examples of the nano-refrigerant used by the various researchers (Raghavalu and
Rasu 2018; Borkar and Choudhary 2018).

1.2.3 Industrial cooling applications
Nanofluids are used in various industries to transport heat more effectively and

efficiently. More than 3000 million kWh of energy can be saved per year from the
electric power industry if nanofluids are used as working fluid (Saidur et al. 2011;
Taylor et al. 2013).

1.2.4 Solar devices & thermal energy storage
Use of nanofluids in the thermal energy storages, solar collector, solar pond and

photovoltaics enhances the efficiency of the system substantially (Khanafer & Vafali,
2018). The use of nanofluids enhances the efficiency of the thermal system around 10
% compared to the conventional fluid (Mahian et al., 2013).

1.2.5 Electronic applications
Cooling of high heat output electronic components like microprocessor by nanofluids

shows a greater enhancement compared to the conventional way. For a particular type
of nanofluid, the heat transfer coefficient is enhanced around 40 % compared to that of
base fluid (Nguyen et al. 2007; Colangelo et al. 2017; Putra et al. 2011).

1.3 Application of Magnetic nanofluids

Magnetic nanofluids have many applications in various sectors such as medical,
biological, electronic, optical and heat transfer applications. Magnetic nanofluids have
various applications because their properties can be controlled by externally and their

physical properties may change with the volume fraction of nanoparticles and with the



intensity of the magnetic field. Fortunately, some of the applications of natural
convection heat transfer explore to the natural magnetic field e.g. geothermal energy
extraction, the fusion reactors, metal casting, and crystal growths in liquids (Moreau,
2013).

Fumoto et al. (2007) produced an oval shape loop to develop a small heat transport
device and the purpose of the study was to develop a device that could transport heat
without any moving component. Nakatsuka et al. (2002) investigated the heat pipe and
found an increment in_heat transfer using magnetic fluid. Yamaguchi et al. (2004)
studied both experimentally and numerically the design of direct heat to power energy
conversion device using magnetic fluid. Li et al. (2008) and Lian et al. (2009) developed
a miniature automatic energy transport device (AETD) by using temperature-sensitive
fluid and a permanent magnet. The devices had no moving parts, so it was maintenance-
free. It could be used for automatic cooling. The driving force for magnetic fluid has
resulted from the synergic effect of the magnetic field and temperature gradient. The
schematic diagram of the device is shown in Figure 1.1. The device contains two
permanent magnets and three heaters and a cooling chamber and the flow loop contains
Mn-Zn ferrite fluid. By changing the positions of magnets, one can control the flow of
the magnetic fluid. Xuan and Lian (2011) reported the physical application of the

AETD by designing a cooling device for electronics cooling.

magnet magnetic fluid loop
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Figure 1. 1 Schematic diagram for automatic cooling devices: (a) a miniature
automatic cooling device (Li et al., 2008) (b) thermomagnetic cooler based on AETD
(Xuan & Lian, 2011).



Apart from thermomagnetic convection, magnetic nanofluids have a number of
applications in forced convection. Moreover, magnetic nanofluids are used in the
cooling of loud speakers. Furthermore, Stoian and Holotescu (2014) evaluated the
cooling potential of transformer oil (TO-40 A) based Fe3O4 nanofluid. From the results,
the magneto convection inside the coil core decreased the rate of rising temperature
under the presence of a magnetic field. At low intensity or in the absence of a magnetic

field, it was showing a similar trend.

In medical science, magnetic nanofluids are used and have shown significant results.
So many diseases like cancer, hyperthermia, and amyloid-related diseases can be cured
by using magnetic nanofluids (Antosova et al., 2010; Scherer & Neto, 2005). The
magnetic nanofluids are also used in dynamic sealing and inertial & viscous damper
(Raj & Moskowitz, 1990; Scherer & Neto, 2005).

1.4 Present Study

In this experimental work, the behaviour of natural convection heat transfer in an open
cavity heated from below is studied with the variations of different parameters. Unlike
Rayleigh-Bénard convection, very few investigations have been reported on the
temperature and heat transfer behaviour in an open cavity. So, this parametric
experimental study will provide a handful of information about temperature
fluctuations, thermal boundary layer thickness and heat transfer in this domain of
natural convection. The study also comprises the synthesis, characterization and
stability analysis of the magnetic nanofluids. The different parameters included in the
present work are stated below.

1.4.1 Heat Flux
In this work, the heat flux varies from 200 to 10500 W/m? for all the cases, including

water and magnetic nanofluids. The range of Rayleigh numbers noted in the turbulent
regime of natural convection for all the cases is reported.

1.4.2 Magnetic Nanofluids
FezOs-water magnetic nanofluids have nanoparticles concentration in the range of 0.01

to 0.1 vol. % are studied. The effects of particle concentrations on thermophysical

properties and natural convection heat transfer are reported and discussed.



1.4.3 Magnetic Field
The study reports the effect of externally applied magnetic field on the thermophysical

properties and natural convection heat transfer. The magnetic field in the present study

varies in the range 200 -800 Gauss.

1.5 Objectives

Based on the above brief discussion and a broad literature review (chapter 2), the

present work is planned for an extensive range of experiments. Following are the major

objectives planned for the present work:

To prepare the stable magnetic nanofluids by the two-step method using
different types of surfactants and additives.

To conduct the experiments on the prepared magnetic nanofluids to measure the
different thermophysical properties like thermal conductivity, viscosity and
density with variations in different parameters such as temperature,
nanoparticles concentrations and externally applied magnetic field.

To develop the correlations for the prediction of different thermophysical
properties with the various parameters.

To perform the experiments on the open cavity natural convection with water
and magnetic nanofluids as working fluids in a controlled experimental facility.
To investigate the temperature fluctuations and thermal boundary layer
properties in the open cavity convection at various heat fluxes for water as well
as magnetic nanofluids.

To investigate the effects of nanoparticle concentrations and externally applied
magnetic fields on the open cavity convection.

To develop the empirical correlations for global heat transfer in the open cavity

convection based on the different dimensionless numbers.



1.6 Methodology

The flow chart of the methodology adopted in the present work is shown in Figure
1.2.

Literature Review Research Gap Poszbgﬁe%ﬂgg;ons

Design and Synthesis /
Fabrication of Characterization / I Selection of
Experimental Stability analysis of Materials
Setup Nanofluids

Validation of the
Setup with
Literature

Collection of Data

from Experiments Analysis of Data

Development of
Empirical
Correlations

Conclusion and ‘ Results and
Future scope . Discussion

Figure 1. 2 Flow Chart of the methodology adopted in the present work.
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1.7 Organisation of the thesis

The remaining chapters of the thesis are structured as follows; In the next chapter 2, the
literature review regarding the present work is epitomized comprehensively and it also
includes the recently published research. Chapter 3 deals with the synthesis,
characterization and stability analysis of the magnetic nanofluids. It also includes the
comparisons of the various thermophysical properties of magnetic nanofluids with the
existed theoretical models. Based on the measured data, the new empirical correlations
have been developed and discussed. The experimental facility has been discussed
systematically in Chapter 4. Chapter 5 reports the data collection techniques and various
dimensionless numbers along with the uncertainty analysis in the experiments and
results.- Chapter 6 reports the results and a comprehensive discussion on the various
trends obtained in the open cavity convection from the results. In the last chapter 7, the
conclusion is drawn for discussion and findings of this work and report the various

suggestions for future study.
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Literature speaks the language of the imagination, and the study of

literature is supposed to train and improve the imagination.

Northrop Frye
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2

Literature Review

Nanofluids have diverse applications in nature and technology. There are many
different categorized nanofluids have been reported by the researchers. This chapter
epitomizes and peruses the research work done on the nanofluids, including synthesis,
characterization and applications of the nanofluids. Moreover, both numerical and
experimental approaches have been included for the insightful analysis of the
nanofluids. The chapter first underlines the different types of nanofluids based on the
different categories and then the importance of appropriate methods of preparation of
magnetic. nanofluids as well as its effects on the thermophysical properties.
Subsequently, the chapter comprehends the descriptive analysis of augmentation of
natural convection heat transfer and the effect of externally applied magnetic field on
the behaviour of magnetic nanofluids. The studies associated with the present area of
research conducted so far, existing in the literature, are concise and presented in the

succeeding.

2.1 Types of nanofluids

Nanofluids can be classified into several categories based on different parameters. The
researchers use different solid materials to manufacture nanoparticles for the
nanofluids. These nanoparticles material can be metals (Cu, Ag, Au), metal oxides
(Al203, CuO, TiO., Fe304), metal carbides (SiC, TiC, ZrC), metal nitrides (AIN, SiN,
TiN), alloys (Cu-Zn, Fe-Ni, Ag-Cu) and carbon materials (Graphite, Carbon Nanotube,
Diamond). The nanoparticles suspended in the base fluids, the common basefluids for
the nanofluids are water, ethylene glycol, ethanol, transformer oil, engine coolant and
refrigerants. Mainly nanofluids can be classified into two main categories: single

material nanofluids and hybrid nanofluids

2.1.1 Single material Nanofluids
Single material nanofluids are the conventional form of nanofluids, in which only a

single type of nanoparticles is suspended into the base fluids. Many authors have
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reported that the single material nanofluids are superior in performance due to more
improvement in the favourable thermophysical properties (Modak et al., 2018; Reddy
etal., 2017; Yang & Du, 2017).

2.1.2 Hybrid Nanofluids
These are the advanced nanofluids, which are prepared by the combination of two or

more than two material’s nanoparticles dispersion into the base fluids. Jana et al. (2007)
have studied the hybrid nanofluids and compared them with the single material
nanofluid and reported that the hybrid nanofluids do not show as much improvement in
the thermal conductivity as found in single or monotype nanofluids. They have also
reported that the stability of hybrid nanofluids is more than that of the single material
nanofluids, which can lead to preserving the thermal conductivity of nanofluids much

longer time before settling of nanoparticles.

2.1.3 Magnetic Nanofluids
Magnetic nanofluids or Ferrofluid are a special class of nanofluids having distinct

unique features. These are the suspension of ferromagnetic nanoparticles such as
Maghemite, Magnetite, Cobalt, nickel etc., into the nonmagnetic base fluids. In
particular, the magnetic nanofluid is a smart fluid magnetically controllable (Engler et
al., 2009; Odenbach, 2003; Rosensweig, 1969; Shliomis, 1972; Shliomis & Morozov,
1994; Zablotsky et al., 2009) and has the potential for a variety of applications.

2.2 Synthesis of Magnetic Nanofluids

A uniformly dispersed and stable nanofluid is highly applicable to various categories
of applications, so the key step to achieve highly stable nanofluids is the synthesis of
nanofluid. Various types of nanofluids are synthesized by different physical and
chemical processes. Agglomeration of particles and various other properties depend on
the preparation of nanofluids. Broadly there are two methods to synthesize nanofluids
viz. one step and two-step method (A. Kumar & Subudhi, 2018, 2019). This study is
about magnetic nanofluids and hence the preparation of the same and the method of

preparation by researchers are briefly described in Table 2.1.

The single-step method is the process of combining the manufacturing of nanoparticles
and synthesis of nanofluids in one step only. In this method, simultaneously making

and dispersing of the particles in the basefluid, avoid the drying, transportation and
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storage problems of nanoparticles. A two-step method is mostly used in the making of
nanofluids. In this method, the previously prepared nano-powder is get dispersed by
ultra-sonication. Although the one-step method has some advantages over the two-step
method, the researchers prefer the two-step method. The two-step method involves two
steps to prepare magnetic nanofluids. The first step includes the preparation or
purchasing of nanoparticles and the second step is comprising the dispersion of
nanoparticles into a basefluid by ultra-sonication. A simple and standard method to
prepare magnetite nanoparticles is co-precipitation. An aqueous mixture of ferrous and
ferric in the form of hydrated chloride salts in the alkaline medium in the ratio of Fe3*/
Fe2" :: 2/1 is used for the preparation of magnetic nanoparticles. The flow diagram of
the procedure of the co-precipitation method is shown in Figure 2.1 (Laurent et al.,
2008; Peternele et al., 2014 and Saien et al., 2015). Ultra-sonication is the process used
to disperse nanoparticles into the base fluid in two-step methods (shown in Figure 2.1
inset). For the sake of uniformity and homogeneity, a high degree of steadiness is
required. Oleic acid is one of the most commonly used surfactants in magnetic

nanofluids for high stability.
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Table 2. 1 Reported synthesis of magnetic nanofluids over the last few years.

Authors nI;/rllaé)ts:rilicis Base fluid Concentration Par'zincrlﬁ)size Process
Aksenov et al.(2003) E?I:%; g; - 6.52 \\I,ZI;Z/(; & ] Two step
ekl (200 i Water 105 vol % it one Stsigp& o
Bica et al. (2007) Fe Water 0.15 vol % Less than 10 One step
Hong et al. (2007) Fe,0s DI water 0.02 wt.% 5-25 Two step
Singh et al. (2000) Cr203 Distilled water 0.1 wt.% 30-80 Two step
Li & Xuan (2009) FesOs Water 1.0 vol % 10 One step
Abareshi et al. (2010) FesOs Water 0 to 3 vol% 10 Two step
Yu et al. (2010) FesO4 Kerosene 1.0 vol.% 15 Two step
Kudelcik et al. (2010) Bel. Traﬁfoorirg)%r oil 0.2.1& 2 vol.% 10.6 Two step
Lajvardi et al. (2010) Fes0s Water 5 vol. % 1045 Two step
Abareshi et al. (2011) a-Fe,03 Glycerol 0.125 to 0.75 vol. % 5 Two step
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Nabeel Rashin &

0.2,0.4,0.6,08 &

Hemalatha (2012) Fes0s Vialer 1 vol.% 1 One step
Syam Sundar et al. (2012) FesO4 EG-water 0to 1 vol% 11.42 Two step
Syam Sundar et al. (2012) Fe30q Distilled water 0.02 to 0.6 vol% 36 Two step
Gavili et al. (2012) FesO4 DI water 5 vol % 10+3 Two step
Gu et al. (2013) Fe3Os DI water 0.5 10 2.5 vol% 8to12 Two step
Nabeel Rashin & )

Hemalatha (2014) CoFe204 Water 0.2to 1 vol % 14 Two step
Karimi et al. (2014) pre0: & DI water 0 to 4.8 vol % 10 &15 Two step

CoFe>04

Goharkhah et al. (2015) Fes04 Water 1to 2 vol % 30 Two step
Bagheli et al. (2015) Fe3O4 DI water 0.1t0 0.5 vol % 14.2 Two step
Wang et al. (2016) FesO4 Water 0.5t0 5 vol % 7.5 Two step
Sundar et al. (2014) Nano diamond and EG-water 010 3.03 Wi. % 30 Two step

nickel
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Figure 2. 1 Flow diagram of Co-precipitation method to prepare magnetite
nanoparticles, inset shows the two-step method to prepare nanofluids.

2.3 Thermophysical properties of magnetic nanofluids

A colloidal suspension of magnetic nanoparticles into the base fluid can adjust the
thermophysical properties to the desired requirement. The thermophysical properties
mainly comprise thermal conductivity, viscosity, heat capacity and density. Thermal
conductivity and viscosity play a vital role in enhancing convection heat transfer,
especially in magnetic nanofluids. Magnetic nanofluids (which are sensitive to

temperature) are severely dependent on thermal conductivity.

2.3.1 Thermal Conductivity
As mentioned in the first chapter, in 1995, S U S Choi comes up with the term Nanofluid

after mixing the nano-sized particles into the convectional base fluids to enhance the
thermal conductivity of the fluid (Choi & Eastman, 1995). Later many studies
investigated and reported similar trends about the thermal conductivity of nanofluids.
The thermal conductivity of nanofluid depends on various factors such as shape, size,
concentration, temperature, dispersion of nanoparticles in the base fluid, the stability of

a suspension, nanoparticles clustering, pH variation, chemical additives and surfactant
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(Khurana et al., 2016 & Puliti et al., 2011). However, in the case of magnetic nanofluid,
thermal conductivity also depends on the applied magnetic field. The scientists have
studied the thermal conductivity of nanofluids by changing these above mentioned
pertinent parameters and they have found impressive & exciting results. The correct
measurement and prediction of the thermal conductivity of nanofluids is always a
challenging task for researchers due to the involvement of numerous different

parameters.

Many researchers have developed theoretical models and correlations by considering
various factors to find thermal conductivity. Maxwell (1873) has reported the first
theoretical correlation for the thermal conductivity of solid-liquid mixture considering
the concentration of solids. Table 2.2 reports these significant theoretical correlations
developed by the researchers. The Maxwell model is representative of all the theoretical

models for thermal conductivity.

The effect of volume fraction on the thermal conductivity of magnetic nanofluids is
shown in Figure 2.2. Figure 2.2 shows the graph between thermal conductivity ratio
(thermal conductivity of nanofluids/thermal conductivity of the base fluid, k/ko) and
volume fraction (Vol. %) at room temperature. Abareshi et al. (2010) and Khedkar et
al. (2013) have experimentally revealed that the thermal conductivity of water-based
Fe304 magnetic nanofluids is a function of volume fraction. Enhancement in thermal
conductivity is more pronounced at higher concentrations because of the reduced
distance between nanoparticles. Similar kinds of trends have been noticed by Philip et
al. (2007) & Parekh and Lee (2010) in the kerosene-based FesO4 magnetic nanofluids.
Thermal conductivity may be different for different base fluids, but it is always
increased with volume fraction. Perhaps, this difference for different base fluids could
be attributed to the surface interaction among base fluid and nanoparticles. Figure 2.3
shows the effect of temperature on the thermal conductivity of the magnetic nanofluids.
The temperature rises of the magnetic nanofluids lead to an increment in the Brownian
motion of the nanoparticles, which enhances the thermal conductivity of magnetic
nanofluids. The temperature effect could be different for using the same particles in
different base fluids because the Brownian motion of nanoparticles may be different in
the different base fluids. As shown in Figure 2.3 (a), the water-based FezO4 magnetic
nanofluids show the dependence of the thermal conductivity on temperature and Figure

2.3 (b) shows kerosene-based FesO4 magnetic nanofluids. The effect of temperature is
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more significant at higher volume concentration. The size of the nanoparticles also
plays a vital role to change the thermal conductivity of magnetic nanofluids along with
the presence of the magnetic field. Shima & Philip (2011) have revealed that the thermal
conductivity is a function of the magnetic field and the particle size, higher
enhancement in thermal conductivity with large size particles at the strong strength of
the magnetic field, as shown in Figure 2.4. The enhancement in thermal conductivity at
2.8 and 9.5 nm size particles with at 300 G magnetic strength is 16 and 240 %,
respectively. Larger size particles show higher enhanced dipolar interaction and the

aspect ratio of the chain.

1.35
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Figure 2. 2 Effect of concentration of FesO4 nanoparticles on thermal conductivity (a)
water-based magnetic nanofluids. (b) kerosene-based magnetic nanofluids.

22



1.5

1.45

1.4

1.35

1.3

fo)
ﬁ 1.25

1.2

115

—
I Karimi et al.2014)
L ——=0.25%

L —e—¢=0.5%

| ——¢=1%

| —e—¢=2%
| ——¢=3%

| ——¢=4%
——=4.8%
L Sundar et al.(2013)
| ——¢=0.2%
| —e—¢=04%
| —%—¢=0.6%
| —E—¢=0.8%
| ——¢=1%

| ——¢=1.5%
—F—=2%

I : I
Abareshi et al. (2010)
—+—¢=1%
——¢=2%
—&—¢=3%

350

10 15
(@)
1.3 - —_— 7T T——
Parekhetal 2010) Phiipetal 2012) |
5 Lo T = ——¢=170% —+—{=08% |
—— (=3.47% —F*—$=2.70%
N )
12+ —B—¢=4.70% —E¢=5% -
——=7.80% |
—&— $=9.50%
115+ -
O
ﬁ L1E -
105+ -
1_ sl
095+ -
0.9 e B oM PR P o0 | | [ e SN i [
295 300 305 310 315 320 325 330 335 340 345
Temperature (K)

Figure 2. 3 Effect of temperature on the thermal conductivity of (a) water-based

(b)

FesO4 nanofluids. (b) kerosene-based FesO4 nanofluids.

23



3.5 YrReY Lahireln VIR ) L RO | S S Juoe Vo sl Sy PRy | I VR TR YOI, Y

Shima et al (2011)
—+—d=2.8 nm

—&—d=3.6 nm i
—&6—d=4.5 nm B
—8—d=6.1 nm z Zgsi
25F ——d=8.2nm eri 1
o | ——d=9.5 nm e i
ﬁ I % 4 o
I V| £
2 ] P 4 _
L 1] o &
= & 2
] & &

A5
N

AN

o -

| &

~
i ~ &7
-

A

7~ N — W S T = =

e e ——Ch

=

1 Fe L L

0 50 100 150 200 250 300 350 400
Magnetic field intensity (Gauss)

Figure 2. 4 Effect of FesO4 nanoparticles size on the thermal conductivity of magnetic
nanofluids (Shima & Philip, 2011).

Figure 2.5 (a), (b) and (c) show the effect of the magnetic field on the thermal
conductivity at different volume fractions of magnetic nanofluids. In Figure 2.5 (a), the
water-based FesOs magnetic nanofluids show that with the magnetic field, the thermal
conductivity is increased. Karimi et al. (2014) have used FezO4 nanoparticles of 8-10
nm and found that thermal conductivity is increased with the magnetic field before
reaching its maximum value. The magnetic dipolar interaction energy aggregates the
nanoparticles in chain form under the presence of an external magnetic field. These
chains lead to high conductive paths in magnetic nanofluids for high heat transfer. The
zippering of chains has occurred at a higher magnetic field, which results in a decrease
of the magnetic field. Later, Karimi et al. (2015) have used nanoparticles of 20-40 nm,
which show enhancement in thermal conductivity even in the strong magnetic field.
Similar kinds of results are revealed by Philip et al. (2007) and Katiyar et al. (2016) for
kerosene-based FezOs magnetic nanofluid and ethylene glycol-based FesO4 magnetic

nanofluid.
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Figure 2. 5 Effect of applied magnetic field on the thermal conductivity of (a) water-
based FesO4 nanofluids, (b) ethylene glycol-based FesOs nanofluids, (c) kerosene-
based FesO4 nanofluids.

2.3.2 Viscosity
A small increment in the viscosity (1) due to the dispersion of nanoparticles can affect

processes like natural convection. Therefore, it’s mandatory to consider it a key
parameter to investigate the heat transfer for magnetic nanofluids. Perhaps the viscosity
of magnetic nanofluids in the absence of magnetic field changes, as in the case of other
nanofluids. Einstein equation (Einstein, 1906) of viscosity shows the dependence of

viscosity on volume concentrations of nanoparticle, which is given by:

nnt = n¢ (1+ 2.5 @) (2.1)

The Einstein correlation (equation 2.1) has been valid for the only low solid volume
fractions of nanoparticles, and it is based on the Brownian motion of the particles inside
the base fluid. Kunitz (1926) has set a new correlation, equation (2.2), to determine the
viscosity of the colloidal suspension, which has a higher volume fraction of particles
(up to 50%).

mnt = ne(1+0. 5 ¢)/(1- ¢)* (2.2)
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Several other correlations are listed in Table 2.3 to determine the viscosity of
nanofluids. These models are generally based on certain parameters like shape, size,
volume fraction, Brownian motion and interaction between particles. These models can

be valid for magnetic nanofluids in the absence of the external magnetic field.

Figure 2.6 shows the effect of the magnetic field on the viscosity of water-based Fe3O4
magnetic nanofluids at different volume fractions of the nanoparticles. Yang et al.
(2014), Wang et al. (2016) and Malekzadeh et al. (2016) have studied the viscosity of
water-based FesOs4 magnetic nanofluids and found that as the concentration of
nanoparticles increases, there is a decrement in the distance between nanoparticles and
increment in the interactions among particles. As a result, the viscosity has continuously
increased with concentration. In the presence of a magnetic field, the nanoparticles have
oriented in the direction of the magnetic field and formed a chain-like cluster. Hence,
this obstruction blocks the flow and is more enhanced with the strength of the magnetic
field and resulted in a higher viscosity of magnetic nanofluids. Patel (2012) shows that
in the absence of a magnetic field, the nanoparticles in nanofluids roll freely and the
magnetic field creates a hindrance to the rotation of nanoparticles, which increases the
frictional coupling between nanoparticles and base fluid layers. Therefore, the viscosity
of the magnetic nanofluids increases and the study also reveals that for a parallel
magnetic field, the viscosity increases more to the perpendicular direction of the
magnetic field. The viscosity of magnetic nanofluids also depends upon the selection
of base fluid; magnetic nanofluids having different base fluids may have different
viscosity although all other parameter and factors are the same. The effect of magnetic
field on the viscosity of magnetic nanofluids having base fluid other than water is
shown in Figure 2.6. McTague (1969) has studied the viscosity of cobalt particles
dissolved in toluene and found that viscosity is a function of both the magnitude and
direction of the magnetic field. The magnetic field application hinders the rotation of
particles and this hindrance causes extra friction between fluid layers and resulted in an
increment in viscosity. Similar kinds of results are obtained by Shima et al. (2009),
Sundar et al. (2015) and Nurdin et al. (2016) for water-based y- Fe2Ogz, kerosene-based

magnetite and vacuum pump oil-based Fe3O4 magnetic nanofluids, respectively.
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Rosensweig (1969) has predicted that the viscosity of the magnetic fluid in the magnetic
field is a function of the ratio of hydrodynamic stress to magnetic stress and verified it
experimentally. For the specific range of this ratio, the viscosity is a function of both
the magnetic field and shear. McTague (1969) has observed that the viscosity of dilute
magnetic colloids is a function of both the magnitude and direction of the applied
magnetic field. The viscosity increment in the parallel applied magnetic field is twice
compared to that of perpendicular. The experimental data of McTague strongly
contradicts the calculated data of Hall & Busenberg (1969). McTague (1969) states
correctly that the cause for the disagreement between experimental and calculated data
is due to the neglected rotational Brownian motion of the particle. Shliomis (1972) has
presented a theory considering the effect of a homogeneous magnetic field on the
viscosity of the magnetic suspension. This theory has shown a more significant match
to the experimental data of McTague (1969). Later in 1994, Shliomis & Morozov
(1994) have proved that the effective viscosity got a decrement in an alternating
magnetic field at a higher frequency. Wagh & Avashia (1996) have derived a formula
for the viscosity (n,,) of magnetic fluid in terms of microscopic parameters and the

magnetic field gradient and which is given by

m1 Cl mq mz/m1 (212—1)+5(/12m2/m1 1) 1
"m = 577 naz /mz l A 1+ +5 (2.3)

=G

m, is the mass of each fluid molecule and m, is the mass of each suspended magnetic

where, 2=7 $V3* ond 5—”°MTZ{(6—H)

b)z Cy my ox

particle. C; & C, are the mean speed of fluid molecule and solid particle, respectively.

T, Is the average time between two successive collisions.

Shima et al. (2009) have reported that for magnetic nanofluids (with nanoparticles size
<10 nm), the viscosity enhancement at low concentration is negligible in the presence
of a magnetic field, while thermal conductivity shows relatively significant (about 50
%) enhancement. This makes them an ideal candidate for a heat transfer application.
Yang et al. (2014) have observed that the viscosity of FezOs aqueous nanofluids
increases with the increasing intensity of the magnetic field. The reason suggested by
them for increasing viscosity is that with increasing magnetic field intensity, the

arrangement and interaction of the particles become stronger under the externally
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applied magnetic field. Katiyar et al. (2015) have observed the same phenomenon
among the magnetic nano colloids comprising of Fe3O4 nanoparticles dispersed in

Polyethylene Glycol and developed an analytical model for viscosity, which is given

by

NMm = a1 B>+ ;B + Ny p (2.4)

Whel’e, a1 - (T_N> ( As )( dSép,(Z) ) & az - Hsat TN @2

24, Lcdp on dsep,opt

B is magnetic flux density, n,, ,¢ is viscosity for zero magnetic flux density, 7, is Neel
relaxation time, Hs,, is a saturated magnetic field and A, d,, Lo, dsepopr &
dsep,p represent the average surface area of the nanoparticles, the average nanoparticle
diameter, the critical chained structure length under the magnetic field's influence, the
interparticle separation within the chained structure at the optimal concentration and
the separation at the required concentration, respectively. The exponent ‘n’ relates the

magnitude of the coefficient to the concentration of nanoparticles.

Sundar et al. (2015) have investigated the viscosity and thermal conductivity of
magnetic nanofluids with and without the presence of a magnetic field. At 1 % particle
concentration and the magnetic field 1300 Gauss, viscosity enhancement is 256% and
298% at 20 and 60 °C, which is twice of enhancement in thermal conductivity. The
formation of the chain-like structure under the magnetic field causes the increment in
thermal conductivity and viscosity of nanofluids. Shahsavar et al. (2016) have studied
the viscosity pattern of magnetic nanofluid loaded with carbon nanofluid and found that
viscosity is increasing with the magnetic field and decrease with temperature. The

prepared magnetic nanofluid follows the power-law viscosity model, given as follows:
T=cy" (2.5)

where ‘¢’ and ‘n’ are correlated as:

1+608891214B—-7813611.9 B2 1+8.08 0
¢ = 24.769 [ ] [ ]

1-621740.5B—24961.852 B2 1+6.9490—.083 B2

_ [1+0.0632023—0.000407 Bz] [ 0.651+1.59 (9—0.45) ]
~ 11+0.0303808-0.000212 B2 l1+2.464 ($—0.45)+0.05 (9—0.45)2

Where B is magnetic field strength and @ is volume concentration.
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Nurdin et al. (2016) have reported that the viscosity of maghemite (y-Fe2O3) increases
with magnetic field strength for all particle volume fractions, regardless of the direction
of the applied magnetic field. Wang et al. (2016) have reported that the viscosity of
water-based Fe3O4 magnetic fluid increases with magnetic induction and decreases with
the temperature. Based on experimental data, a correlation has been developed, which

is given by
Mns = (0.035 H? + 3.1 H — 27886.4807 @2 + 4263.02 @ + 316.0629) e~*27(2.6)

where H is magnetic induction and @ is the volume concentration of nanoparticles.
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Table 2. 2 Mathematical models for the thermal conductivity of solid-liquids suspensions.

Authors Mathematical expression Remarks
Maxwell Knp [kp + 2kpp + 2(ky, — kpy) @ It did not consider the shape of suspended solid particles.
(1873) kbf o kp = Zkbf - (kp — kbf)¢
Hamilton & . 5 [kp +(n— Dkyr — (n— Dp(kpy — kp)] n represents the shape
Crosser f = Kbf
(1962) n ey + (0 — Dy + (kos = kp)
Jefferey kg .., 3B 9B° a+2 3B*\ | Extension of the Maxwell model
(1973) . il A TRl TR E
Bruggeman Ketr == [(3¢-1) ko + (2- 30) ko] + 2 VA A=T[ (B¢ — 1)*(ky/kp)* + (2 —3¢)* +2(2+9¢ —
4 4
(1936) 962 (kyp/kp)]
W Yu & 3 Include the effect of nanolayer, the solid-like layer of base
Choi (2003) kep + 2kpy + Z(kp . kbf) (1 ¥ F) ¢ fluid molecules around the suspended solid particle, into the
knp = e S Maxwell equation.
) Ny (e By (1 + F) b
(Lzec?&g) etal. (kp=ten)((1+2) =1 ina2(1422)” ~(1+2) 4 1] G 2em) (1422) [ 8((142) =1) (142)” (k)
“ (142)’ (ke 2k)~(ip=ten)((142) =2 (1+2) +(142) 1]
Xue & Xu ky
(2005) o ¢ kng = kpf ) (knf - kp)(ka + knl) " k_bf (knl - kp)(ka + knf) _o
k 2knr + kypr ok k B
p /kbf netkpr /kbf ey + 2kng) (2 + bent) + 22 (et = k) (e = )
Jang & Choi dp Role of Brownian motion taken into consideration
(2004) kns = kpp(1— $) + ko +3C, d—;kbeefipPr b
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Koo & 1 ¢k 3kps i Effect of thermophoresis on the thermal conductivity of
Kleinstreuer ™" = 6m Upr kp + 2kps (1 Y 'Dbfcpbf) ol nanofluids with the Brownian motion and osmophoresis.
(2005)
Gharagozloo | k¢ The influence of aggregates have been taken into
g(ﬁc());)dson y Kagg + (= Diepr — (0 = Dpagy (ks = kagg) consideration
kagg + (= Dkpr + Gagg(Kns — Kagg)
Table 2. 3 Mathematical models for the viscosity of the solid-liquid mixture.
Reference Correlations Remarks

Einstein (1956)

mnt = 1o (1+ 2.5 ¢)

Based on the Brownian motion and valid for low particle
concentration

Kunitz (1926)

nnt = 0 (1+0. 5 9)/(1- $)*

Valid for high particle concentration (up to 50%)

Robinson (1949)

2.5¢
(1—S'¢))

mt=no (1 +

Extension of Einstein’s equation; for higher
concentration

Batchelor (1977)

nnt=1no (1 + 2.5¢ + 6.2¢%)

Brownian motion and valid for Homogenous solution;

Brinkman (1952)

1
1nf = 170 (m)

Assumed the mixture as continuum

Masoumi et al.
(2009)

Vd
nf = 10 (1+i>< Oragrr

Ho 720(3 l)dp

6¢

¢ = [(0.09d, — 0.393) = (1.133d,, + 2.771) 9] / ys

Based on Brownian motion and function of particle
diameter and concentration.
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2.3.3 Density
Sundar et al. (2013) have calculated the density of water-based FesO4 nanofluid at the

concentrations range of 0 - 2.0 vol. % between the temperature range of 20 - 60 °C by

the following equation.
Pnf = 1- Q))pbf +0 Pnp (2.7)

Later, Askari et al. (2016, 2017) have measured the density of FesOsnanofluids at
different concentrations and reported that the density is increased by the increment in
the concentrations of nanoparticles. However, the increment in density is noted as very
small and can be negligible; for instance, at 1 wt. % nanoparticle concentration, only
0.13 % increment in density is reported. They have also reported the theoretical models
given in equations (2.8 & 2.9). These correlations are shown excellent consistency with

the experimental data.

pns =1003.4+300 —0.18T (2.8)
p
pnf =— (1_2_6f®)0.01 (29)

2.4 Natural Convection heat transfer

The copious literature comprising of theoretical and experimental work has been
published on the natural convection in water or gasses using many geometrical shapes,
size and various other parameters. The cause behind the natural convection heat transfer
is the gravitational force, macroscopically similar everywhere. However, the control
and enhancement of natural convection heat transfer is a challenging task. Even the
addition of nanoparticles into the base fluids don’t remark any significant enhancement
of natural convection heat transfer. Choudhary & Subudhi (2016), Hu et al. (2014) and
Putra et al. (2003) have observed that at low concentration, there is an enhancement in
the heat transfer while at higher concentration, the heat transfer starts deteriorating
because of increment in density and viscosity. A new method of using magnetic
nanofluid attracts much attention of the researcher. This method allows controlling the
fluid motion by the application of the external magnetic field. Along with natural
convection, a magnetic field can exert a force that can control fluid motion in the
magnetic field. Moreover, some magnetic nanofluids are temperature sensitive, i.e.,
magnetization decreases with an increase in temperature. When such type of magnetic

nanofluids experience a temperature gradient in the presence of a magnetic field
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(besides gravitational and buoyancy force), a net magnetic driving force exists, which

induces the flow of the fluids entitled thermomagnetic convection.

For analysis of natural convective heat transfer, the researchers use different geometries

and the most and generally used geometry is shown in Figure 2.7.

The magnetic nanofluid is filled in the test section. The test section generally includes
the heating surface, plate heater and cooling chamber. The thermocouples mounted on
an insulated rod at different locations are used to find the temperatures at different
locations in the test section. The temperatures of the cooling and heating surface are
measured using thermocouples mounted on them. A constant temperature bath is
generally used to circulate cold water in the cooling chamber. The electromagnets are
used to generate the magnetic field across the test section. Different dimensional and
non-dimensional parameters are used by researchers to study the natural convective
heat transfer. These parameters are generally based on temperature difference (AT)
between heating and cooling surface temperatures of plates. Rayleigh number (Ra),
Thermomagnetic Rayleigh number (Ram), Prandtl number (Pr) and Nusselt number
(Nu) are used to analyse natural convective heat transfer. Table 2.4 provides the

parameters used by different researchers to analyse the natural convective heat transfer.

Volker et al. (2007) and Engler et al. (2009) have studied the heat transfer by
thermomagnetic convection and they have explained that when a Ferrofluid is subjected
to the magnetic field and temperature gradient simultaneously then there exists a net
driving force, called thermomagnetic convection. To understand it better, consider two
parallel plates (as shown in Figure 2.7) containing magnetic nanofluid between them.
A temperature gradient is applied by simultaneous heating of one plate and cooling of
another plate, density difference within the fluid is created when there is the
temperature gradient in the fluids. In the presence of the gravitational field, this density
gradient leads to convective flow called Rayleigh- Bénard convection (shown in Figure
2.9 (a)). Moreover, magnetic nanofluids change their magnetization according to the
temperature, called temperature-sensitive magnetic nanofluid (TSMNF). Aquino et al.
(2005), Yamaguchi et al. (2010) and Aursand & Lund (2016) have reported the
decrement in the magnetization with the increase of temperature of magnetic
nanofluids, as shown in Figure 2.8. When there is an external magnetic field and a

temperature gradient, there is a change in magnetization of particles, leading to
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thermomagnetic convection. In Figure 2.9 (b), to avoid the gravitational effect, the
temperature gradient is in the opposite direction and only thermomagnetic convection
is present there. When both are considered (shown in Figure 2.9 (c)), then there is a
presence of current between two plates, which enhances the convective heat transfer
prominently. Furthermore, the Rayleigh number is obtained in the presence of both

natural and thermomagnetic convection as given by
Ra.total =Ra+ Ram (210)

where, Ra represents natural convection Rayleigh number and Ram is thermomagnetic

Rayleigh number. (Reported in Table 2.4)

Wn

®
1. Square block containing Magnetic nanofluid 8. Thermocouples
2. Copper plate as heat source 9. Cooling chambers
3. Plate heater 10. Cooling water outlet
4. Wooden block 11. Cooling water inlet
5 & 6. Permanent magnet / Electromagnet 12 Insulated rod
7. Glass plate 13. Insulation

Figure 2. 7 Generalised schematic diagram of test section for natural convective heat
transfer in magnetic nanofluids using an external magnetic field.
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Figure 2. 8 Showing the temperature dependence of the magnetization of magnetic
nanofluids (a) Kerosene based Mg-Zn, (b) Kerosene (TS50K) based Mg-Zn, (c) Mn
samples based on MnFe>O4 and Cu samples based on Cu FezOs.
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Table 2. 4 Reported various parameters and correlations used to investigate heat
transfer characteristics in natural convection with thermomagnetic convection.

Authors Parameters Remarks
- 5 — .
Volker et al. Magnetic Rayleigh no., Ram= “2 ATVH d Destab|I|.2|'ng force is counteracted by
wo stabilizing effects: the therma
(2007) e two stabil ffects: the thermal
Where K:|6_M conductivity and the viscous friction
or of the fluid.
1,= Magnetic permeability
Yamaguchi -~ e N Gr= P29 BAT dg Nu* is the effective Nusselt number,
etal. (2010) K d, and d; are the side length of the
Magnetic Grashof no., Grn= p*uy Xo Ho?d¢ cubic  container and  heating
’ n generating stick, respectively.
Ny* = KBeds 0 o _dc B.= Slope of approximated linear
k AT ds temperature distribution
Jin & Zhang Rayleigh No., Ra=2-2 B AT L Natural convection in a porous cavity
with different Darcy numbers.
(2013) 2 th different D b
Ho Mg L?
Magnetic Rayleigh no., Ram:ﬂ"(;{—T7
Blumsetal. Total Rayleigh no., Rawt = Ra + Ram Magneto convective heat transfer in a
(2008) Lo AT cylinder using both uniform and non-
Rawr==—-—— (Brp g * 1M VH)  niform acting transversally to the
axis.
Zablotsky et . p Gpf AT L oBr g Surface cooling in the non-uniform
al. (2009) gk 5 magnetic field in a rectangular cell.
p CpAT L3
Ram: K #O'BmM VH
Engleretal. g, —pgBATL Stabilizing ~ effects of thermal
(2009) £ diffusivity and viscous friction act
Ray, =X VHAR® mmgK® AT o7 contrary to this destabilizing force.
kn kn All three effects are combined in the
Ratwt = Ram + Ra magnetic Rayleigh number
Ganguly et There is an empirical equivalence
al. (2004) between buoyant and

_Hy P Bp Xo MPAT Pr
Ram= —
n< H

thermomagnetic convection based on
their respective Rayleigh number
correlations.
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Figure 2. 9 The principal sketch of (a) Rayleigh Bénard convection (b) thermomagnetic
convection (c) combination of Rayleigh Bénard convection and thermomagnetic
convection (Engler et al., 2009; Voélker et al., 2007).

Here, the applied external magnetic field is uniform and the fluid exhibits a
magnetization and its magnetization decreases with the increase in temperature. An

inner magnetic field gradient produced in the fluid which is given by
VHi= H- DVM (2.11)

where D denotes the demagnetization factor. When there is a non-uniform magnetic

field, there are imbalance forces in the magnetic nanofluids.

Moreover, Sawada et al. (1993) have studied the natural convective heat transfer of
magnetic fluid in concentric horizontal annuli experimentally. The study confirms that
the magnetic field can control natural convection heat transfer in the magnetic fluid and
it may get enhanced if the application of the magnetic field is adjusted according to the

gravitation force. It also indicates that applied magnetic field direction also plays an
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essential role in enhancing convective heat transfer naturally. Krakov & Nikiforov
(2001) have numerically studied the influence of uniform magnetic field on
thermomagnetic convection using a square cavity. The governing equations are
Maxwell, Navier-stokes and energy equations for the magnetic field, fluid flow and
temperature, respectively, in the frame of Boussinesq approximation. The angle
between temperature gradient and magnetic field influences the convection structure.
Ganguly et al. (2004) have studied thermomagnetic convection in a differentially heated
square cavity, experiencing two dimensions of the magnetic field. The colder fluid with
higher susceptibility is-attracted towards the high magnetic field region and displaced
warmer fluid. The thermomagnetic convection can be correlated with dimensionless
magnetic Rayleigh number and heat transfer by thermomagnetic convection (Ram=10°
107) as effective as in buoyancy-driven convection (Ra=10%-10°). Jafari et al. (2008)
have numerically investigated the effect of the controllable parameters on
thermomagnetic convection in Ferrofluid by the Taguchi method. A cylindrical
geometry with different parameters including temperature difference across the layer,
initial magnetic phase concentration, the aspect ratio of the geometry, magnetic field
magnitude and diameter of magnetic particles are examined using L16 orthogonal array
of Taguchi at four levels. The analysis of the simulation data indicates that the magnetic
Soret effect could even be higher than the conventional one and its strength depends on
the magnetic field strength. Mahmoudi et al. (2014) have numerically investigated the
natural convection in a cavity filled with the nanofluid and experienced magnetic field.
The Lattice Boltzmann simulation method is applied to study two dimensional square
cavity heated uniformly from the base and linearly from sides and insulated from the
top. Hartman and Rayleigh number are taken from 0 to 60 and 102 to 105, respectively.
The magnetic field controls the effects of nanoparticles in the nanofluids and strongly
affects the convection flow. Yamaguchi et al. (1999; 2002; 2010) have investigated the
thermomagnetic natural convection in temperature-sensitive magnetic fluid both
experimentally and numerically with a cubic container containing a heat-generated
cylinder under the presence of the magnetic field. Mg-Zn ferrites nanoparticles are
suspended in kerosene, and suspension has significant temperature dependence under a
uniform magnetic field. The experimental result shows that the heat transfer
characteristics using temperature-sensitive fluid are enhanced, shown in Figure 2.10.
As the size of the heat-generating unit increases, the heat transfer decreases because of
the flow obstruction. Numerically, the Lattice Boltzmann method confirms the
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experimental findings. Wen et al. (2002) have reported natural convection
experimentally in rectangular Hele-Shaw cell using magnetic fluid. Figure 2.11 shows
that convective heat transfer is enhanced using a magnetic field. Figure 2.12 shows the
effect of the direction of the applied magnetic field. Fornalik-Wajs et al. (2014) have
reported that the Nusselt number is proportional to the thermomagnetic Rayleigh
number raised to a power of 0.25, shown in Figure 2.13. Many researchers have studied
the thermomagnetic convection with magnetic nanofluids in different geometries and

found many interesting results summarized in Table 2.5.
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Figure 2. 10 The effect of magnetic Rayleigh number on the average Nusselt number in
the magnetic nanofluids for the natural convection reported by Yamaguchi et al. (2002;
1999)
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Figure 2. 11 The effect of low magnetic Rayleigh number on the average Nusselt
number in the magnetic nanofluids for the natural convection reported by Wen et al.
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Figure 2. 12 The effect of direction of applied magnetic field on the average Nusselt
number in natural convection for magnetic nanofluid reported by Sawada et al.
(1993).
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(2014).

43



Table 2. 5 The experimental and numerical investigations on thermomagnetic convection.

Thermocouples Wall temperature distribution is visualised with

different placements of the magnet. Local and

average Nusselt number and revised Grashof
number are analysed for each case. It is
, = _

22 C) concluded that the convection heat transfer can

it be controlled by changing the magnetic field.
. . 0293 Permanent
Kikuraetal.  Experimental s

The water-based magnetic field is used as the
(1993)

magnets ] o ) )
working fluid in the experiment. Impressive

thermomagnetic convection has been observed

during the horizontal magnetic field case.
Interestingly a rapid steady-state and effective
heat transfer are observed in thermomagnetic

convection.
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al.
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Hele-Shaw cell (15 x 15 x 0.3 mm?®) with water-
based Fe3Os magnetic fluid is used in the
experiment. From heat transfer measurement
and by visualizing shadowgraph, it is revealed
that the magnetic field has a destabilizing
hydrodynamic effect on the flow. It reflects as
an increment in the heat transfer. Critical
Rayleigh number is reduced to half of the

without magnetic field state.

Mn-Zn ferrite in alkyl naphthalene base fluid as
a magnetic fluid is used in a two-dimensional
cell for natural convection experiment.
Enhancement in the heat transfer rate at the

supercritical state is noted by the increasing

magnetic ~ field. Chain  formation  of
nanoparticles causes this enhancement of heat
transfer at the higher magnetic field.

Observation reveals the destabilizing effect on
hydrodynamic instability in a magnetic field. In

numerical analysis, it is observed that heat
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Snyder et al.
(2003)

Numerical
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transfer strongly depends on the applied
magnetic field strength. For the low Rayleigh
number regime, the heat transfer is low; on the
other hand, at higher Rayleigh number heat
transfer shows significant improvement and

intense dependence on the magnetic field.

Magneto convection is predicted numerically
and the standard theory of convection is
confirmed. The model is validated with the

experimental work.

46



Adiabatic wall =0 ) .
Mt otemobiterd. o m - e T Lattice Boltzmann method has been applied to
: analyse the effect of magnetic field on
Narnofluid
nanofluids in a cavity. Rayleigh number, Ra

=1083-10° Hartmann number Ha = 0 to 60 and

u=y=0
=()

U=y

al
< e

o ' volume fraction of alumina nanofluid from 0 to

/ I8 | 0.06 at 0 to 1800 magnetic field direction were

Mahmoudi et Uniform

20aI1.5(22001146) Numerical : | 2 :. "" " A \ magnetic field

\\
-
[ )y/H

the pertinent parameters. Heat Transfer is

declined with an increase in Hartmann number

T AT
{1

for all magnetic field direction. The direction of
the applied magnetic field controls the effects of
nanoparticles in the nanofluid. The nanoparticle

D S SO B RSO0 AR SO 1 e concentration improves the heat transfer at a

. - - higher Hartmann number.

47



Roszko et al.
(2014, 2018)

Mansour et
al. (2013)
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Numerical magnetic field

Low concentration nanofluid has been
investigated for thermomagnetic convection.
Magnetic field direction and position of the
experimental setup. Nusselt number increases
in low magnetic induction values and the
decrease in higher magnetic induction. Copper
nanoparticles having a size range 40-60 nm are

used here for the nanofluid.

The trapezoidal cavity is filled with water-based
Copper nanofluid in the presence of a magnetic
field. Inclination helps to vanish the viscous
effect. The rate of increment of Hartman
number leads to an increase in the temperature
gradient, hence an increase in diffusion heat
transfer at higher Rayleigh number. In the
absence of a magnetic field the heat transfer
increases with volume fraction and Rayleigh

number.
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L-shaped cavity is filled with alumina nanofluid
and has been analyzed in the presence of the
uniform magnetic field. Different parameters
imprinted distinctive marks on the heat transfer.
The increment in the volume fraction of
nanoparticles leads to the enhancement of heat
transfer. A similar kind of results is obtained for
increasing the Rayleigh number. The increment
in Hartmann number increases the Nusselt
number significantly, but in a higher regime of
Rayleigh number, Nusselt number is decreased.

Characteristics of laminar natural convection
flow show interesting results in the inclined
rectangular enclosure in the presence of a
magnetic field. The increment in Grashof
number significantly increases the convection
but suppresses under the presence of a strong
magnetic field. Nusselt number decreases in the

strong magnetic field.
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The lattice Boltzmann method is used to
investigate the effect of the presence of a
magnetic field on heat transfer by natural
convection. Particle volume fraction and
Rayleigh number increase the Nusselt number,
but it decreases with the Hartmann number.
Perhaps, Radial magnetic field suppresses the
flow oscillation effectively.

A vertical cylinder having alumina nanofluid
has been studied for natural convection heat
transfer characteristics. In a stronger magnetic
field,

significantly in the axially oriented magnetic

circulation in the cavity reduces
field. In a convection dominating regime at low
Hartmann number, the increment in volume
fraction deteriorates the heat transfer under the

axially applied magnetic field.
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The triangular cavity is filled up with the
copper-water nanofluid. The location of two
identical heat sources at the bottom of the cavity
changes to measure the change in heat transfer.
The heat transfer is more when the sources are
parted by some distance. At a high Hartmann
number, the flow in the cavity is reduced, which
leads to a reduction in heat transfer. In the
conduction dominating regime, nanoparticle

concentration increases the heat transfer rate.

Two phase Euler- Lagrange method is used to
assess natural convection in water-based Mn-
Zn ferrite MNfs. The square cavity under the
non-uniform magnetic field has been analyzed.
In the presence of a magnetic field, flow near
walls increased, which increases the Nusselt
number and at a particular field, convection is
intensified for bigger particles. Large particles

significantly increase the magnetic force.
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2.5 Remark

A detailed literature review is done in the current chapter to understand the effect of
various parameters and thermophysical properties of magnetic nanofluids on the natural
convection heat transfer. A robust fundamental foundation has been made to understand
the characteristics of magnetic nanofluid in natural convection through the current

chapter.
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Chapter 3: Synthesis and Characterization of
Magnetic Nanofluids
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Take up one idea. Make that one idea your life; dream of it; think of
it; live on that idea. Let the brain, the body, muscles, nerves, every
part of your body be full of that idea, and just leave every other idea

alone. This is the way to success, and this is the way great spiritual

giants are produced.
Swami Vivekananda
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3

Synthesis and Characterization of Magnetic

Nanofluids

Water based FezOs4 magnetic nanofluid is used in the investigation as a working fluid.
The present chapter is dedicated to synthesis, characterization and stability analysis of

the magnetic nanofluids.

3.1 Materials & apparatus

Commercial spherical shaped; FesO4 nanoparticles of average particle size of 40-60 nm
have been purchased from the USA based company, Nanoshell. The properties of the
nanoparticles are summarized in Table 3.1. We have independently characterized these
nanoparticles by X-ray diffraction and scanning electron microscope (SEM) performed
on Powder X-ray diffractometer make of Bruker (Model: D8-Advance) using Cu-Ka
source in angular range 10 to 90° and Carl-Zeiss Make Field-Emission Scanning
Electron Microscope (Model: Carl-Zeiss Ultra plus). The purified water is having TDS
value of 0 and electrical conductivity of 0.9 p S/cm is prepared by Elix® Essential 3
Water Purification System, Merck, USA. Other chemicals like oleic acid, N-cetyl-N N
N Trimethylammonium bromide (NNN), NaOH and HCI are purchased from Himedia
laboratories. All chemicals are used without further purification.

The schematic view of the thermal conductivity measurement setup is shown in Figure
3.1 and the photographic view is shown in Figure 3.2. The intrinsic thermal
conductivity of the magnetic nanofluids is measured by using the thermal property
analyser, KD2 pro (Decagon Devices, Inc.) and the transient line heat source method is
used in the instrument to measure thermal conductivity. KS-1, 1.3 mm diameter x 6 cm
long sensor with = 5 % accuracy is used to measure the thermal conductivity. All
measurements are performed at least 5 times and averaged. The electromagnet used to

apply a uniform magnetic field has an iron core of 4.5 cm diameter. The vile having 2.5
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cm diameter x 7 cm length containing magnetic nanofluids is used to measure the
thermal conductivity inside the 8 cm air gap between the iron core tips of the
electromagnet. The electromagnet is connected to the constant current power source
and the digital gauss meter DGM-100 is used to measure the intensity of the magnetic
field with an accuracy of + 0.5 %. To ensure constant temperature to the sample, a
programmable circulating constant temperature bath of Koehler Instrument Company
Inc., USA (Model: K33085) is used. The thermal conductivity is measured after
achieving the steady-state temperature and each interval of measurement has a 15-

minute window to dissipate any thermal gradients due to KD2 pro.

Table 3. 1 Properties of Fe3O4 nanopatrticles.

Properties FesO4 nanoparticles
Average Particle size 40-60 nm

Colour Dark brown

pH Value 6.7

Odour Odourless

FesO4 content 99.99 %
Morphology Powder

Density, g/cm?® 5

Specific Surface Area, m?/g 45
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Figure 3. 1 Schematic view of the experimental set up for the thermal conductivity at
different parameters.

Constant Temperature Bath

Figure 3. 2 Photographic view of the experimental setup for thermal conductivity
measurement by KD2 Pro.
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The viscosity in the present study is measured by the Modular Compact MCR 102
Rheometer (Make Anton Paar GmbH, Austria, Europe) as shown in Figure 3.3 with the
accuracy = 5 %. The rheometer has a two-cylinder arrangement; the liquid is placed
inside the annulus of one cylinder and the other cylinder is rotated to give us the shear
rate. The liquid inside the cylinder exerts the force on the rotating cylinder which is

converted into shear stress.

Figure 3. 3 Photographic view of the viscosity measurement by the rheometer MCR
102.

The density of the liquids is measured by the weighing machine (Digital Analytical
Balance, DAB 220 (Wensar Weighing Scale Ltd., India) and the Pycnometer (50 ml),
as shown in Figure 3.4. The instruments are calibrated against the standard liquids
(water and ethylene glycol). The basic principle for the density is to measure the mass

in the fixed volume of the Pycnometer.

58



Figure 3. 4 Photographic view of the weighing machine and Pycnometer.

3.2 Synthesis of magnetic nanofluids

The commonly used two-step method is used here to prepare magnetic nanofluids, as
discussed comprehensively in the literature review chapter. The liquid & particle
mixture is continuously ultra-sonicated for 1 to 2 h by the probe sonicator purchased
from Biomatrix Inc., USA. The surface modification of FesO4 nanoparticles with oleic
acid and NNN has been done to avoid the settlement of the nanoparticles into the base
fluids. Distilled water is used as base fluids and the nanoparticles are dispersed with the
concentrations of 0.01, 0.05, 0.08, 0.1, 0.5, 0.8, 1 vol.% in the base fluids. The
concentration in the base fluid of the nanoparticles is calculated from the weight of dry
nanoparticles and the true density of nanoparticles is provided by the supplier, as
mentioned in equation 3.1. Digital Analytical Balance, DAB 220 (Wensar Weighing
Scale Ltd., India) is used to measure the weight of the nanoparticles with the readability
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and repeatability of 0.1 mg and £0.1 mg, respectively. The schematic diagram to depicts

the synthesis of magnetic nanofluids by the two-step method is shown in Figure 3.5.

Volume concentration (Vol.%), ¢ = W /{;VF"?’O‘Ei‘{)VFfO“}/p ; x 100 (3.1)
Fe3z04/FPFe304 water/ Pwater
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Figure 3. 5 Two-step method for the synthesis of FesO4 magnetic nanofluids.

3.3 Characterization of magnetic nanoparticles

The X-ray diffraction pattern of the FesOs magnetic nanoparticles is shown in Figure
3.6. The different characteristic peaks are consistent with the JCPDS (Joint Committee
on Powder Diffraction Standards) file number 82-1533 of FezO4 nanoparticles. Figure
3.7 shows the curve of magnetization for Fe3O4 nanoparticles at room temperature. The
magnetic nanoparticles show superparamagnetic behaviour with almost zero coercivity.

The saturation magnetization is 80 emu/g for the FezO4 nanoparticles.
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Figure 3. 6 XRD pattern of the FesO4 nanoparticles. The inset shows the JCPDS (Joint
Committee on Powder Diffraction Standards) data for the FezO. nanoparticles.
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Figure 3. 7 Magnetization curve of the FezO4 nanoparticles.
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Figure 3.8 SEM (Scanning Electron Microscope) images of FesO4 nanopatrticles (a)
Purchased Fes3O4 nanoparticles (b) FesO4 nanoparticles with the oleic acid coating.
Figure 3.8 shows the scanning electron microscope images of FezO4 nanoparticles. The
images reveal that the average size of the nanoparticles is in the range of 60-80 nm.
Figure 3.8 (a) shows the image of nanoparticles purchased from the manufacturing
company, Nanoshell. These purchased nanoparticles are processed further for surface
modification. Figure 3.8 (b) shows the image of FesO4 nanoparticles coated with oleic
acid by processing the purchased nanoparticles. The particles are first dispersed in
methanol by ultrasonication and then oleic acid is added during constant stirring at 80
°C. The nanoparticles particles are then filtered through Whatman filter paper and
washed with distilled water several times. After that, with the help of acetone, the
nanoparticles are separated from the filter paper and dried at room temperature (Shete

etal., 2015).

3.4 Thermophysical properties of Magnetic nanofluids

3.4.1 Thermal Conductivity
The validation of the experimental setup for measuring thermal conductivity (k) is done

by measuring the thermal conductivity of the water at different temperatures and
comparing them with existing experimental values (Sengers & Watson, 1986) and
theoretical model (Popiel & Wojtkowiak, 1998) given in equation (3.2)

k =a+bT+cT o +dT?+eT%® (3.2)
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where a =0.5650285, b =0.0026363895, ¢ =-0.00012516934, d =-1.5154918 x 10® and
e =-0.009412945

Figure 3.9 shows that the experimental setup to measure thermal conductivity is valid
as the experimental results are consistent with the theoretical as well as previous
experimental results. Figure 3.10 shows the effect of the concentration of the magnetic
nanoparticles on the thermal conductivity of the magnetic nanofluids. The maximum
enhancement of around 15 % has occurred at the highest concentration of 0.1 vol. %.
The results are consistent with the previously published investigations (Karimi et al.,
2014 and Zhu et al., 2006).
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Figure 3. 9 Thermal conductivity of the water with different temperatures and
comparison with the existing classical theoretical models (Popiel & Wojtkowiak, 1998)
and the previous experimental values (Sengers & Watson, 1986).

Figure 3.11 shows the effect of the temperature on the thermal conductivity of the
FesO4/Water magnetic nanofluid. The thermal conductivity of the magnetic nanofluid
is shown the increment trend with the temperature. The thermal conductivity at the
nanoparticles concentration of 0.1 vol. % is enhanced from 3 to 18 % in the temperature
range of 10 to 70 °C. The Brownian motion enhancement with the temperature is one
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of the possible explanations for the increment of the thermal conductivity with

temperature.
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Figure 3. 10 Thermal conductivity ratio of FesO./Water magnetic nanofluid and water with
the concentration of nanoparticles.
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Figure 3. 12 Thermal conductivity ratio versus temperature at various magnetic field
(@) 200 G (b) 300 G (c) 600 G (d) 730 G; the solid lines show the developed empirical
correlation presented in the equation (3.3).

Figure 3.12 shows the variation in the thermal conductivity of FezOa/ Water magnetic
nanofluids with the temperature at the various magnetic field, the markers show the
experimentally obtained data, while the solid lines show the developed empirical
correlation. The correlation is developed based on experimental data with 1.2 %
standard deviation from the experimental data is presented in the equation (3.3). The
ratio of the thermal conductivity of magnetic nanofluids and water is plotted versus the
magnetic field at different concentrations and different temperatures. The maximum
enhancement of 22 % is observed at the highest concentration, temperature and
magnetic field of 0.01 vol. %, 70 °C and 730 Gauss, respectively. The enhancement in

the thermal conductivity in the presence of a magnetic field is caused by the alignment
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of the nanoparticles in the direction of the magnetic field (Shima et al., 2014; Shima &
Philip, 2011).

Kng _ , B \051\ (K, \*01% / r \0.034 0.0001
o= (1+358800%) (1+0051 (3) ) (22) () ()™ (33)

ma ki Tmax

3.4.2 Viscosity

The validation of the experimental measurements of the rheometer for viscosity is
presented in Figure 3.13. The water is used for the validation, the measured
experimental value of viscosity of the water is compared with previously published
experimental values (Sengers & Watson, 1986) and theoretical model (Popiel &
Wojtkowiak, 1998) given in equation (3.4). The experimental value is well consistent
with the compared theoretical and experimental data.

1

= a+bT+cT?2+dT3 (3.4)

where, a =557.82468, b =19.408782, ¢ =0.1360459 and d =-3.1160832x 107®

ox10? X | | i
§ Experimental
ol } v Sengers and Watson (1986) ]
v — Theoretical (Popiel and Wojtkowiak (1998))

Viscosily (Pa-s)

1
/
.-’Ir
f
f.
/

Temperature ( “C)

Figure 3. 13 Viscosity of the water with different temperatures and comparison with
the existing classical theoretical model (Popiel & Wojtkowiak, 1998) and the previous
experimental values (Sengers & Watson, 1986).
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Figure 3. 14 Viscosity of the FesO4/ Water magnetic nanofluid with the concentration
of the nanoparticles.
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Figure 3. 15 Viscosity of the FesO4/ Water magnetic with the temperature at various
concentrations of the nanoparticles. The solid lines represent the developed empirical
correlation presented in equation (3.5).
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The effect of the concentration of the nanoparticles on the viscosity is shown in Figure
3.14. The viscosity of the magnetic nanofluids is showing an increasing trend with the
concentration of the nanoparticles. The viscosity of Fe3O4/ Water magnetic nanofluids
is enhanced up to 5 % at the highest concentration of the magnetic nanofluid compared
to water. Figure 3.15 shows the effect of temperature on the viscosity of FezO4/ Water
magnetic nanofluids, and the solid lines represent the developed empirical correlation
presented in equation (3.5). The correlation is developed based on the experimental data
and shows around 2 % standard deviation from the actual experimental data. The
viscosity of the magnetic nanofluids is showing a decreasing trend with the temperature
but with concentration, the viscosity is enhanced compared to water. At a concentration
of 0.1 vol. %, the viscosity increases from 5 to 30% in the temperature range of 27 to
77 °C.

T )0.051

Tmax

oy = 241 (043 1py — 13.32 0% + 0.0467 9) ( (3.5)

3.4.3 Density
The experimental setup for the density measurement is first validated with the

theoretical model and previously published experimental results for the water. Figure
3.16 shows the density of the water at different temperatures and it consists of the
theoretical model. The experimental values of the density are compared with the
theoretical model (Popiel & Wojtkowiak, 1998) given in equation (3.6) and the
previously published experimental values (Sengers & Watson, 1986).

p =a+bT+CcT2+dT?+eT3 (3.6)
where, a = 999.79684, b = 0.068317355, ¢ = -0.010740248, d = 0.00082140905 and
e = -2.3030988 x 10°

Figure 3.17 shows the density of the Fe3Os/ Water magnetic nanofluids with
concentrations of nanoparticles. The thermal conductivity ratio is increased with the
concentration of the nanoparticles. The maximum enhancement of 0.8 % in the density
value is measured at the concentration of 0.1 vol. %. Figure 3.18 shows the density of
the magnetic nanofluids with the temperature, and the solid lines show the correlation
developed based on the experimental data. The correlation is represented in equation
(3.7), the standard deviation for the correlation is 0.04 % from the actual experimental

data. The density ratio is first decreased with temperature and then started to increase.
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The enhancement in the density value changes from 1.2 to 0.7 % in the range of 10 to
70 °C for the 0.1 vol. %.

%‘ = (1+61.29 p113) 7034 (3.7)
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Figure 3. 16 Density of the water with different temperatures and comparison with
the existing classical theoretical model (Popiel & Wojtkowiak, 1998) and the previous
experimental values (Sengers & Watson, 1986).
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Figure 3. 17 Density ratio of magnetic nanofluids and water with the concentration of
nanoparticles.
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3.4.4 Other properties
The other thermophysical properties like specific heat and the thermal expansion

coefficient are estimated in the study by the mathematical correlations. These

mathematical correlations are tabulated in Table 3.2.

Table 3. 2 Mathematical correlations used to estimate different properties in the

current study.
Property Correlation Reference
Specific Heat PrfCons = (1 — B)pprCp iy (Xuan & Roetzel,
+ 0Py Comp 2000)
Thermal PrfBpnr = (1 = B)pprBppr (Khanafer et al.,
Expansion + DPnpBpnp 2003)

Coefficient
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Remarks

The experiments are performed on the Fe3O4/ Water magnetic nanofluids to study the
effect of temperature and magnetic field on the thermal conductivity. Different samples
of magnetic nanofluids have been prepared by the two-step method after characterizing
the magnetic nanoparticles with XRD, VSM and SEM for structure, magnetic
properties and size. The magnetic nanofluids' thermal conductivity is affected by the

concentration, temperature, and externally applied magnetic field.

The results show that the thermal conductivity is increased with concentration. The
maximum enhancement in the study is observed at the highest concentration, which is
around 15% compared to water at 0.1 vol.% of nanoparticle concentration. The
temperature also enhances the thermal conductivity of the magnetic nanofluids
samples. The maximum enhancement from 3 to 18 % is observed at the 0.1 vol.% in
the temperature range 10 to 70 °C, compared to water. The externally applied magnetic
field is playing an imperative role in the thermal conductivity behaviour because of the
ferromagnetic nanoparticles. The particles seem to align during the magnetic field
application in a chain-like structure, which leads to an increment in the thermal
conductivity of the magnetic nanofluids. The maximum enhancement of 22% is
observed at 730 G magnetic field intensity and 70 °C for 0.1 vol.% concentration as
compared to water. The other thermophysical properties like viscosity and density are
measured at different concentrations and temperatures. The viscosity has shown a
decrement trend with the temperature, however, it is increased with the concentration.
At the 0.1 vol.% concentration of magnetic nanofluids the viscosity enhances from 5 to
30 % in the range 27 to 77 °C as compared to water. The slight enhancement is observed
in the density of the magnetic nanofluids with concentration and with temperature, the
density is shown a decrement trend. The maximum enhancement of only 0.8% occurs
at 0.1 vol.% concentration at room temperature. The enhancement in the density is

decreasing from 1.2 to 0.6 % in the range of temperature 10 to 70 °C.

The new empirical correlation is developed and reported for thermal conductivity,
viscosity and density with different parameters. The developed correlation shows a

perfect fit with the experimental data by considering all the parameters.
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Chapter 4: Experimental Facility, Data
Reduction & Statistical Analysis
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A theory is the more impressive the greater the simplicity of its
premises, the more different kinds of things it relates, and the more

extended its area of applicability.

Albert Einstein
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A

Experimental Facility, Data Reduction &

Statistical Analysis

To achieve the different objectives of the study, different instruments are used to
prepare the experimental setup. This chapter deals with the information about the
various devices, apparatus and data analysis techniques used to achieve the objectives
of the study.

4.1 Experimental Set up

In order to study the natural convection heat transfer in an open cavity, the test cavity
is prepared. This schematic and photographic view of the experimental setup is outlined
in Figures 4.1 and 4.2, respectively, consisting of a small cubic cavity of side 30 mm,
insulated from sides. The aspect ratio (width/height) of the test section is one for all the
experiments. In the present experiment, the bottom of the cavity is made of a 5 mm
thick copper plate and the top is open to the environment. Oxygen-free high conductive
annealed copper having a thermal conductivity of 350 W/m K at room temperature is
used here. The thin plate heater of thickness 5 mm, specially designed for this
application, is attached to the bottom copper plate and perfectly insulated by ceramic
wool and wood from the sides and the bottom side, respectively. The side walls are
made up of a 5 mm thick transparent perspex sheet and insulated with thick ceramic
wool. The open environment is maintained at a temperature of 20 °C and the relative
humidity of 45 to 55 % during the experiment. The water in the cavity is purified water
having TDS value 0 and electrical conductivity 0.9 uS/cm prepared by Elix® Essential
3 Water Purification System, Merck, USA. The plate temperature distribution is
measured by highly accurate, four calibrated copper-constantan thermocouples
(OMEGA), inserted horizontally up to half the distance from the center from each side
inside the copper plate (Figure 4.3 (b)).
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To record thermal fluctuation inside the cavity, there are fifteen very thin
thermocouples having bead thickness of 0.25 mm placed along the centreline (Figure
4.3 (a)). Testo 605i thermohygrometer is used to measure the relative humidity and
temperature inside the room. Each thermocouple is initially calibrated to minimize the
error in measurement. The different Rayleigh numbers are achieved by adjusting the
heat flux with the variation of the power and the steady-state is achieved after about
one hour. The temperature data series are recorded on a PC using a data logger
(Keysight Tech.) with 0.004 % dcV accuracy.
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1. Test Section 7. Copper plate
2. Electromagnet (Helmholtz coil) 8. Heater
3. Horizontal stand to hold Helmholtz coil 9 Data logger
4. Constant current supply (0- 6 Amp) 10. Computer
5. Gauss meter
6. Intermediate rod holding thermocouples

Figure 4. 1 Schematic figure of the experimental test setup.
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Traverse System

Figure 4. 2 Photographic view of the experimental setup.

4.1.1 Major parts of the experimental setup
The experimental setup is consisting of a number of parts and instruments. A detailed

explanation about these parts and instruments is presented below.

A. Test section

The test section shown in Figure 4.3 includes the open cubic cavity contained the
working fluid. The dimensions of the different parts of the cubic cavity is summarized
in Table 4.1. The cubic cavity of the side 30 mm is open to the environment. The sides
of the cavity are fabricated by the Perspex sheet and perfectly insulated by the ceramic
waool. The bottom of the cavity is made of oxygen-free high conductive annealed copper
having a thermal conductivity of 350 W/mK at room temperature. The bottom of the
cavity is heated by the specially designed plate heater fabricated in the Arihant
Electricals, Maharashtra, India. The plate heater is electrically insulated by the mica
sheet and provides the constant heat flux to the bottom of the cubic cavity. To make the
perfect contact between the bottom heated plate and the plate heater for perfect thermal
contact conductance, the viscous fluid glycerine is used as a thermal interface material.
The plate heater, along with the cubic cavity, is placed on the wooden block to
minimizes the heat losses from the bottom. The T type thermocouples are used to
measure the time series of the temperatures along the centreline of the cubic cavity, as

shown in Figure 4.3 (a). The positions of thermocouples from the bottom plates are at
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0,05,1,2,3,4,5,7,10, 15, 20, 25 and 30 mm. One thermocouple is placed to measure
the temperature just above the water surface and one is placed near the test section
inside the room to measure the ambient temperature. The temperature of the bottom
heated plate is measured by the four T-type thermocouples inserted at a distance of 7.5
mm from the sides, as shown in Figure 4.3 (b).

Table 4. 1 Dimensions of the components of the open cubic cavity.

Components Dimensions
Cavity (water layer) 30 mm x 30 mm x 30 mm
Bottom heated plate (copper plate) 30 mm x 30 mm x 5 mm
Sidewalls (Perspex sheet) 30 mm x 30 mm x 5 mm
Plate Heater 35 mm x 35 mm x 5 mm
(a) — Thermocouples

Perspex
— Square cavity

Copper Plate—| ®)

Ceramic wool

SR SRR 00 _Plate Heater

Figure 4. 3 Schematic of the experimental test setup: (a) the top surface is open to the
environment and the cavity is filled with water up to 30 mm height and (b)
thermocouple positions inside the copper plate.
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Figure 4. 4 Photographic view of (a) Presys T-25 N calibrator and (b) Constant
Temperature Bath.

B. Thermocouples & Traverse System
As the temperature in the present study is varied from the 10 °C to 90 °C, T-type

thermocouples are used to measure the temperature with minimum error in this range.
As mentioned above, the total number of thermocouples at different locations is 18 in
the experimental setup. These thermocouples are first calibrated with the Presys T-25N
calibrator and constant temperature bath in the range 10 °C to 90 °C and these
instruments are shown in Figure 4.4.

C. Data Logger

The voltage output data of thermocouples is converted into digital values by the data
acquisition system (DAQ). The DAQ system purchased from Keysight Technologies,
USA is shown in Figure 4.5. The thermocouples are directly connected to the
multiplexer (Model: 34901A), which is connected in the DAQ (Model: 34970A). The
DAQ system is connected to the computer with the help of the Agilent Bench Link Data
Logger (Version 4.3) software.

D. Electromagnets & Gaussmeter

The external magnetic field is applied by the H-shaped electromagnets, as shown in
Figure 4.6. The poles of the electromagnets have diameters of 50 mm and are made
from soft iron. The electromagnet is connected with the constant current power supply.
Gaussmeter is used to measure the magnetic field between the two poles of

79



electromagnets. The specifications of the electromagnets, power supply and gaussmeter
are given in Table 4.2. The electromagnets are fabricated by the Vijayanta Technology
Pvt. Ltd. Roorkee, India.

E. Hygrometer

The relative humidity of the room is measured by the testo 605 i Thermohygrometer,
shown in Figure 4.7, purchased from Testo India Pvt. Ltd., Maharashtra, India. The
instrument is probe type and connected with the smartphones via testo app. The

specifications of the product are given in Table 4.3.

Table 4. 2 Specifications of the testo 605 i smart probe Thermohygrometer.

Parameters Specifications
Measuring Range 0 to 100 % Relative Humidity (RH)
Accuracy + 3% RH (10 to 35 % RH) at 25 °C

+2 % RH (35 to 65 % RH) at 25 °C

+ 3 % RH (65 to 90 % RH) at 25 °C

+5 % RH (<10 or > 90 % RH)
Resolution 0.1 % RH
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Figure 4. 5 Photographic view of (a) Data Logger, Model: 34970A (b) Multiplexer,
Model: 34901A, Make: Keysight Technologies, USA.

Figure 4. 6 Photographic view of the (a) Electromagnet (b) Power supply and
Gaussmeter.
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testo 605i

Figure 4. 7 Photographic view of Thermohygrometer.
4.2 Data Reduction
4.2.1 Data Collection

The measured data from the experiments is converted into various dimensional and
non-dimensional numbers. A number of experiments are conducted over the range of
various parameters. The following are the different data collected for each of the

experiments.

e The power supply in the form of current and voltage from ammeter and
voltmeter, respectively.

e Time series of temperature at the bottom heated surface.

e Time series of temperature at various locations at the centreline of the open
cubic cavity.

e Time series of the temperature of the room temperature

e The humidity of the room.
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4.2.2 Data Reduction
Each experiment is started from the initial point and a steady state is achieved after

some time. The steady-state data for each experiment is used to calculate various
parameters given below:

A. Heat flux at the bottom heated surface
The heat flux at the surface of the bottom heated plate is assumed to be the same as at

the plate heater due to high thermal contact conductance between the plate heater and
the bottom heated plate. The voltage (V) from the voltage variac, the resistance (R) of
the plate heater and surface area (Ac) of the bottom heated plate are used to measure the

heat flux at the surface of the bottom heated plate.

V2

q= (4.1)

T RA,

B. Average Temperature and Temperature difference
The average temperature (<T>) inside the cavity is calculated by averaging the

temperature obtained inside the cavity at different positions along the centreline. The
thermophysical properties of the working fluids are calculated at the average

temperature.

10

<=

(4.2)

The temperature difference (AT) is calculated as the difference between the surface
temperature of the bottom heated plate (Tn) and the temperature of the bulk fluid (Ty)

at the center of the cavity.
AT=Th-To (4.3)

C. Rayleigh Number

The Rayleigh Number (Ra) governing the convection state is defined as the ratio of buoyancy
force to the product of viscous force and rate of heat diffusion. The mathematical form of the
Rayleigh number is given as:

Rq = 9478 (4.4)

va

where g is the acceleration due to gravity, £ is the isobaric thermal expansion coefficient, AT is
the temperature difference across the vertical layer between the heated bottom surface and bulk

fluid, »is the kinematic viscosity and « is the thermal diffusivity of the fluid.
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D. Nusselt Number
The global heat transfer is defined by dimensionless Nusselt number (Nu) is defined as the ratio

of convective heat transfer to conductive heat transfer at a boundary of the fluid. The Nusselt

number is given as follows:

_hL_ QL
Nu_?_kAAT (4.5)

where h is the heat transfer coefficient. In the open cavity, the convection assumed to be quasi-
steady and the heat input into the convecting layer (Q) is related to heat output from the heater

(Qn)
Q=0n— Msts‘i_: —Q (46)

The M,C,; is the effective product of mass and specific heat of the bottom copper plate. The
heat losses (Qi) from the vertical side walls are estimated by the thermal conductance
(C=0.00116 +0.0001) from the series combination of conduction through the perspex sheet,
conduction through the ceramic wool insulation and convection from the outer surface of the
insulation. Assuming the steady and equal heat transfer from each sidewall, the different values
estimated of thermal conductance for each side wall are 0.0342, 0.00135 and 0.0109 W/°C for
conduction through the perspex sheet, conduction through the ceramic wool insulation and

convection from the outer surface of the insulation, respectively.

E. Prandtl Number
The Prandtl number (Pr) is the ratio of the viscous diffusivity to the thermal diffusivity.

The Prandtl number is given as follows:
_ Blpem v
Pr = e (4.7)

where C;, is the specific heat capacity.

F. Thermal Boundary Layer thickness

The thermal boundary layer thickness (&) is the vertical distance measured from the
bottom heated plate to the point where linear temperature profile encounters with the
tangent of bulk fluid temperature. The thermal boundary layer thickness is calculated
from the graph of the temperature versus the height inside the cavity. Mathematically,

the thermal boundary layer thickness can be calculated as follows:

dh == (48)
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4.3 Statistical Analysis

Statistical data analysis is involved in the presentation and exploration of the collected
extensive sampled data to discover the underlying patterns and trends. Statistical data
analysis provides us the in-depth information about the heat transfer phenomena inside
the open cubic cavity. The techniques of the statistical analysis thoroughly examine the
trends about the temperature fluctuations inside the cavity at various locations. In this

study, the following are the primary statistical analysis techniques used.

4.3.1 Temperature Time Plot
The time series of the temperature is recorded in the experiments at the various

locations of the cubic cavity across the centreline. The fluctuations in the temperature
change according to various parameters in the cavity. The thermal activities can be
visualized comprehensively in the temperature versus time graph. The normalized
mean temperature is given in the equation (4.8) used to characterize the temperature

fluctuations inside the open cubic cavity.

_ [Th=(T)(2)]
0 = e (4.9

where, (T')(z) is the average temperature of the steady state at a vertical distance (z)

from the bottom heated surface.

4.3.2 Probability Density Function
The probability density function (pdf) of a random variable defines the probability

distribution, or in other words, it is the function that provides the probability occurrence
of the random phenomena in an experiment. In more simple words, the pdf defines the
likelihood of outcomes for a random variable. The area under the graph of pdf shows
the probability of a discrete random variable. In this study, the pdf of the temperature

fluctuations at the center of the cavity is plotted for different Rayleigh numbers.

4.3.3 Root Mean Square
The root mean square (r.m.s or o) value is the second-order moment defined as the

square root of the mean squared deviation of the collected data. The mathematical form

of the r.m.s is given in equation (4.10).
or = ((T —(T)*)/? (4.10)

where < > operator indicate the mean value.
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The r.m.s value indicates the deviation of the data around the mean value; r.m.s value
is always greater than or equal to zero. The r.m.s value closed or equal to zero indicates
that the data is concentrated about the mean.

4.3.4 Power Spectral Distribution

The power spectral distribution (psd) at a given location is the squared magnitude of
the time Fourier transformation of the measured data. The psd shows the strength of the
energy transformation with frequency. In simple words, it shows at which frequency
the variation in the energy transformation is stronger. The spectra of the temperature

variance are defined as:

Eq =3(0%) = [ B, (k) dk (4.11)

Remarks

A detailed description of the experimental setup is presented. The major components
and instruments with the technical specifications are elaborated. The procedures
followed to conduct the experiments for various parameters are also presented. It has
been attempted to cover all the parts and deliver information related to the experimental

setup, procedures and data reduction techniques.
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Measured objectively, what a man can wrest from Truth by
passionate striving is utterly infinitesimal. But the striving frees us
from the bonds of the self and makes us comrades of those who are

the best and the greatest.

Albert Einstein
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5

Calibration & Uncertainty Analysis

As explained in the earlier chapter, the experiments are done using various tools and
instruments. The errors and the uncertainties in the experiments are inevitable parts of
any measurement. There are various errors and uncertainties present in the visible or
invisible form in the experiments. In this chapter, various types of errors and
uncertainties are discussed, followed by the calibrations of the various instruments used

during the experiments.

5.1 Errors

Error is the deviation of the measured value from the true value of the property being
measured. If possible, the known errors are corrected by the applications of corrections
from the calibrations certificates or data. The errors in the measurement are categorised
into various parts, but based on the origin, the errors are categorised into two parts viz.

systematic errors and random errors.

5.1.1 Systematic Errors
The systematic errors are originated due to fault in the measuring instrument.

Systematic errors can be occurred due to various reasons like improper handling of
instruments, external environment conditions and wrong observations of the reading.
The repetition of the experiment can’t detect systematic error. These errors are
challenging to eliminate, but these errors can be avoided by identifying and restoring

the instruments.

5.1.2 Random Errors
The random errors occurr by the impulsive fluctuations in the experimental conditions.

Other than systematic errors, all errors fall in this category of measurement errors. The
random errors can be avoided by taking the average value of many repeated experiment

values.
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The errors in the measurement can be avoided or minimized by applying the
calibrations certificate to the instruments. The present study deals with many
instruments such as thermocouples, data logger, electromagnet, gaussmeter, power
supply etc. Most of the instruments are calibrated against the standard values. The
calibration of thermocouples was done with the thermocouple calibrator. However,
many errors originated whose values are unknown, so the uncertainty analysis for such

errors quantifies the doubt about the experimental measurement results.

5.2 Thermocouples Calibration

The calibration is the comparison of a standard value against the measured value from
the instrument. The accuracy of the standard should be very high compared to the
measuring instrument. However, the accuracy of the standard should be three times the
measuring instrument, which is acceptable for the calibration. The usefulness of the
data is dependent on the accuracy of the measuring instruments. Calibration of the
instruments over a period of time, as mentioned in the instructions by the manufacturing
company or observed by the instrument operator, leads to achieving accuracy in the
measuring instrument. In this study, to prevent errors in the temperature measurement
and make the experimental data highly accurate, the T-type thermocouples are
calibrated in the range of 10 °C - 90 °C. The highly accurate standard instrument Persys
T-25N calibrator and another instrument, Constant temperature bath (CTB), are used to
calibrate the thermocouples in the present study. Figure 5.1 and 5.2 shows the graph for
the calibration curve for Persys T-25N calibrator and Constant temperature bath,
respectively. The correlation between the standard value and -the measured value is
established by the regression analysis. The correction is made on the measuring values
by thermocouples by using this regression correlation to achieve high accuracy in the

results.
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Figure 5. 1 Calibration graph for T-types thermocouples against the Persys T-25N
calibrator, the blue circle indicates the measured experimental data and the dotted
line is a correlation.
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Figure 5. 2 Calibration graph for T-types thermocouples against the Constant
Temperature Bath , the orange circle indicates the measured experimental data and
the dotted line is a correlation.
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5.3 Uncertainty Analysis

The doubt about the measurement results is the uncertainty definition in simple worlds.
The uncertainty shows the quality of the results. It is the quantification of the doubt
about the measured results. The unknown error in the experiments is also the source of
uncertainty. Uncertainty is the statistical interpretation of the errors in the experiments.
Kline and McClintock (1953) describe the uncertainty “a possible value that an error
may have.” Bell (2001) describes the two way to estimate uncertainties in the
experiment: Type A and Type B. Uncertainty estimated using the statistics (from
repeated experimental values) fall into the Type A category, while type B category
involves the uncertainty calculated from experience, from manufacture specification,
from calibration data or certificates of calibration provided by the manufacturer and
from previously published data. Type A uncertainty (ua) is calculated from the standard

deviation (o) of a set of experimental data repeated n times.

i 42 (5.1)

where standard deviation (o) is estimated as

o= [t -y (52)

where X is the mean of n experimental readings.

The information in Type B uncertainty (ug) is more scarce, the upper and lower limit
of uncertainty is only possible to estimate. The values of uncertainty have to be assumed
between the upper and lower limit. The rectangular or uniform distribution is used to
calculate the uncertainty between the upper limit. From the view of uniform

distribution, the uncertainty of type B is found:

_a
Us =7 (5.3)

where a is the half-width of the upper and lower limit.

The combined or total uncertainty (uc) of the experimental measurement is calculated
by the root sum of Type A and Type B uncertainty.

U= ui + u (5.4)
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5.3.1 Uncertainty of the various parameter
The combined uncertainty (uc) of the temperature is measured as

— 2 2 2 2
Ue = i\/(uA,UT + uB,'T",Resolution + uB,T",Calibration + uB,T,DAQ) (5'5)

On the right-hand side, the first term represents the Type A uncertainty and the
remaining terms are Type B uncertainties. The second term is uncertainty in the
resolution of the Persys T-25N calibrator, having a value of 0.01 °C, the third term is

uncertainty due to calibration and the fourth term is uncertainty in the data logger.

ur(T) = +4/((0.094)2 + 0.012 + 0.0582 + 0.0012) = +0.15 °C

The uncertainties of other measured parameters such as voltage, current and relative

humidity etc., are summarized in Table 5.1.

Table 5. 1 Measured parameters of uncertainty.

S.No. Parameter Range Expanded

Uncertainty

1 Voltage 0-240 volts 0.08 %

2 Current 0-2 amp 0.18 %

3 Temperature 10-90 °C +1.084 °C
4 Relative Humidity 0-100 % +3.01 %

Uncertainty in the derived parameters is calculated according to the number of
parameters it depends upon. The uncertainty for various derived parameters are as

follows:

A. Heat Flux
The heat flux is calculated as:

4=7=5 (5.6)

The uncertainty in the heat flux is calculated as:
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u (q) = ‘Z—" = J_r\/(%Q)Z + (57“)2 = +0.033%

B. Nusselt Number (Nu)

qH
Nu = —
kAT

The uncertainty in the Nusselt number is calculated as:

(Nu) = 6Nu N (Sq)z N (6H)2 » <6k>2 it (6AT
U =" g H K AT
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I can live with doubt and uncertainty and not knowing. I think it is
much more interesting to live not knowing than to have answers
that might be wrong. If we will only allow that, as we progress, we
remain unsure, we will leave opportunities for alternatives. We
will not become enthusiastic for the fact, the knowledge, the
absolute truth of the day, but remain always uncertain ... In order

to make progress, one must leave the door to the unknown ajar.

Richard P. Feynman
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6

Results & Discussions

6.1 Water

The experimental measurement of the temperature fluctuation in the vicinity of
different zones of the thermal boundary layer in water-filled open cubic cavities heated
from below and open at the top has been studied. The experiments are performed on
the cubic cavity of aspect ratio 1 and lateral dimension of 30 mm, also, the results of
our previously reported open cubic cavities of aspect ratio 1 and lateral dimensions
(220mm and 240 mm) are considered here. The transient nature of the temperature has
been measured from the temperature time-series recorded across the central axis of the
cavity at different vertical positions z from the heated bottom plate. The Prandtl number
and Rayleigh number range reported in this work are 4 < Pr < 6 and 10° < Ra < 10°,
respectively. The different basic statistical properties, such as mean temperature, root
mean square (r.m.s.) and probability density function (pdf) of temperature fluctuation,
are studied and discussed. The power law of power spectral density of the temperature
fluctuations at the different regions of the thermal boundary layer is studied and the
different rolls of rate is compared with the previously established theories and models.
The validity criteria for the Oberbeck-Boussinesq approximation is fulfilled. The trend

of dimensionless Nusselt number (Nu), representing global convective heat transfer is

-1
obtained and discussed. The variation of (Ra(gth) /3 for heat transfer representation is

noted in the range of 0.04 to 0.24, where & is the boundary layer thickness.

6.1.1 Temperature series
All the experiments are carried out with the water as a working fluid. The values of the

dynamic Bond number, Bq calculated for all the experiments are higher than 30 and the
value of Crispation number, Cr < 10* which means surface tension effects are
negligible. Figure 6.1 shows the variation of temperature with time during the
experiment for Ra = 8.38 x 10°. The total duration of the experiments is 120 minutes
and during the experiments, the temperatures inside the cavity at all locations are varied

with the time. However, the temperature difference between the bottom heated surface
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and bulk fluid was found to be constant about 30-40 minutes after the starting of the
experiment (as shown in the bottom side inset of Figure 6.1). So, the experiments are
treated as a quasi-steady, the bulk fluid temperature in a quasi-steady state varies within
+ 4.5% of the mean bulk temperature. The bottom plate mean temperature, <Tp>, and
bulk fluid temperature at the centre of the cavity, <To> are 26.8 and 25.1 °C for this Ra,
respectively. The non-dimensional parameters such as Ra, Pr and Nu are calculated
using the thermophysical properties of water at the average value of all the mean
temperatures across the cubic cavity. The graph agrees with the previous observations
of Kumar et al. (2016) and Choudhary et al. (2019) measured in the open cavity

experimental setups.
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Figure 6. 1 The variation of temperature from the starting of the experiment for Ra =
8.38 x10° at the bottom heating surface (continuous thick line), the centre of the cavity
(dashed line), just below the open top surface (dashed line with dots) and the
environment (continuous thin line). The inset shows the variation in the difference of
temperatures of the bottom heated surface and bulk fluid at the centre of the cavity.

6.1.2 Thermal boundary layer
Figure 6.2 shows the temperature profile results at different locations across vertical
heights from the heated bottom surface at different Ra. The mean temperature of steady-

state data shows the boundary profiles at each Ra. The decrement in temperature profile

is followed by a thin linear trend from bottom plate (z=0) to the thermal boundary layer
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thickness (z < & ), then a little transition and finally constant to bulk fluid temperature.
The observations agree well with the experiment of R-B convection conducted by Lui
& Xia (1998), Wang & Xia (2003) and Zhou & Xia (2013) in turbulent convection at
different Pr and Ra numbers. The thermal boundary layer thickness is the vertical
distance measured from the bottom plate to the point where linear temperature profile
encounters with the tangent of bulk fluid temperature ( Zhou et al., 2011; Zhou & Xia,
2013; Vishnu et al., 2019). In the present experiment, the linear profile of temperature
is estimated by the 3 to 7 points best fit and extrapolated up to the intersection point
with bulk fluid constant temperature profile. The profile of the temperature near the
bottom heated surface is linear for about 50-60% of the boundary layer thickness. The
uncertainty associated with the estimation of thermal boundary layer thickness is £ 0.7
mm to £ 0.1 mm. For the present experiment, the dependence of the thermal boundary
layer thickness () on Ra is measured with the temperature profile at the centreline of
the cubic cavity can be fitted to a power-law which is, &= 703 Ra® (mm) with 5 %
standard deviation of data. For the cubic cavity of Choudhary (2015, 2019) and Kumar
et al. (2016) the &n power law can be fitted to &= 615 Rat¥® (mm) and &n= 1540 Ra®
) (mm) with 15 % and 17 % standard deviation from the experimental data,
respectively. Figure 6.3 plots the Ra and normalized boundary layer thickness
(normalized by cavity height H). The height is used here to normalize thermal boundary
layer thickness because the geometrical confinement of the fluid might be affecting the
nature of the convection. The symbols represent the measured experimental values and
the different lines represent the developed correlations based on the experimental data.

The correlations for the boundary layer thickness for different cavities are given as

%h = 2344 Ra”'/3 (6.1)
% = 531 Ra~'/3 (6.2)
% = 6.41 Ra~"/3 (6.3)

Equation (6.1), is based on the present experiment and equations (6.2 & 6.3) are based
on the experimental data of Choudhary (2015, 2019) & Kumar et al. (2016),
respectively. It is measured that the standard deviation of equations (6.1, 6.2 & 6.3) is

5.8, 18 and 16%, respectively. The inset of Figure 6.3 shows the compensated plot for
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the & /H o« Ra™¥3, showing the similar exponent obtained by Zhou & Xia (2013) in R-
B convection. The compensated plots for different dimension cavities are drifted apart,
one of the possible explanations for this deviation is the boundary condition at the free
surface of the cavities. The rate of heat loss to the environment from the open cavities
is highly dependent upon the boundary conditions at the top open surface. And the other
may be the geometrical confinement of the fluid.
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Figure 6. 2 Mean temperature profile measured across vertical distances from the
heated bottom surface at different Ra.

6.1.3 Temperature fluctuations

In Figure 6.4, the temperature time series for about 500 seconds after steady state at
different distances from the heated bottom surface across height have been shown for
Ra = 7.86 x 10°. The thermal boundary layer thickness o for this Ra is 3.48 + 0.09
mm. Figure 5 shows the local temperature fluctuation at (1) the bottom heated surface
of the cavity, z/n=0, (2) inside the thermal boundary layer, z/&n=0.57, (3) at the edge
of the thermal boundary layer, z/&n=0.87, (4) outside the thermal boundary layer,
z/6n=1.15, (5) far away from the thermal boundary layer, z/&=2.87, (6) at the center
and very far away from the thermal boundary layer, z/on= 4.31 & 5.74 and (7) at the

top layer of water in the cavity which is open to ambient, z/w=8.62. The temperature

100



at the bottom heated surface (z=0) is almost constant for the entire time interval,
however moving away from the heated surface, the fluctuations in the temperatures are
increased, and it shows maximum fluctuations near to boundary layer thickness. These
temperature bursts near the edge of the thermal boundary layer thickness specify the
presence of thermal plumes as reported and explained in the R-B convection by Zhou
& Xia (2002), Xi et al. (2009) and Zhou & Xia (2013). The temperature fluctuations
are reduced a lot at the center of the cavity as there is a decrease in the thermal plumes
with the height, z. These fluctuations in temperature after the & start decreasing as
thermal plumes start mixing, merging and clustering in this region, called mixing zone
(Castaing et al. 1989; Zhou et al. 2007). The thermal boundary layer thickness o value
is calculated by the distance from the bottom surface to the point at which the linear

part of temperature profile intersects with the constant bulk fluid temperature.
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Figure 6. 4: Temperature time series measured at Ra = 7.86 x 10° along the
centreline at different locations, (1) z/ =0, (2) z/ = 0.57, (3) zZ/&x=0.87, (4)
2/ 6n=1.15, (5) 2/ n=2.87, (6) z/ o= 4.31 & 5.74 and (7) z/ &w=8.62.

Figure 6.5 shows the detail about the normalized mean temperature distribution for
different Ra plotted as a function of z normalized by &n. The temperature profile is
normalized by the AT, so the profiles of normalized temperature at various Ra show
values 0 and 1 at the bottom heated surface and center of the cavity, respectively. The
profiles of the normalized temperature show a linear trend up to the boundary layer
(z/ =1, shows by the dotted line in Figure 6.5) and shows nearly constant values at the
center of the cavity. The normalized temperature shows more than one value at the open
surface because the temperature at the open surface decreases. The graph confirms the
linear deterioration of the temperature near the bottom heated surface and finally ends
up constant at the very far away from & at the center of the cavity. The graph of the
normalized temperature confirms the existence of different regions in the turbulent
convection. The first region is following the linear decrement of the temperature when
moving across the height from the bottom heated surface, the second one is after the

thermal boundary layer, as mentioned above, the mixing zone and the third one is the
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constant temperature region. Apart from these different regions, one can observe
another region at the top end of open cavity experiments, where temperature fluctuation
is far more than any other region because the energy from the cavity is leaving into the
environment. Near the heated surface, the no-slip condition prevails and the velocity
became zero, the heat transfer is by conduction only, at the centre of the cavity
convection mode of heat transfer prevailed as the temperature gradient became almost
zero. The change in the profile near or at the edge of the boundary layer thickness may
indicate the presence of rapid mixing, and this zone is also called a transitional zone
(Belmonte et al.; 1993, 1994; Lui & Xia, 1998; Vouros & Panidis, 2012). The increment
in Ra leads to the less steep in the shape of the normalized temperature profile because
the values of & is decreasing with Ra. The trend of the graphs agrees well with VVouros
& Panidis (2012).

In Figure 6.6, the probability density function (pdf) of temperature difference from the
mean temperature at the cavity centre ((T- <7>)/ AT) for the different Ra is plotted.
This basic simple statistics technique shows how drastically the fluctuations in
temperature are changed with different Ra at the centre of the cavity. The pdf for the
temperature fluctuations at the centre is following nearly Gaussian behaviour, shown
in the inset (a-d) of Figure 6.6. In the inset Figure 6.6 (a-d), the log of pdf is plotted
against the temperature fluctuations, (a, b) for the current experiment, and (c, d) for
Choudhary (2015). Figure 6.6 (e) shows the log of pdf versus temperature fluctuations
at different heights across the centreline of the cubic cavity at Ra =2.57 x 10’ for the
current experiment. The data points at the centre of the cavity are less scattered as
compared to the near boundary layer. At these moderate Rayleigh numbers of the
turbulent convection regime, the shape of the temperature fluctuations shows
symmetric and nearly Gaussian-shaped at the centre of the open cavity. Figure 6.6
shows that the width of the measured pdf profile at the cavity centre changes with Ra.
In the present experiment, the width of pdf profiles becomes constant after the Ra =
1.31 x 10° and folded to a single systematic Gaussian-shaped curve. Similar results are
obtained for the Choudhary (2015) data for moderate Ra, and at higher Ra =1.48 x 10°,
the shape of the pdf is contracted to the exponential shape, indicating that the transition
to higher-order turbulence at higher Ra. A similar kind of shape for the pdf is obtained
in the R- B convection by Wang et al. (2019).
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shows the Gaussian shape.
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In the Figure 6.7 (a), r.m.s temperature fluctuations (o) at the center of the cavity
normalized by the AT is plotted against the Ra. The results for the r.m.s fluctuations are
found similar to those observed by Sano et al. (1989) in R-B convection. The r.m.s
temperature fluctuation o,/AT increase in Rayleigh number range 8.38 x 10°<Ra < 2.2
x 10°. In this regime the fluid is circulating from bottom to top, the hot fluid is going
up and the cold fluid is going down as observed by the Chu & Goldstein (1973) in R-B
thermal convection for water. The hot thermals (mass of fluid-driven by buoyancy)
after bursting out from the boundary layer travel vertically through the bulk fluid
reached the top and referred as stable blobs. The large-scale circulation of the fluid
causes the adverse pressure gradient, which then creates instability in the thermal
boundary layer at the bottom of the cavity (Sano et al., 1989). As the Rayleigh number
increases more than Ra >2.2 x 10° the thermal boundary layer nucleates the hot thermals
and the presence of stable blobs observed rarely at the surface (Chu & Goldstein 1973),
these hot-thermals are the main source of temperature fluctuations. After Ra = 2.2 x
108, the r.m.s temperature fluctuation shows, a;/AT ~ Ra%1*%% as shown by solid line
in Figure 8(a) with a standard deviation of 24%. Sun & Xia (2007) and Shang et al.
(2008) reported the power law as, o7/AT ~ Ra?%!#9% and g /AT ~ Ra?014£0.03
respectively, at the centre of the cavity. Grossmann & Lohse (2004) theoretically
predicted the exponent value is varied in the range -0.11 to -0.09, near the heat
conducting plate in the cavity where plume dominated fluctuation is dominated for all
the Pr. Figure 6.7 (b) shows the r.m.s temperature fluctuations at the Ra = = 2.57 x 10’
and it shows the r.m.s value is linearly increasing in the boundary layer region and
above the boundary layer it is showing some fluctuations and then become the constant

at far away from the boundary layer.

The power spectral density (PSD) of temperature fluctuation ((T- <7>)/ AT) is
demonstrated for the higher Ra = 2.57 x 10 at a different height (z) from the heated
bottom surface in Figure 6.8. In the plot of PSD, the low and high frequency shows the
region of larger and smaller-scale motions, respectively. The straight line region
indicates the developed power-law among the flat low frequency and sharp drop at high
frequencies (Wu et al. 1990). The centre region in the cavity is the place of homogenous
motion and shows the characteristic of the free convection. The PSD shows an
increment in the power-law exponent from bottom to boundary layer thickness and

attains a maximum value of 2.28 +0.05 at the mixing zone at z/ &= 1.48. This maximum
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value of the exponent indicates that the energy transformation from a larger to a smaller
scale is maximum near the boundary layer thickness in the mixing zone. At the centre
layer of the cavity, the energy transformation barely fluctuates and keeps at a constant
power-law exponent. This region of constant exponent characterizes the motion in free
convection. The power-law exponent shows a value of 1.478 +0.03, consistent with 7/5
predicted by Bolgiano (1959) and Obukhov (1959). The same vale 7/5 also reported by
Wu et al. (1990) and Niemela et al. (2000) in the R-B convection experiment for
different Ra with the helium gas as a fluid. At the top cold layer, the efficiency of energy
transformation reduces as approaching the top cold layer, the power-law exponent

shows a minimum value at the top (Zhang et al. 2016).
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Figure 6. 7 (a) The r.m.s (o7) values normalized by the temperature difference at center
of cavity is plotted against the Rayleigh number. (b) r.m.s temperature fluctuations
across the centreline of the open cavity at Ra = 2.57 x 10’.
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Figure 6. 8 The distribution of the power spectrum of temperature fluctuations at
different positions along the centreline of the cavity for Rayleigh Number, Ra= 2.57 x
107. (a) z/5w= 0, Power law: 1.744+0.03, (b) z/5w= 0.248, Power law: 2.032+0.05 (c)
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6.1.4 Heat transfer and Ra dependence on Nu

The Prandtl number for the present experiment is varied from 4 to 6 (as shown by the
filled square in Figure 6.9) over the range of Ra. The non-Boussinesq effects are
neglected here as the empirical criteria for the validity of Oberbeck-Boussinesq
approximation, the product of f AT < 0.2, (Niemela & Sreenivasan 2003) is fulfilled
(for the present experiment shown by filled circles in Figure 6.9) for all the
experimental data. Figure 6.10 shows the proportions of conductive (—k 0T /dZ) and
convective heat transfer for the minimum and maximum Ra measured from the
experimental data along the centreline of the cavity with the combined uncertainty of +
2 %. Near the bottom heated surface, the conduction heat transfer dominates over the
convection heat transfer and for z/H > 0.2, almost all the heat is transported by the
convection mode. Figure 6.11 shows the variation in Nu with the function of Ra, the
figure is plotted as the Nu x Ra versus Ra to exclude the temperature difference between
the bottom surface and water layer. The developed correlations based on the present

experimental data given as

Nu = 0.138 Ra%3° (6.4)
Nu = 0.033Rq0384 py0.066 (6.5)

Equation (6.4) is the power-law correlation developed between Nu and Ra with a
standard deviation of about 10 %. On the other hand, when Pr is considered here, the
correlation for Nu is presented in equation (6.5) with a standard deviation of 5.9 %. The
behaviour. of Nu appears to be strongly dependent on Pr at the low Ra in the turbulent
convection. The scaling of the above equations is showing similar trends obtained by
Di Federico & Foraboschi (1966) in an open tank heated from below at Ra > 2.2 x 10*
and by Zhou & Xia (2013) in R-B convection inside a water-filled rectangular cell.
However, Niemela et al. (2000) reported the value of scaling of Ra, 0.3089 +0.0043
and ruled out the 1/3 value in R-B convection for 10 < Ra < 10%. Figure 6.11 shows
the different trend follows by the correlations developed by the data of different cavities
as explained in the previous studies (Choudhary, 2015, 2019; Kumar et al., 2016) and
these correlations and the experimental data are compared with the correlations of Di
Federico & Foraboschi (1966) & Theerthan & Arakeri (2000) according to the range of
Ra as summarized in Table 1. The product of Nu and Ra (in Figure 6.11) is noted
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relatively lower compared to other authors. This may be partly because of the
geometrical confinement of the cavities; the other possible reason may be the effect of
different boundary conditions at the open end of the cavities. The compensated plot
(Figure 6.11: inset) for Nu with the scaling Ra%-* quantifies the dependence of Nu on
the ambient conditions. Furthermore, the coefficients for the different Nu ~ Ra%%°
equations of these experimental studies are interestingly divergent so much because
these cavities used in the different experiments have been subjected to different ambient
conditions. Consequently, the rate of heat losses from each cavity’s top is varied
according to the ambient conditions fixed for each experiment. We have also calculated
the Nusselt number based on thermal boundary layer thickness Nu,;, which is defined
as, Nuw = 0.5H/dn (Belmonte et al. 1994), plotted in Figure 6.11 with the red filled
markers. It is seen clearly from the figure that the Nuw values are departed from the
actual experimental data. As the temperature is constant after the boundary layer
thickness for all the open cavities except close to the open surface. This means that the
height H of the cavities does not play a significant role in calculating Nuw. So, as
suggested by Grossmann & Lohse (2003) that the relevant length scale for the plate
should be the width of plate I, which is equal to | =2 H for the cubic cavity. Based on
the value of |, the Nu is plotted and shown by the filled blue colour markers in Figure
6.11. It seems the new Nuw is agreed with the experimental data for all cavities.
Theerthan & Arakeri (2000) adopted another approach to distinguish the heat flux,

) 72

which based on the (Ragth in place of Nu. Ra,, is the Rayleigh number based on

thermal boundary layer thickness & and the temperature difference across the thermal

boundary layer (r). The heat flux defined as
r 1/3 il
q=kr (%) (Ragth) /2 (6.6)

-1
The main advantage of the non-dimensional parameter (Ras,, ) 3 is that it does not

contain the length scale. So the heat transfer rate does not vary much for a given

temperature difference and given fluid in turbulent free convection. The Nu and the

-1
(Ra(;th) /3 are mathematically can be written as in equation (6.7) and given as

Nu = (Ra(gth)_l/3Ra1/3 (6.7)
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Figure 6.12 shows the variations in the values of (Raath)_%’ in the range of 0.04 - 0.3
for present experiments and for previous experiments (Choudhary, 2015; Kumar et al.,
2016) which almost similar to the range 0.1-0.3 reported by Theerthan & Arakeri
(2000). The solid line in Figure 6.12 shows the Nu oc Ra'’® for all the experimental data
(including Choudhary, 2015, 2019; Kumar et al., 2016), as the Ra is increasing the

-1 -1
value of the (Ras,,) /3 is also increasing. Moreover, the values of (Ras, ) /3 for

the present experimental data is less comparatively, the possible reason for this
occurrence may be in the present experiment the ambient conditions (as explained in
the experimental section) are allowed more heat losses from the top of the open cavity,

compared to our previous studies.
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Figure 6. 9 The filled circle is AT, a parameter measure of the non- Boussinesq
effect considered to be less than 0.2. The filled square shows the variation of the
Prandtl number over the range of Ra.

110



1t

]
E 0.8
s Ra=8.38 X 10°
E 0.6 —&— Conductive| |
s —#— Convective | |
g o4 Ra=2.57X 10" |
E —< — Conductive ]
e —I>— Convective
= 0.2 -
=

01 — === ===y

1 1 i 1 1
0 0.2 0.4 0.6 0.8 1

Figure 6. 10 The proportions of the conductive and convective heat transfer measured
in the experiment from the temperature gradient with the total uncertainty of £2%.

13

O Present Experment

R K =0.138 Ra™

12 @ Choudhary (2015, 2019)

E == =05 rd®

I Kumaretal (2016)

LN

L Wu=0.24 R
1) | DiFederico & Foraboschi (1566)
E Ni=0.092 Ra”

_ Theerthan & Araken (2000)
Mo=0.131 Ra'®

Nu Ra

Present experiment
Choudhary (2015, 2019)
*  Kumaretal (2016)

4

LT

[
+*x

sabe 4 TR

E 108 10 107 108 10° 100
Ra
10 Lol 1 R | Lol 1 | 1 T |

10 10 10 10° 10 10"

Ra

Figure 6. 11 Logarithmic plot of the product of Nusselt Number and Rayleigh Number
versus Rayleigh Number, Square marker for present experiment, circle marker for
Choudhary (2015, 2019) “reproduce with permission from Heat Mass Transfer 55,
2095-2102 (2019)” and triangle marker for Kumar et al. (2016) “reproduce with
permission from Heat Mass Transfer 52, 245-253 (2016) . The open marker represents
the experimental Nu data with the uncertainty of 2-4 %. The red colour filled marker
represents the Nux=0.5H/8w and the blue colour filled marker shows Num= V2 H/&n.
Inset: compensated plot of Nu Ra%-% for the same set of data.
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the continuous solid line shows the Nu correlation.

6.2 Magnetic Nanofluids under the presence of horizontal magnetic
field

6.2.1 Time series of Temperature
All the experiments are carried out with the FesOs-water magnetic nanofluids as a

working fluid with and without the presence of magnetic field parallel to bottom
surface. The values of the dynamic Bond number, Bq calculated for all the experiments
are higher than 30 and the value of Crispation number, Cr < 10, which means surface
tension effects are negligible. The variation in the temperature at bottom heated surface
and the bulk fluid is shown in Figure 6.13 for Ra = 8.04 x 10° in FesOs-water magnetic
nanofluids at ¢ = 0.01 vol. %. Similar trend has been followed by the other Ra for other
concentrations of the Fe3O4-water magnetic nanofluids. The duration of the experiment
is about 120 minutes for all the experiments with the FesOs-water magnetic nanofluids.
The inset of Figure 6.13 shows that the temperature difference for Ra = 8.04 x 10°
between the bottom heated surface and bulk fluid became constant after some time.
Hence, the experiments are treated as in the quasi-steady after the temperature
difference between bottom heated surface and bulk fluid became constant. Similar kind
of trend are observed with the other concentrations of the FezOs-water magnetic

nanofluids.
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Figure 6. 13 Variation of temperature from the starting of the experiment for Ra = 8.04
x 10°, FesOs-water magnetic nanofluids at ¢ = 0.01 vol. %. The inset: the difference
between the temperature at the bottom heated surface and bulk fluid in the cavity.

6.2.2 Oberbeck-Boussinesq approximation
The thermophysical properties are varied in the experiments for the different

concentrations of the FesO4-water magnetic nanofluids. However, the change in the
thermophysical properties due to temperature difference across the fluid is assumed
negligible under the Oberbeck-Boussinesq approximation. In the Oberbeck-Boussinesq
approximation, the change in the thermophysical properties such as thermal
conductivity, viscosity, thermal expansion coefficient etc. of fluids are assumed to
constant except the density. As mentioned earlier, for the validation of Oberbeck-
Boussinesq approximation, the product of SAT < 0.2, (Niemela & Sreenivasan 2003).

Figure 6.14 shows that for all the volume concentrations and Ra the SAT <0.2.
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Figure 6. 14 Variation of S AT with the Ra for all the concentration of FesOs-water
magnetic nanofluids.

6.2.3 Variations in Nusselt Number
The global heat transfer in the cavity is represented by the Nusselt number (Nu) at

various Rayleigh number (Ra) is estimated by the formulas or equations mentioned in
Chapter 4. The experimental results were plotted in the form of Nu and Ra for different
concentrations of magnetic nanofluid and externally applied magnetic fields. In Figure
6.15, the Nu is plotted against the Ra for the concentration, ¢ = 0.01 vol. % of Fez0s-
water magnetic nanofluid at the various externally applied magnetic field. The Nu is
increased with the Ra for the concentration of the magnetic nanofluid. The Nu is

decreased with the externally applied magnetic field.

To examine the enhancement or deterioration in the heat transfer compared to water by
magnetic nanofluid is carried out by plotting the ratio of Nu of magnetic nanofluid to
Nu of water with Ra in Figure 6.16. For all the Ra the values of Nu are less than 1,
showing the deterioration in the heat transfer for the magnetic nanofluid at the ¢ = 0.01

vol. % compared to water.
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Figure 6. 15 A semi log plot of the experimental Nu versus Ra for ¢ =0.01 vol. %
concentration of FezOs-water magnetic nanofluids at various magnetic fields.
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In Figure 6.17, the Nu is plotted against the Ra for the concentration, ¢ = 0.03 vol. %
of FesOs-water magnetic nanofluid at the various externally applied magnetic field. The
Nu is enhancing with the Ra but showing deterioration with the magnetic field. For
comparison with water, the ratio of Nu to water is plotted in Figure 6.18. The values of
the ratio of Nu magnetic nanofluid to Nu water lie below 1, which means the
deterioration in the magnetic nanofluid. The deterioration is higher with the Ra and at

a higher magnetic field.
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Figure 6. 17 A semi log plot of the experimental Nu versus Ra for ¢ = 0.03 vol. %
concentration of FesOs-water magnetic nanofluids at various magnetic fields.
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Figure 6. 18 A semi log plot between ratio of experimental Nu of magnetic nanofluid
at ¢ = 0.03 vol. % to the water and Ra.

Similar kind of results has been observed with the higher concentrations of the
nanoparticles in the FesOs-water magnetic nanofluid. For the concentration, ¢ = 0.05
vol. %, the results for Nu are shown in Figure 6.19 showing that the externally applied
traverse magnetic field has less effect on the Nu values. However, in Figure 6.20, the
Nu values are shown more deterioration compared to water. The one possible reason
for the more reduction in the heat transfer values is the enhancement in viscosity of the
magnetic nanofluids with nanoparticles concentrations. Figure 6.21 shows the values
of Nu for the concentration, ¢ = 0.08 vol. %, and shows similar results and Figure 6.22
shows that at this higher concentration, the Nu values show more deterioration
compared to the previous lesser concentration. Figure 6.23 shows the Nu versus Ra plot
for the concentration, ¢ = 0.1 vol. %, the values of the Nu at the higher magnetic field
is showing a significant enhancement comparatively. This leads to that the magnetic
field might plays a role to enhance the heat transfer at the higher concentration of
magnetic nanofluids. However, in Figure 6.24 it is observed that though there is an
enhancement in the Nu values at the higher magnetic field but the Nu values are still

less than water.
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The nanoparticles have imposed a resistance to the convection currents, therefore the
Nu is showing the deteriorating trend with the concentration. The externally applied
magnetic field has less effect at the lower concentrations of the magnetic nanofluid but
at higher concentrations, the Nu values are increasing with Ra. This may be the

intensification of turbulence at a higher concentration with a high magnetic field.
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Figure 6. 19 A semi log plot of the experimental Nu versus Ra for ¢ = 0.05 vol. %
concentration of FesOs-water magnetic nanofluids at various magnetic fields.
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Figure 6.20 A semi log plot between ratio of experimental Nu of magnetic nanofluids
at ¢ = 0.05 vol. % to the water and Ra.
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Figure 6. 21 A semi log plot of the experimental Nu versus Ra for ¢ = 0.08 vol. %
concentration of FesOs-water magnetic nanofluids at various magnetic fields.
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Figure 6. 22 A semi log plot between ratio of experimental Nu of magnetic nanofluid
at ¢ = 0.08 vol. % to the water and Ra.
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Figure 6. 23 A semi log plot of the experimental Nu versus Ra for ¢ = 0.1 vol. %
concentration of FesOs-water magnetic nanofluids at various magnetic fields.
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Figure 6. 24 A semi-log plot between ratio of experimental Nu of magnetic nanofluids
at ¢ = 0. 1 vol. % to the water and Ra.

6.2.4 Thermal Boundary Layer Thickness

The thermal boundary layer thickness normalized by the height of the test section
against the Ra is examined for the different magnetic nanofluids under the presence of
various intensities of magnetic field and the power-law relations are established in

between the thermal boundary layer and Ra.

The thermal boundary thickness for water as working fluid is discussed earlier in
section 6.1.2 and the power-law developed between the thermal boundary thickness and
Ra is presented by Equation 6.1. The thickness of the thermal boundary layer is
decreased with the Ra, indicated the heat transfer augmentation with the Ra for water.
As per the best knowledge of the author, no study has been reported in the literature to
investigate the thermal boundary layer in the magnetic nanofluids for an open cubic
cavity. Therefore, in the present study, the experimental facility is validated for the
water with the reported results in the literature (section 6.1.2).

For the FesO4-water magnetic nanofluid ¢ = 0.01 vol.%, the thickness of the thermal
boundary layer normalized by the height of enclosure, corresponding to the aspect ratio

1 and under the presence of externally applied traverse magnetic field is depicted in
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Figure 6.25. The power-law relation for predicting the thickness of the thermal

boundary layer based on the Ra is formulated as given in Equation 6.8.

(%)  =16.41Ra""/3 (6.8)
H /MNF

The slope of the normalized thickness of the thermal boundary layer is decreased for
FesOs-water magnetic nanofluid ¢ = 0.01 vol.%, compared to water, which can be
observed from Equations 6.1 and 6.8. The slope of decrement is higher for the water
than the magnetic nanofluid, which depicted the enhancement in the thermal boundary

layer thickness for the magnetic nanofluid.

For the FesO4-water magnetic nanofluid ¢ = 0.03 vol.%, the thickness of the thermal
boundary layer plotted against Ra is depicted in Figure 6.26. The power-law relation to
predicting the thickness of the thermal boundary layer based on the Ra is formulated as

given in Equation 6.9.

H

(‘lh) =17.88 Ra~1/3 (6.9)
MNF

The slope for the thermal boundary layer thickness enhanced with the concentration but
compare to water it is less.
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Figure 6. 25 A log-log plot of the normalized thermal boundary layer thickness with
respect to Ra for ¢ = 0.01 vol. % concentration of FesOs-water magnetic nanofluids
at various magnetic fields.

122



For FesOs-water magnetic nanofluids with ¢ = 0.05 vol. %, the normalized thermal
boundary layer thickness is plotted against Ra in Figure 6.27. The thermal boundary
layer thickness is decreasing with the Ra and the developed power law is present in
Equation 6.10.

(%)  =17.82Ra™"/? (6.10)
H /MNF

The power-law developed between previous and this case is almost the same and less
than the water. It means the thermal boundary layer thickness is not changing much

between these concentrations of magnetic nanofluids.

Similar Kinds of results are obtained in the ¢ = 0.08 vol. % and ¢ = 0.1 vol. % of Fe30s-
water magnetic nanofluid for normalized thermal boundary layer thickness, as shown
in Figure 6.28 and 6.29, respectively. The developed power law based on the
experimental data is presented in Equations 6.11 and 6.12 for the ¢ = 0.08 vol. % and

¢ = 0.1 vol. % of FesO4-water magnetic nanofluid, respectively.

(%) =20.83Ra~"/3 (6.11)

H JMNF

(%) =20.2Ra™3 (6.12)
H JMNF

The slopes for Equations 6.11 and 6.12 are almost the same and increased from the
previous cases but compared to water, the slopes are still lower. These observations of
the thermal boundary layer thickness show that the thermal boundary layer thickness
decrease with the Ra and with the concentration it is increasing but compare to water,

the thermal boundary layer thickness is lower.
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Figure 6. 26 A log-log plot of the normalized thermal boundary layer thickness with
respect to Ra for ¢ = 0.03 vol. % concentration of Fe3Os-water magnetic nanofluids
at various magnetic fields.
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Figure 6. 27 A log-log plot of the normalized thermal boundary layer thickness with
respect to Ra for ¢ = 0.05 vol. % concentration of Fe3Os-water magnetic nanofluid at
various magnetic fields.
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Figure 6. 28 A log-log plot of the normalized thermal boundary layer thickness with
respect to Ra for ¢ = 0.08 vol. % concentration of Fe3Os-water magnetic nanofluid at
various magnetic fields.
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Figure 6. 29 A log-log plot of the normalized thermal boundary layer thickness with
respect to Ra for ¢ = 0.1 vol. % concentration of FesO4-water magnetic nanofluid at
various magnetic fields.
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6.2.5 Statistical Analysis of Temperature Fluctuations in Magnetic Nanofluids

As discussed in chapter 4, a statistical approach is applied in the current section to
obtain deep knowledge about the mechanisms involved in the alteration of heat transfer
in the different Magnetic nanofluids. Different techniques are applied, such as
histogram, probability density function (pdf), power spectral density (psd) profiles for
the various groupings of particle concentration and magnetic field. For the water, the
temperature fluctuations analysis is presented earlier in section 6.1.3.

For the ¢ = 0.01 vol. % concentration of FesOs-water magnetic nanofluid at various
magnetic fields, Figure 6.30 shows the probability density function (pdf) of temperature
difference from the mean temperature at the cavity centre ((T- <7>)/ AT) for the
different Ra. This basic simple statistics technique shows how drastically the
fluctuations in temperature are changed with different Ra at the centre of the cavity.
The solid line in Figure 6.30 shows the Gaussian distribution. Generally, the
temperature pdf profile is symmetric at the centre of the cavity and follows the Gaussian
profile at the moderate regime of the turbulent convection. In Figures 6.30 (a), (c), (e),
(9) and (i) the pdf profile shows the multimodal behaviour at lower Ra, indicating that
the presence of regime transition to intensive turbulence. The other Figures 6.30 (b),
(d), (F), (h) and (j) show the temperature fluctuations profile follows the Gaussian trend

indicating the turbulence regime of the convection.

Figure 6.31 shows the pdf versus temperature fluctuation for the ¢ = 0.05 vol.%
concentration of FesOs-water magnetic nanofluid at various magnetic fields. The
temperature fluctuation profile for low Ra are following the multimodal trends under
the presence of the magnetic field. At the higher Ra the profile of temperature
fluctuation follows the Gaussian trends. Similar kinds of results have been observed
with ¢ = 0.1 vol. % concentration of FesOs-water magnetic nanofluid at various

magnetic fields in Figure 6.32.

The multimodal behaviour of temperature pdf indicates the convection is in transition
regime and the Gaussian behaviour indicates the turbulence regime (Xu et al., 2019) (
Niemela et al., 2000).
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Figure 6. 30 The probability density function (pdf) of the temperature fluctuation at the
center of the cavity along the centreline at different Rayleigh numbers for ¢ = 0.01 vol.
% concentration of FesOs-water magnetic nanofluid at various magnetic fields. (a) B=
0 Gauss, Ra= 8.04 x 10° (b) B= 0 Gauss, Ra= 1.37x 10" (c) B= 200 Gauss, Ra= 1.27
x 108 (d) B= 200 Gauss, Ra= 1.87x 10 (e) B= 350 Gauss, Ra= 1.06 x 10° (f) B= 350
Gauss, Ra= 2.23x 10" (g) B= 600 Gauss, Ra= 1.29 x 10° (h) B=600 Gauss, Ra=
2.53x 107 (i) B= 730 Gauss, Ra= 1.60 x 10° (j) B= 730 Gauss, Ra= 2.24x 10’
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Figure 6. 31 The probability density function (pdf) of the temperature fluctuation at the
center of the cavity along the centreline at different Rayleigh numbers for ¢ = 0.05 vol.
% concentration of FesOs-water magnetic nanofluid at various magnetic fields. (a) B=
0 Gauss, Ra=9.24 x 10° (b) B= 0 Gauss, Ra= 1.89 x 10’ (c) B= 200 Gauss, Ra= 9.25
x 10°(d) B= 200 Gauss, Ra= 2.95x 107 (e) B= 350 Gauss, Ra= 9.98x 10° (f) B= 350
Gauss, Ra= 3.02x10" (g) B= 600 Gauss, Ra=1.05 x10° (h) B=600 Gauss, Ra= 2.69
x 107 (i) B= 730 Gauss, Ra= 1.18 x 10° (j) B= 730 Gauss, Ra= 2.64 x 10’
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Figure 6. 32 The probability density function (pdf) of the temperature fluctuation at the
center of the cavity along the centreline at different Rayleigh numbers for ¢ = 0.1 vol.
% concentration of FesOs-water magnetic nanofluid at various magnetic fields. (a) B=
0 Gauss, Ra= 8.69 x 10° (b) B= 0 Gauss, Ra= 3.31x 10" (c) B= 200 Gauss, Ra= 1.02
x10° (d) B= 200 Gauss, Ra= 3.46x 10 (e) B= 350 Gauss, Ra= 9.67 x 10° (f) B= 350
Gauss, Ra= 3.06x 10" (g) B= 600 Gauss, Ra= 8.67 x 10° (h) B=600 Gauss, Ra=
2.16x 107 (i) B= 730 Gauss, Ra= 8.79 x 10°(j) B= 730 Gauss, Ra= 2.50x 10’
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The power spectral density (PSD) of temperature fluctuation ((T- <7>)/ AT) is
demonstrated for the higher Ra = 2.68 x 10 at the center of the cavity in figure 6.33 in
the FesO4-water magnetic nanofluid of ¢ = 0.01 vol. % concentration. As defined earlier
in section 6.1.3 for water, the power spectrum follows the power law for different
concentrations of the magnetic nanofluids and under the presence of various magnetic

field intensities, summarized in Table 6.1.
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Figure 6. 33 The distribution of temperature fluctuations spectrum at the center of the
cavity across the centreline for ¢ = 0.01 vol. % concentration of FesOs-water
magnetic nanofluid at Ra=2.68 x 10,
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Table 6. 1 Power law index of temperature power spectrum.

,ﬁ(‘) @ (vol.%) Mag(ge;l:‘;;'e'd Ra x 107 Power Law
1 0 2.68 2.236
2 200 2.81 1.985
3 0.01 350 2.23 1.628
4 600 253 1.708
5 730 2.24 2.010
6 0 2.63 2.098
7 200 252 1.869
8 0.03 350 253 1.967
9 600 254 1.829
10 730 219 1.482
11 0 2.79 1.118
12 200 2.95 1.903
13 0.05 350 3.02 1.823
14 600 2.69 1.247
15 730 2.64 1.988
16 0 3.69 1.747
17 200 2.66 2.000
18 0.08 350 256 1.751
19 600 2.35 2.366
20 730 253 3.340
21 0 331 1.485
22 200 3.46 1.915
23 0.1 350 3.06 1.749
24 600 216 1.998
25 730 2,50 1.824

6.3 Magnetic nanofluids under the presence of vertical magnetic field

In this type of natural convection experiments, the orientation of the externally applied
magnetic field is changed into the direction of temperature gradient i.e. in the vertical
direction. Figure 6.33 shows that the temperature difference between the bottom plate
and the middle layer of water (bulk fluid) became constant, so the experiment is treated
as quasi-steady. So, all the analysis has been done on the quasi-steady state only. Figure
6.34 shows the validity criteria (8AT<0.2) of Oberbeck-Boussinesq is fulfilled for all
the experiments. Figure 6.35 illustrated the results of heat transfer measurement for the
open cavity natural convection in the magnetic nanofluids having nanoparticles
concentration 0.01 vol %. The bottom of the cavity is at constant temperature and the
top is open to the environment with temperature 20+2 °C % RH = 50 5 %. All the
other sides are perfectly insulated. The Nusselt number is significantly increased

compared to water in the case of magnetic nanofluid. The Nusselt number in the
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presence of an externally applied magnetic field (260 Gauss) is enhanced more, which
means the magnetic field substantially helps to enhance the heat transfer in the magnetic

nanofluids.

This is our next step to find out the effect of the presence of the magnetic field in the
direction of the temperature gradient on the natural convection heat transfer. As this

work is under process, so only few results are presented here.

REK] gy,

0 L IR O S M I G N N (I I 1 ) S )
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Figure 6. 34 Variation in the temperature difference between bottom surface and bulk
fluid, during the experiment for vertical magnetic field.
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If you FAIL, never give up because F.A.I.L. means "First Attempt in
Learning”. END is not the end; in fact, EIN.D. means "Effort Never
Dies”. If you get NO as an answer, remember N.O. means "Next

Opportunity”.

A P ] Abdul Kalam
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5

Conclusions & Future Scope

Several numerical studies have been conducted to analyse the natural convection inside
an open cavity with magnetic nanofluids and all demonstrated enhancement in the heat
transfer performance. While very few experimental investigations have been conducted
on the natural convection in magnetic nanofluids using the R-B convection model. The
mechanisms involved in the enhancement or deterioration of the natural convection in
the magnetic nanofluids were not examined in the open cubic cavity and hence the
information on the phenomena was unclear. To establish a clear phenomenon of natural
convection in magnetic nanofluids, more experimental investigations were needed. The
effect of nanoparticle concentration, externally applied magnetic field in traverse
direction to the temperature gradient and Rayleigh number on the open cubic cavity

natural convection is investigated in a very narrow range of these parameters.

In the present work, the natural convection phenomena in the water and FesOs-water
magnetic nanofluid were systematically investigated, which include the preparation and
characterization of nanofluids. Thermal boundary layer properties and temperature
fluctuation for both water and magnetic nanofluids are thoroughly investigated and
discussed The principal objective of the present study is to provide more experimental
information on the thermal convection turbulent regime in an open cavity heated from
below at moderate Rayleigh numbers and compare to the corresponding state observed
in the R—B convection. Moreover, Nusselt number correlations are developed, and the
thermal boundary layer properties are reported and discussed comprehensively.

A literature review is summarized on the various studies conducted involving Fe3Os-
water magnetic nanofluids, and the thermophysical properties of FesOs-water magnetic
nanofluids, mechanisms responsible for the heat transfer are included in Chapter 2. The
findings of the previously studied research on the thermophysical properties of
magnetic nanofluids are summarized, and compare graphically by extracting data and
plotted collectively. The findings on the natural convection, theoretically and

experimentally, are also reviewed and summarized. Chapter 3 is about the preparation
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and characterization of FezOs-water magnetic nanofluids conducted in the present

work.

Chapters 4 — 5 are about the experimental facility and procedure, data reduction with
the calibration and uncertainty analysis, and statistical analysis techniques. The
experimental results are summarized in Chapter 6 and a comprehensive discussion on
the results is also included in the same chapter. A sum-up of major findings of the

present work as well as propositions for further work are presented.

7.1 Summary of the experimental test results

The present study investigates the effect of FesOs nanoparticles concentrations, the
intensity of externally applied magnetic field on the temperature fluctuations, thermal
boundary properties and natural convection heat transfer inside an open cubic cavity
heated from below. The different dimensionless parameters such as Rayleigh nhumber,

Nusselt number and Prandtl number are examined in the study.

The two-step approach is used to prepare the nanofluids of different particle
concentrations for the optimum sonication time. The different thermophysical

properties are measured with high precision in the calibrated instruments.

An enclosure with the bottom side heating and top side open to a controlled
environment is used to measure the natural convection heat transfer. All the measuring
properties were noted down at the steady-state to prevent errors in the measurements
after the proper systematic calibration of instruments and sensors. A thorough analysis
was conducted on the experimental results to absorb every bit of information. The
dependencies of the Nusselt number on the Rayleigh number were presented in the

present work.

7.2 Characterization of the magnetic nanofluids

At present, the fundamental understanding of the effect of temperature on thermal
conductivity and density in magnetic nanofluids are in the initial stage. Thermal
conductivity and density are the two most important thermal properties which
contribute to the convective heat transfer. In the present work the water-based FezO4

magnetic nanofluid is synthesized by two-step method at different volume percentage
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concentrations. The density and thermal conductivity of the magnetic nanofluids are
measured at different temperatures and compared with water. All the instruments are
first calibrated. The results show the concentration of nanoparticles increased both
density and thermal conductivity of magnetic nanofluids compared to water. The
maximum enhancement in density and thermal conductivity with 0.1 vol %
concentration are 0.8 % and 15 % compared to water, respectively. The density of
magnetic nanofluids increases more at low temperatures and less at a higher
temperature. The maximum enhancement in the density value changes from 1.2 to 0.7
% in the temperature range of 10 to 70 °C for the 0.1 vol. % of magnetic nanofluids.
The thermal conductivity of magnetic nanofluids shows the increment with the
temperature. The thermal conductivity at the nanoparticles concentration of 0.1 vol. %
is enhanced maximum from 3 to 18 % in the temperature range of 10 to 70 °C,
respectively. The increment in the thermal conductivity with temperatures is attributed
to the Brownian motion increment of nanoparticles at a higher temperature. The
application of the external magnetic field also tunes the thermal conductivity of the
magnetic nanofluids. The maximum enhancement of 22 % is observed at the highest
concentration, temperature and magnetic field of 0.01 vol. %, 70 °C and 730 Gauss,
respectively. The alignment of the nanoparticles causes the enhancement in the thermal
conductivity in the presence of a magnetic field in the direction of the magnetic field
(Shima et al., 2014; Shima & Philip, 2011).

Similar kind of results has been discussed on the kinematic viscosity of the FezOa
magnetic nanofluid. The viscosity is enhanced with the concentration; a maximum of 5
% enhancement is observed with ¢=0.1 vol. %. However, with temperature, the
viscosity is decreased compared to the minimum temperature of the particular fluid. On
the other hand, with concentration, the viscosity is enhanced compared to water at a
fixed temperature. The maximum enhancement is observed at a concentration of 0.1
vol. %, the viscosity increases from 5 to 30% in the temperature range of 27 to 77 °C,

respectively.

There are several other factors present that may affect these thermal properties like
shape, size of nanoparticles, magnetic field, base fluid and the stability of magnetic
nanofluids. All these factors should be included in future experiments to achieve a

subtle better understanding of the mechanism of changes in thermal properties.
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7.3 Natural Convection in Water

In an open cubic cavity heated from below, the behaviour of local temperatures has
been recorded and analysed. In this form of thermal convection, the presence of distinct
different boundary conditions compared to R-B convection plays an exciting role in the
behaviour of the temperature trends. Boundary layer properties in the specific range of
4 <Pr<6and 10°< Ra < 10’ in turbulent convection are observed. Based on the
different basic statistical techniques, we can conclude that the temperature fluctuations
in the cavity changes with the boundary layer. Based on the boundary layer thickness
and temperature fluctuations, the existence of the different zones is confirmed here in
the turbulent thermal convection. The power spectrum of temperature fluctuations
reported the transformation of energy from larger to smaller scale and reached a
maximum value near the thermal boundary layer thickness in the mixing zone of
thermal convection. The power spectrum at the central layer of the cavity follows the
power law of exponent 7/5, which is consistent with Bolgiano’s theory (Bolgiano
1959). Moreover, the Oberbeck-Boussinesq approximation is validated with the value
of S AT. The Nu dependence on Ra and Pr is developed into correlation with the

minimum standard deviation over the experimental data.

7.4 Natural Convection in Magnetic Nanofluids

In an open cubic cavity heated from below, the FesO4 nanoparticles concentrations from
0.01% and 0.1 vol.% in water were investigated for natural convection heat transfer
under the presence of a magnetic field. The uniform magnetic field intensity varies from
0 to 730 Gauss in the horizontal direction to the temperature gradient. The deterioration
in the heat transfer is observed with the concentration of the nanoparticles. The Nusselt
number is increasing with.the Rayleigh number. In the lower concentrations of
nanoparticles in the FesOs-water magnetic nanofluids, the Nusselt number shows not
much affected by the presence of a magnetic field. However, at 0.1 vol.% the Nusselt
number is increasing with the magnetic field. The thermal boundary layer thickness
normalized by the height of the test section against the Rayleigh number was

investigated and found as given by:

2t - ARq® (8.1)
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The value of a =-1/3 and A is varied according to the working fluid, given in Table 7.1

Table 7. 1 Value of the constant A

S.No @ (vol.%) A
1 0.01 16.41
2 0.03 17.88
3 0.05 17.82
4 0.08 20.83
5 0.1 20.2

7.5 Future Scope

In the present scenario, to use nanofluids in a wide range of applications, it will be
necessary to overcome some of the challenges with nanofluids. High production cost,
various difficulties in production, increment in pumping power, the stability of
nanoparticle dispersion with time, lower specific heat etc. are some of the challenges to

be overcome.

The effect of higher volume concentration of nanoparticles on the natural convection
will be necessary to investigate, which may be resulted in the enhancement due to
increased thermal conductivity and particle-particle interaction. A more focused study
on natural convection in nanofluids is required to reveal the hidden obstacles to the

enhancement in natural convection in nanofluids.
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