AA DUT FACULTY OF
ENGINEERING
b & THE BUILT

DURBAN ENVIRONMENT

UNIVERSITY OF
TECHNOLOGY

EXPERIMENTAL INVESTIGATION ON NATURAL
CONVECTION OF HYBRID-WATER NANOFLUIDS IN CAVITY
FLOW

By
TEMILOLUWA OLATUNJI SCOTT
STUDENT NUMBER: 22176532

Thesis submitted in fulfilment of the requirements for the Degree
of
MASTERS OF ENGINEERING: MECHANICAL ENGINEERING
Department of Mechanical Engineering
Faculty of Engineering and the Built Environment

Durban University of Technology

Supervisor
Dr Daniel Raphael Ejike Ewim
Co-supervisor

Professor Andrew C. Eloka- Eboka

SEPTEMBER 2022



DECLARATION

I, Temiloluwa Olatunji Scott, declare that this dissertation is my original work. It has not been

presented and will not be presented to any other university for a similar or any other degree award.

27 September 2022
T.O Scott Date
Student Number: 22176532
Approved for submission by

03 October 2022
Dr DRE Ewim Date
Supervisor
02 October 2022

Professor A.C. Eloka-Eboka Date

Co-Supervisor



DEDICATION

To my family



ACKNOWLEDGEMENTS

I write this acknowledgment with great pleasure as | thank God Almighty for the strength, wisdom,

knowledge, and understanding | expected to finish this study.
I would also like to acknowledge the following people for their help and support:

e My supervisor, Dr Daniel Ewim, for his patience, guidance and financial support
throughout my research.

e My co-supervisor, Prof. Andrew Eloka-Eboka, for his invaluable inputs and guidance
throughout the course of this study.

e Prof. Sharifpur, Dr Suseel, Mr Modaser, Mr Chris, and Mr Donald for their technical advice
and support with the experimental setup and testing at the Nanofluids Research Laboratory,

University of Pretoria.

I acknowledge Durban University of Technology for providing me with the financial support and
opportunity to conduct this study. A special thank you goes out to my family for the many sacrifices
they made for me on this journey. My beloved wife, Joy Scott, for her moral support, and my son
Jason Scott for his understanding and for being a motivation. My parents Abayomi and Aina Scott,
and siblings Abimbola, Moyosoreoluwa, and Similoluwa, for their continued support during the

completion of my studies. I love you all.

I must also express my appreciation to everyone, friends, family, and colleagues alike, who, in one

way or another supported me during the course of this study.



PUBLICATIONS

The following conference papers and journal articles were produced during this research with the
candidate as first author and the supervisors as co-authors, respectively.

Journal Articles

(1) Scott, T.O., Ewim, D.R. and Eloka-Eboka, A.C., 2022. Hybrid nanofluids flow and heat
transfer in cavities: a technological review. International Journal of Low-Carbon Technologies, 17,
pp.1104-1123. (Q1 Journal: Oxford University Press)

(2) Scott, T.O., Ewim, D.R. and Eloka-Eboka, A.C., 2022. Experimental investigation of natural
convection Al.Oz-MWCNT/water hybrid nanofluids inside a square cavity. Experimental Heat

Transfer, pp.1-19. (Q1 Journal: Taylor & Francis)

Conference Papers

(1) Scott, T.O., Ewim, D.R. and Eloka-Eboka, A.C., 2021. An Overview of Natural Convection of
Hybrid-Water Nanofluids in Cavity Flows, 13" International Conference on Applied Energy,
Bangkok, Thailand, Nov. 29 — Dec. 2, 2021.

(2) Scott, T.O., Ewim, D.R. and Eloka-Eboka, A.C., 2022. Experimental Investigation on Natural
Convection of Hybrid-Water Nanofluids in Cavity Flow [Poster]. ASME International Mechanical
Engineering Congress & Exposition. Greater Columbus Convention Centre, Columbus, Ohio, Oct.
30 — Nov. 3, 2022.

(3) Scott, T.O., Ewim, D.R. and Eloka-Eboka, A.C., 2022. Experimental study on the influence of
volume concentration on natural convection heat transfer with Al2Os-MWCNT/water hybrid
nanofluids. 6™ International Conference on Engineering for a Sustainable World, Covenant
University, Nigeria, Nov. 28 — 30, 2022.



ABSTRACT

The heating and cooling of fluid play a crucial role in many industries, such as transportation,
electronics, and manufacturing; however, among other concerns like size, weight, and cost
reduction of cooling and heating systems, heat transfer enhancement is a primary concern in many
industrial applications. As a result, a large number of researchers have carried out numerous studies
to find alternatives to enhance heat transfer. The research on nanofluids has proliferated in the past
decade, and reports indicate that nanofluids can be used for heat transfer applications in engineering
and in general and/or commercial industries. Nevertheless, a growing area of research in recent
years has involved employing more than one type of nanoparticles in a base fluid, known as hybrid
nanofluids. Studies showed that hybrid nanofluids exhibited improved rheological and thermal
characteristics than single nanoparticle nanofluids. In this study, the natural convection of alumina
— multiwalled carbon nanotube /water hybrid nanofluid formulated using a two-step technique at a
percentage weight ratio of 10:90 Al.Oz: MWNCT at various nanoparticles volume concentrations
of 0.00, 0.05, 0.10, 0.15, and 0.20 vol% was studied inside a square cavity with two vertical walls
which are isothermal, aimed at the Rayleigh number (Ra) range of 2.81 x 108 to 8.58 x 10%. The
average Nusselt number (Nuay), heat transfer coefficient (hav), heat transfer (Qav), and Rayleigh
number (Ra) were considered at varying temperature gradients of 20 °C — 50 °C. Al2Os-
MWCNT/water hybrid nanofluid with 0.10 vol% volume concentration was discovered to have the
maximum value for hay, Qav, and Nuay. However, it was also observed that a further increase in the
hybrid nanoparticles' volume concentration led to their deterioration at various temperature
gradients. The maximum enhancements of 43.98%, 49.27%, and 42.20% were noted for hay, Qav,
and Nuay, respectively, at AT = 50 °C, in comparison with the base fluid. Al,03-MWCNT/water
hybrid nanofluid application in a square cavity demonstrated enhanced free convection. Several
results from this study indicate that hybrid nanofluids offer an advantage over mono-particle
nanofluids and base fluids.

Keywords: heat transfer, volume concentration, hybrid nanofluids, natural convection, cavity flow,

convective heat transfer.
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Abbreviation Meaning

Ag Silver

Al Aluminium

Al203 Alumina
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Mg Magnesium
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CHAPTER ONE

INTRODUCTION

1.1. Background of Study

This research titled - Experimental Investigation on Natural Convection of Hybrid-Water
Nanofluids in Cavity Flow - mainly focuses on studying cavity flow natural convection of various
volume concentrations of hybrid-water nanofluids experimentally. Science and technology have
advanced rapidly in recent years, and the past few years are a clear example of this continuous
growth in diverse areas like manufacturing, power generation, and electronics, where heat transfer
is vital. In the past, extensive research works have been carried out to enhance the heat transfer
rate through various active or passive techniques; however, the low thermal conductivity of
working fluids like water and ethylene glycol limits their heat transfer capability. Alternatively,
improving the thermophysical properties of these working fluids can greatly enhance heat transfer
and substantially reduce energy consumption and cost. Nanofluids are potential engineered
colloids for the enhancement of heat transfer, which has paved the way for a thriving field of
research in the studies of heat transfer. Nanofluids have been reported to enhance heat transfer
compared to traditional fluids by numerous researchers. However, this study focuses on utilizing
a more advanced type of fluid known as hybrid nanofluid, which has better properties of more than
one nanoparticle to improve the abilities of heat transfer of the base fluids. More so, experimental
evidence on the natural convection of hybrid nanofluids in diverse cavity geometries is sparse, and
not much investigation has been carried out to investigate their efficiencies. In order to address
these identified gaps, this study aimed to conduct an experimental research on the convective heat
transfer behaviour of AlO3-MWCNT/water nanofluids in a cavity with varying change in
temperatures. In the study, Al.O3-MWCNT/water hybrid nanofluids at a percentage weight ratio
of 10:90 (Al20s-MWCNT) for ¢ of 0.05, 0.10, 0.15, and 0.20 vol% in a square cavity were

examined for their performance in natural convection.

According to Zeitoun and Ali [1], fluid heating and cooling play vital roles in several industries,
including power generation, production processes, transportation, and electronics. However,
among other concerns like size, weight, and cost reduction of cooling and heating systems, heat

transfer enhancement is a main concern and challenge in many industrial applications [2]. This has



led to several studies seeking means to enhance heat transfer in the past decades. In addition, heat

transfer enhancement techniques are vital to energy saving [3].

One of the fundamental technical challenges that many industries like manufacturing, micro-
electronics, and transportation face is the need to achieve cooling of components, systems and
materials [4]. However, natural convection is known to have a low heat transfer coefficient which
is primarily due to the low fluid velocity [5]. The process of heat transfer where the motion of fluid
happens naturally and is not generated by external sources like pumps, fans, or any prime mover,
is known as natural convection [6]. In natural convection, the film coefficient or effectiveness (h)
is relatively lower compared to methods like forced convection used in thermal transportation [7].
It is, therefore, imperative to investigate in what way the natural convection film coefficient can

be improved [5].

Ghodsinezhad, et al. [5] stated that in a system, there are two methods that could be used to
improve the performance of heat transfer; the first is designing a new geometry, for instance,
designing an optimised geometry; nonetheless, this is not applicable for systems that are
miniaturised like the micro electro-mechanical systems (MEMS), while the second is to increase
the capacity of heat transfer by means of novel heat transfer fluids. Liquids such as ethylene glycol
(EG), oils, and water have a low thermal conductivity in comparison to most solids [7]; for
instance, the thermal conductivities of copper oxide (CuO) and copper (Cu) respectively are 30
times and 700 times higher than that of water [8]. Therefore, nanoparticles can be introduced to
improve the performance of heat transfer of the base fluids drastically [9]. When nanoparticles
smaller than 100 nm are dispersed into the base fluids, they are called nanofluids [10]. Nanofluids
have the ability to improve the heat transfer process since they have intricate properties such as
improved viscosity, thermal conductivity, convective heat transfer coefficient, and thermal
diffusivity [11].

1.1.1. Natural Convection in Cavity Flow

Several authors have studied heat convection in cavities that flow mainly due to buoyancy since
the early part of the last century [12]. Natural convection is a type of convection heat transfer in
which self-induced forces cause bulk motion. These forces occur due to temperature or
concentration gradients [13] and can also be affected significantly by an increase in the working
fluid’s viscosity and density [14]. In engineering, it is @ common practice to apply natural

2



convection in enclosures, cavities, or confined volumes [5]. Some examples of these applications
are the cooling of electronic devices, heat exchangers, solar energy desalination and collectors,
nuclear energy, electric ovens, geophysics, and some engineering processes like lubrication,
solidification, and melting [15].

Many studies have been conducted in order to increase the rate of heat transfer in the past decades,
like altering the geometry, boundary conditions, and boosting the heat transfer fluid’s thermal
conductivity to design effective heating systems [16]. Among these techniques, nanofluids which
are dispersions of high thermal conductivity nanoparticles in a base fluid is an effective technique
to improve the transfer of heat [10].

1.1.2. Nanofluid

Choi and Eastman [17] were the first to introduce nanofluids. Nanofluids are described as
engineered colloidal suspension of nano-scaled particles of about 10 — 100 nm in a base fluid.
These nano-scaled particles are commonly metallic oxides, some carbon-based elements, or metals
[18]. Metallic oxides such as Fe>O3, Al>03, Fes0O4, CuO, TiO2, ZrO,, and SiO2; metals such as Au,
Cu, Ni, and Ag; carbon materials like diamond, graphite, and carbon nanotubes are commonly
used [19]. Several experiments proved that nanofluid’s thermal conductivity is higher compared

to the base coolant [20].

Consequently, nanofluids are utilised as working fluids to improve heat transfer performance [21].
There are generally two methods used to synthesise nanofluids: the one-step method (physical or
chemical), which combines nanoparticles’ production with nanofluids’ synthesis. As a result,
processes of nanoparticles like drying, storing, transporting, and dispersing are avoided, which in
turn reduces the agglomeration of the nanoparticles, and increases the fluid's stability. On the other
hand, the two-step method is the second method which involves two procedures. The first
procedure is the synthesis of nanoparticles, followed by the subsequent procedure, which involves
the dispersion of nanoparticles in the base fluid and dispersant in order to improve the nanofluid's
stability [22, 23]. Even so, the two-step method is the most widely used approach, which is also

the most economical method to produce large nanofluids [24].

Giwa, et al. [15] reported that Putra, et al. [25] were the first to examine the natural convection of

Al>Oz/water and CuO/water nanofluids inside a horizontal cylindrical vessel. The nanofluids used



in the study were selected based on the number of previous studies which showed a widespread
knowledge of their thermal and flow properties. The results showed that heat transfer reduced with
an increase in the volume concentration of the nanoparticles [25]. Aminossadati and Ghasemi [26]
also observed the natural convection in a square cavity using four separate nanofluids, namely
TiOo/water, Al2Os/water, Cu/water, and Ag/water. Constant heat flux was applied at the cavity’s
bottom wall in order to heat it, while a cold temperature was maintained for the rest of the cavity
walls. The researchers stated that Ag and Cu nanoparticles had a greater thermal conductivity
which led to a further attenuation of the heat source temperature compared to Al.O3 and TiO..
Also, at low Rayleigh numbers (Ra) and an increment in the nanofluids volume concentration, the
heat source temperature decreased [26]. Recently, there have been new findings on the

development of nanofluid, known as hybrid nanofluid [10].

1.1.3. Hybrid Nanofluid

Hybrid nanofluids refer to nanofluids prepared from a suspension of distinct nanoparticle types in
a base fluid [9]. Hybrid materials can be divided into three categories depending on the metal
matrix; (a) Metal matrix nanocomposites (MMNC), for example, Al203/Ni, Al,O3/Cu, MgO/Fe,
ND/Ni, Al,Oz/Fe-Cr, Mg/CNT, and AI/CNT (b) Ceramic matrix nanocomposites (CMNC), for
example, Al2O3/CNT, Al203/TiO2, SiO2/Ni, Al203/SiC, CNT/Fez0s4, and Al203/SiO2 [19] (c)
Polymer nanomaterials, for example., polymer/CNT, thermoplastic/layered silicates polymer,
polymer/hydroxides and polyester/TiO2 [27]. Jamil and Ali [28] reported that Turcu, et al. [29]
were possibly the first to prepare hybrid nanofluids using multiwall carbon nanotubes (MWCNTS)
and polypyrrole-carbon nanotubes (CNTs) on magnetic ferrosoferric oxide (FesOa4) hybrid NPs.
There are, however, only a few experimental investigations on the convective heat transfer
behaviour of hybrid nanofluids within certain cavities in literature, and these existing studies were
noted to be carried out essentially through numerical techniques. Whereas experimentally

conducted investigations were scarce [15].

Using a numerical technique, Chamkha, et al. [30] analysed the natural convection of Al>Os/Cu
with water as the base fluid in a semi-circular cavity. They reported that the results obtained
showed that the application of hybrid nanofluid resulted in a high value of Ra and thermal
conductivity ratio, enhancing heat transfer. Rashad, et al. [31] also numerically investigated the

convectional heat transfer of Cu- Al,Oz/water hybrid nanofluids filled into a triangular cavity. The



cavity was subjected to a constant magnetic field and was heated by a constant heat flux element
from underneath the cavity. It was reported that the hybrid nanofluid, containing equal amounts of
Al>03 and Cu nanoparticles dispersed in water base fluid, had no major effect on the mean Nusselt

number (Nu) in comparison with the regular nanofluid.

In light of the above, a lack of experimental evidence on the natural convection of hybrid
nanofluids in diverse cavity geometries is sparse, and not much investigation has been carried out
to investigate their efficiencies. Therefore, in order to fill the gap identified in experimental heat
transfer behaviour associated with natural convection, this study will focus on the experimental
study of the convective heat transfer behaviour of Al,03- MWCNT/water hybrid nanofluids in a

cavity with varying changes in temperatures.

1.2.  Motivation of the Study

We live in the era of advanced technologies, and the past few years are a clear indication of
phenomenal growth in a variety of areas like power generation, electronics, manufacturing, and so
on., where heat transfer is essential [32]. The extensive usage of this equipment suggests that a
slight increase in their effectiveness would substantially save capital costs and energy consumption
[33]. In mechanical equipment, water and EG are mostly utilised [34], but studies have shown

nanofluids provide enhanced thermal conductivity than base fluids [35].

In recent years, the research community has shown interest in developing fluids that have better
properties of more than one nanoparticle to improve the abilities of heat transfer of the base fluids
[36]. These fluids are called hybrid nanofluids and have become promising. Furthermore, based
on published literature, the total amount of numerical investigation that has addressed the
convective heat transfer of nanofluids has considerably outnumbered the number of experimental
studies [37]. This study investigates cavity flow natural convection of hybrid-water nanofluids

experimentally for these reasons.

1.3. Research Problem

In the early stages, the thermal conductivity properties of traditional heat transfer fluid were
improved by using micro and millimetre-sized particles of metallic solids [38]. Still, the size of
the particles presented numerous drawbacks like clogging in the flow channel, rise in pressure

drop and particles settling [18].



Nanotechnology has become known to be an important part of technology and science, and its
development has been massive [38]. The interest in nanofluid technology is established in several
properties it possesses, for instance, viscosity, thermal conductivity, and several other physical
properties. Thermal conductivity is one of the important properties of nanofluid as it plays a key
role in the enhancement of heat transfer, thus making it highly valued in industrial applications
[11]. Researchers are now focusing on a new, improved working fluid known as hybrid nanofluid
with the aim to develop working fluids with high thermal performance. As a matter of fact, many
researchers have made efforts toward these aims for several decades. However, there are very few
experimental studies on hybrid nanofluid's convectional heat transfer in different cavity
configurations in the open literature. Therefore, this research will contribute to the new knowledge
that will guide future researchers in this field of study. It will lead to a better understanding of the

impact of hybrid water nanofluids on cavity flow natural convection.

The overgrowing needs for high stability, thermal conductivity enhancement, and energy sector
have raised the interest of researchers to develop fluids with better properties of more than one
type of nanoparticle. In order to enhance the base fluid’s ability to transfer heat, hybrid nanofluids
are seen to be promising [36]. However, experimental studies on hybrid nanofluid's convectional
heat transfer in different cavity shapes are sparse in literature.

1.4.  Aim and Objectives of the Study
The aim of this research is to experimentally investigate the natural convection of Al,Os—MWCNT

(10:90)/water hybrid nanofluid in a square cavity flow.
The objectives of achieving the research aim are as follows:

i. to formulate and characterize different volume concentrations of Al,O:—-MWCNT/water
hybrid nanofluids that are of suitable stability for natural convection in a square cavity;
ii. to investigate the effect of the AI,Os—MWCNT/water hybrid nanofluid volume
concentrations on the performance of h, Nu, and Q at several Ra;
iii. to observe the temperature distribution of Al,O3-MWCNT/water hybrid nanofluid at

various volume concentrations in the cavity.



1.5.  Scope of the Study

This study focused on the experimental study of natural convection of Al,O:—-MWCNT/water
hybrid nanofluids in cavity flow. First, it involved the preparation and characterization of different
volume concentrations of AlOs—MWCNT (10:90 percentage weight of nanoparticles)/water
hybrid nanofluids with appropriate stability for natural convection in a square cavity. Then the
investigation of the effect of the hybrid nanofluids volume concentrations on the heat transfer
coefficient performance at various Ra values as well as the Nusselt number (Nu) and heat transfer
(Q). Lastly, the temperature distribution of Al,0s—MWCNT/water hybrid nanofluids at various

volume concentrations in the test cell was observed and analysed.

1.6. Thesis Overview

Chapter 1 covers the introduction of the study which consists of the background and purposes of
the study, research problem, aim and objectives of the study, scope of the study, and the overview
of the thesis. Chapter 2 comprises of a detailed review of literature on hybrid nanofluid
characterization, the preparation, thermophysical properties, and stability analysis of hybrid
nanofluids. It also discusses natural convection hybrid nanofluid's numerical and experimental
studies. Chapter 3 presents the research methodology, including the description of the
experimental setup, hybrid nanofluid formulation details, and the validity of the experimental
setup. Chapter 4 covers the hybrid nanofluid formulation results and the findings of the
experimental measurement of the hybrid nanofluid heat transfer coefficient, Nusselt number, and
heat transfer at different volume concentrations. Finally, Chapter 5 presents the study’s conclusion

and recommendations for future work.



CHAPTER 2

LITERATURE REVIEW

2.1. Introduction

This chapter centres on the review of literature on various hybrid nanofluid formulation
techniques, stability evaluations, and a detailed review of the hybrid nanofluid's thermophysical
properties, which play an essential role in the hybrid nanofluids' heat transfer. Lastly, experimental

and numerical studies on natural convection heat transfer hybrid nanofluid will be reviewed.

2.2.  Hybrid Nanofluids

Nanofluids are engineered colloidal suspensions of nano-scaled particles of about 10 — 100 nm in
a base fluid [18]. To researchers, they are of great value due to their high transfer rates, which have
also increased their uses in the industry significantly [39]. Recently, there has been a new
development or class of nanofluid called hybrid nanofluids [10], which is used further to improve
the heat transfer characteristics [39]. Hybrid nanofluid is formulated by suspending distinct
nanoparticles type in a base fluid [40]. These base fluids are usually water, ethylene glycol, engine

oil, polymetric solutions, and other primary fluids [19, 39].

2.2.1. Preparation of Hybrid Nanofluids

Hybrid nanofluid stability depends on the method of preparation [41]. However, for researchers
preparing stable hybrid nanofluid is a technical difficulty due to the cohesive forces and strong van
der Waal amongst the nanoparticles, which causes aggregation. This accumulation or aggregation
in the hybrid nanofluids, therefore, causes it to lose its ability to transfer heat by reducing the
Brownian motion of particles [32]. Therefore, it is crucial to prepare hybrid nanofluids using the
right approach. Generally, there are two methods to synthesise hybrid nanofluids: the one-step
method (physical or chemical) and the two-step method [22]. The one-step, also known as the
single-step method, is appropriate for the smaller-scale production of hybrid nanofluids. In

contrast, the two-step method is economical for the mass production of hybrid nanofluids [42].

2.2.1.1. Single -step method
The single-step method is a combination of the formulation of nanoparticles and nanofluids [23].

According to literature, methods like wet chemical synthesis [41], chemical vapour deposition [40,



43], a wet grinding method [44, 45], chemical reduction, hot-wire technique, and mechanical ball
milling [40, 46] were used for the production of hybrid nanofluids. Sidik, et al. [47] indicated that
the pulse wire evaporation (PWE) method, which is a single-step method, is the most prominent
method for producing hybrid nanofluids. They reported that some researchers utilised this method
to prepare Ag/MWCNT. MWCNT was purified using a chemical process. Sulfuric acid and nitric
acid were utilised to enhance the exterior activity of the MWCNT due to their hydrophobic nature.
At the same time, silver nanofluid was obtained using the PWE method at a pulse voltage of 300
V using a 90 mm wired diameter. Jena, et al. [48] experimented in four cases that were aimed at
producing homogenous Cu-Al,O3 composites from chemically prepared Cu-Al.O3 mixture by
hydrogen reduction. Hybrid nanofluids synthesised using a single-step method usually have high
quality and are physically stable relative to the thermal characteristics and physical specifications
[49]. However, the major drawback of this technique is that they are only compatible with low

vapour pressure base fluids [23].

2.2.1.2.  Two-step method

As its name implies, this method involves two procedures or techniques. Firstly, the nanoparticles
are prepared individually by different mechanical, physical, or chemical techniques such as sol-
gel grinding or milling are commercially available and then suspended in suitable base fluids
through magnetic stirring, high-speed mixing, homogenizing, and ultra-sonication [49]. This
technique is currently the most commonly used to prepare hybrid nanofluids [23, 50] and is
economical for the mass production of hybrid nanofluids [42]. However, researchers reported that
the high surface energy of nanoparticles led to aggregation and eventually sedimentation of
nanoparticles when using this method, reducing the stability of the hybrid nanofluid [50]. As a
result, dispersants or surfactants are usually added in synthesizing to improve the stability of the

hybrid nanofluids [23]. Figure 2.1 illustrates the two-step method of preparing a hybrid nanofluid.

Bahrami, et al. [51] utilised this method in preparing Fe/CuQO nanofluid with EG and water as base
fluids, and the solutions were exposed to an ultrasonic processor. Soltani and Akbari [52] used a
two-step method to synthesise MgO-MWCNT nanofluid with EG as the base fluid. First, a
magnetic stirrer was used for 2 h and later exposed to an ultrasonic process for 7 h. Suresh, et al.
[53] produced Al>Os—Cu nanofluids using a two-step method. They dispersed the nanoparticles in

DI water with sodium lauryl sulphate (SLS) as a dispersant by means of an ultrasonic vibrator for



6 h. Chen, et al. [54] also utilised this technique in preparing MWCNT/Fe2O3 nanofluids, with

water as the base fluid, and sodium dodecylbenzene sulfonate was added as a surfactant to stabilize

the solution.
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Figure 2.1: Two-step method of preparing hybrid nanofluid [18]

2.2.1.3.  Addition of surfactants

Surfactants are also known as dispersants or stabilizers and are utilised in the two-step preparation
method [55]. Research revealed that achieving a long-term, well-suspended hybrid nanofluid
remains one of the biggest challenges [56]. However, with the addition of surfactants, hybrid
nanofluid can be stabilized. The surface tension is influenced because the surface tension of the
base fluid is lowered, which increases the immersion of the particles [57, 58]. Thermal
conductivity, density, specific heat capacity, and viscosity are thermophysical properties of hybrid
nanofluids that depend on the stability of hybrid nanofluids [55]. According to Chakraborty and
Panigrahi [59], surfactants are classified mainly into four types cationic, anionic, non-ionic, and

amphoteric. However, the most significant ones are (a) cationic-: cetyl trimethyl ammonium
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bromide (CTAB) and Dodecyl trimethyl ammonium bromide (DTAB); (b) anionic-: sodium
dodecyl sulphate (SDS) and sodium dodecylbenzene sulphonate (SDBS); (¢) non-ionic-: polyvinyl
pyrrolidone (PVP), gum arabic and oleic acid [58].

lyahraja and Rajadurai [60] added PVP and SDS as dispersants to the silver—water nanofluids they
prepared. It was observed that SDS stabilized the nanofluid better than PVP. However, the addition
of PVP demonstrated higher thermal conductivity compared to that of SDS. Khairul, et al. [56]
studied the effect of anionic surfactants SDS on two nanofluids, Al.Oz and CuO, at various
nanoparticle concentrations. Their results revealed that the stability of nanofluid strongly relates
to viscosity and thermal conductivity. This is because, in the study, the nanofluid’s stability was
observed to improve but with a decrease in viscosity and an increase in thermal conductivity. It is
apparent that the amount and nature of surfactant added to any nanofluid would affect the heat
transfer and physical properties of the hybrid nanofluid [55, 58]. Megatif, et al. [61] formulated a
CNT/TiO2-water hybrid nanofluid with an addition of about 1.5 wt% SDBS surfactant. It was
reported that the fluid was stable. Therefore, selecting the right kind of surfactant and the suitable
amount of surfactant is essential to provide a good coating on the nanoparticles’ surface,
influencing electrostatic repulsion and compensating for the VVan der Waal forces of attraction [55,
58]. Table 2.1 summarizes the hybrid nanoparticles, base fluids, preparation methods and

surfactants used by other researchers.

2.3. Stability Analysis of Hybrid Nanofluids

Hybrid nanofluid stability is a critical parameter for the proper functioning of thermal systems
[32]. In other words, it is one of the crucial factors that affect hybrid nanofluids' performance.
Instability occurs due to the tendency of mutual attraction between nanoparticles caused by the
nanoparticle's high surface energy [23, 42]. A hybrid nanofluid can eventually lose its ability to
transfer heat if it becomes coagulated. Therefore stability evaluation and investigation are essential
[42]. Several methods have been developed to analyse hybrid nanofluid's stability, for example,
spectral analysis method, centrifugation method, zeta potential analysis, sedimentation method,
transmission electron microscopy (TEM), scanning electron microscope (SEM), and light

scattering methods [32, 47]. The stability analysis method for hybrid nanofluids will be discussed.
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Table 2.1: Synthesis methods of hybrid nanofluids

Nanoparticles Base fluid Preparation Surfactant Ref
method

Al203s/MWCNT  Water Two-step method  Sodium dodecyl sulphate [15]
(SDS)

MWCNT/Fe3O4 Distilled water Two-step method  NanoSperse AQ [33]

ZnO/TiO2 EG Two-step method - [35]

Ag/MWCNT Distilled water Two-step method  Cetyl trimethyl ammonium [36]
bromide

Cu/Cu20 DI water Two-step method - [45]

Al203/Cu Deionized (DI) Two-step method  Sodium lauryl sulphate [53]

water

CNT/TiO2 Distilled water Two-step method  Sodium  dodecylbenzene [61]
sulphonate

Ag/MWCNT Water One-step method - [62]

MWCNT/MgO  Water-EG Two-step method - [63]

SiO2/MWCNT  EG Two-step method - [64]

Ag/SiO2 Oil One-step method - [65]

2.3.1. Zeta Potential Analysis

Zeta potential is a physical property that is exhibited by any particle in the suspension or surface

of a material [66]. According to Kong, et al. [23], the liquid layer surrounding the particles

comprises of two different regions; the first is an inner region, also known as the stern layer. The

other is an outer or diffuse region. In the inner region, ions are firmly bound due to a thin layer of

positive charge which structures around the negatively charged particle and is lightly connected to

the outer region with a broader layer of mostly opposite charge. However, inside the outer layer,

there is a notional boundary where the particles and ions form a stable entity. At this boundary,

the potential is known as zeta potential [23, 40]. It shows the potential difference between the
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charged hybrid nanoparticles and base fluid [42]. Figure 2.2 illustrates the schematic

representation of zeta potential.
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Figure 2.2: Schematic representation of zeta potential [67]

The primary importance of the zeta potential value is to analyse the stability of the dispersed
nanoparticles. When colloids have a high zeta potential be it positive or negative, it is said to be
electrically stabilized; however, when colloids have a low zeta potential value, they tend to
coagulate [40]. As shown in Table 2.2, hybrid nanofluids with zeta potential below 15 mV are
unstable, and values from 30 mV to 60 mV indicate they are moderately stable. Hybrid nanofluids
with zeta potential above 60 mV demonstrate exceptional stability with minor settling. Another
importance of zeta potential analysis is that it reduces the time needed to produce trial formulations
and helps in predicting long-term stability [66]. According to literature, researchers used Zeta
potential analysis since it is one of the most effective methods to quantify the dispersion stability
of hybrid nanofluids [68].

13



Table 2.2: Relationship between zeta potential and the stability of hybrid nanofluids

Zeta potential (mV) Stability of hybrid nanofluids

0 Very little or no stability

15 Little stability with settling

30 Moderate stability with sedimentation
45 Good stability with possible settling
60 Excellent stability with minor settling

pH is one of the most critical factors that affect its zeta potential [66]. When the results of pH
values are distant from the isoelectric points (IEP) of the formulated hybrid nanofluids, results
showed that the formulated hybrid nanoparticles were dispersed well and stable for a few hours
due to their high repulsive forces on the nanoparticles [40]. Figure 2.3 shows a qualitative
description of the zeta potential versus pH behaviour. Although the IEP of the sample shown is
around pH 5.5, the plot can help predict that at pH <4, hybrid nanofluids should be stable since
there is a presence of sufficient positive charge and more significant than pH 7.5 since sufficient
negative charge is present [66]. At pH between 4 and 7.5, there are some issues with dispersion
stability since the zeta potential values are between +30 and -30 mV [66]. Numerous pH values
for alumina nanofluid were examined, and changes were noted in agglomeration by altering the
pH value [69].

2.3.2. UV-vis Spectrophotometer
Ultraviolet-visible spectrophotometer, commonly known as UV-vis spectrophotometer, was
introduced in 2003 by Jiang et al. as a new method for stability measurement [70]. Its application
is another effective method for stability evaluation [42]. The dispersion dynamics can be
monitored, and the colloidal stability of dispersed particles can be quantitatively characterized
using UV-visible spectroscopy [40].
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Figure 2.3: Typical plot of zeta potential versus pH [71]

Ghadimi, et al. [70] studied the stability of aqueous titania nanofluid of 0.1wt. % utilizing UV-vis
Spectrophotometer at the elapsed time intervals of one day, two days, one week, and one month
after preparation. Based on the results, they reported that a UV-vis spectrophotometer is suitable
for detecting nanofluid’s stability for two days after preparation. Gupta, et al. [72] studied
metal/COOH-MWCNT hybrid nanofluid's stability. They measured the absorbance by extracting
0.1 ml of each hybrid nanofluid and then mixing it with double distilled water. Afterward, it was
sonicated for a period of 5 minutes. The researchers stated that at 800 nm, the absorbance measured
was simply due to the presence of MWCNT. Cabaleiro, et al. [73] also evaluated the stability of
ZnOlethane-1,2-diol nanofluids in the wavelength range of 201 to 800 nm, while for ZnO/ethane-
1,2-diol + water nanofluids, a wavelength of 310 nm was selected. They reported that the rate of
deposition estimated from the absorbance decreases by 10% for ZnO/ethane-1,2-diol nanofluids
and 11% for ZnO/ethane-1,2-diol + water nanofluids during the 70 h check.

2.3.3. Sedimentation and Centrifugation Method
Sedimentation is the most reliable and straightforward stability evaluation method [40].
Sedimentation is when nanoparticles dispersed in a base fluid tend to settle and ultimately come

to rest against an external force [23]. Although using this technique, the variation of nanoparticle
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concentration with residue time is achieved. Hybrid nanofluids are deemed stable when the
nanoparticle concentration is kept constant [40]. In this method, a camera is also used to capture
photographs of the sediments in hybrid nanofluid stores in visible containers or test tubes.
However, months are usually needed to observe the presence of sediments with naked eyes [40,
74]. Figure 2.4 schematically illustrates the sedimentation-based stability evaluation method.
When comparing the sedimentation method with other methods, the disadvantage of this approach
is the observation time because it needs a longer period to analyse the stability of the formulated
hybrid nanofluids [40].
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Figure 2.4: Schematic representation of sedimentation-based stability evaluation method [59]

Like the sedimentation method, the centrifugation method is another method for the stability
evaluation of hybrid nanofluid. The difference is that centrifugal force is exerted to separate
sediments and supernatant instead of depending on gravity’s force, which is time-consuming [74].

Singh and Raykar [75] applied microwave synthesis to prepare stable Ag-ethanol nanofluids with
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PVP. In their experiment, they studied the stability of the nanofluid at room temperature using the
centrifugation method at 3000rpm for more than 10 h. They reported that there was no sign of
sedimentation within the time frame compared to the sedimentation method which was observed
to be stable for more than one month.

2.3.4. Electron Microscopy Analysis

Electron microscopy analyses are used to examine the stability of hybrid nanofluids by analysing
the aggregation and distribution of nanoparticles [23]. Several researchers have used TEM and
SEM to characterize nanoparticles’ distribution, shape, and size in a nanofluid [58]. In TEM,
electrons shoot through the sample and measure how the electron beam changes as it is scattered
in the sample [58]. It also offers high-resolution images that can reach roughly 0.1 nm in the case
of lattice images [23]. In contrast, SEM images the sample surface by scanning it with electron
beams in a raster scan pattern [58]. In addition, it studies the morphology of the nanostructured
materials, changes in structure and nanoparticles shape [40].

TEM is utilised to directly examine the aggregation of nanoparticles within the hybrid nanofluids
[23]. An increase in the size of the nanoparticles or the formation of irregular particle clusters
indicates agglomeration, which is an unstable hybrid nanofluid [58]. Sun, et al. [76] examined the
stability of AQJ/MWCNT nanoparticles at different ratios using SEM. Figure 2.5 (a) and (c) show
the SEM images of Ag and MWCNT nanoparticles, respectively. According to the images, Ag
nanoparticles are nearly spherical, and the gaps between each particle group are more prominent
and unevenly distributed. In contrast, MWCNT nanoparticles are tubular, with significant gaps
between tubes, and unevenly distributed. Figure 2.5 (b) is the SEM image of the hybrid
nanoparticle, which depicts that Ag nanoparticles are embedded in the tubular MWCNT
nanoparticles since Ag nanoparticles consistently filled the gaps of the MWCNT; therefore, the
dispersion stability was enhanced, and they reported that no apparent agglomeration was observed
[76].
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Figure 2.5: SEM image of Ag-MWCNT hybrid nanoparticles with different matching ratios
[76]

2.4. Thermophysical Properties of Hybrid Nanofluids

Generally, hybrid materials have different chemical and physical properties that form one
homogeneous phase. Therefore, in synthesizing hybrid nanofluids, the main aim is to enhance the
properties of single materials where they have great exponents of rheological or thermal properties

that are superior to those of conventional nanofluids separately [77].

The effect of thermophysical properties on natural convection was clarified by Ho, et al. [78]. They
disclosed that the possibility of natural convection enhancement depends solely on the
thermophysical properties ratio factor, as shown in Eq (2.1). It is noted that if Fn is greater than 1,
then it is probable to use the nanofluid for enhancement of heat transfer, but if Fn is lesser or equal
to 1, then it is not probable. Therefore, a typical exponent value (n) was taken to be 1/3 for the
ranges of the Rayleigh number they considered in their study.
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Dynamic viscosity, thermal conductivity, thermal expansion coefficient, density, specific heat

capacity, and thermal diffusivity are some of the thermophysical properties of fluids. However,
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among these properties, thermal conductivity, dynamic viscosity, and specific heat capacity play

vital roles in heat transfer characteristics [79].

2.4.1. Thermal Conductivity

This is a fundamental thermophysical property. A thermal system will have high efficiency as a
result of high thermal conductivity [80]. Many types of fluids like ethylene glycol and water are
used as heat carriers in various heat transfer applications like heat exchangers in power plants,
cooling systems in buildings, vehicles air conditioning systems, and cooling systems of almost
every processing plant [46, 81]. However, these engineered devices have a significant drawback
in heat exchange because the fluids have a lower thermal conductivity [7, 46].

To overcome this situation, researchers used nanofluids. In addition, researchers used
nanoparticles of high thermal conductivity materials, such as metals, metal oxides, and carbon-
derived materials to improve the thermal conductivity of oil, water, and ethylene glycol [18, 46].
The thermal conductivities of heat transfer fluids, metals, metal oxides, and carbon materials are

compared in Figure 2.6.

According to Sajid and Ali [80], the steady-state parallel plate method, transient hot-wire method,
and thermal constants analyser are suitable for determining the thermal conductivity of hybrid
nanofluids. The steady-state parallel technique comprises of two circular copper plates positioned
parallel to each other, and a test sample is positioned between them. Heat is then transferred
between the test sample placed in the middle of the plates, and the thermal conductivity is
determined using the equation of one-dimensional heat conduction.

In the transient hot-wire technique, a pulse of heat is applied to the needle. Then, the temperature
response is measured on the adjacent needle throughout the use of heat pulse, with the response in
temperature depending on the material’s thermal properties. Finally, the thermal analyser operates
based on the transient hot-wire technique [80, 82, 83]. In this method, the temperature is raised by
a hot disc sensor and measured by a resistive thermometer with respect to time. Figure 2.7
illustrates the thermal conductivity measurement from the KD2-pro thermal property analyser used

by several researchers.
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Figure 2.6: Thermal conductivity comparison of common liquids, and solids [81]

Huminic, et al. [84] analysed the thermal conductivity of Fe/Si- water hybrid nanofluids with mass
concentrations of 0.25%, 0.5%, and 1.0% within the temperature range of 20 °C — 50 °C using the

KD2- pro thermal properties analyser.

Nanofluid

KD2 Pro

Figure 2.7: Thermal conductivity measurement using KD2-pro [80]
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They observed that an increase in mass concentration enhances the nanofluid thermal conductivity
due to the formation of chains of nanoparticles and the high thermal conductivities of the solid
nanoparticles in the base fluid. In addition, they reported that the thermal conductivity also
increases with a rise in temperature, which may possibly be attributed to the thermal energy

increase of the dispersed Fe and Si nanoparticles.

Shahsavar, et al. [85] examined the temperature and concentration effect on ferrofluid and CNT
thermal conductivity. They also reported that a rise in the temperature and volume concentration
led to an enhanced thermal conductivity of the hybrid nanofluids. According to the findings, a
maximum enhancement in thermal conductivity of about 44.6% was obtained for a maximum
concentration of CNTs (1.35%) + Fe304 (0,9%) at 55 °C. Table 2.3Table 2.3 summarizes some

research and findings on measuring thermal conductivities.

2.4.5.1.Parameters that affect the thermal conductivity of nanofluids

Several parameters can affect the thermal conductivity of nanofluids directly or indirectly, such as
the size, shape, properties of the nanoparticles, stability in the fluid, base fluid, concentration,
temperature, preparation method, sonication time, surfactant, pH, and so on [83, 86]. For example,
Figure 2.8 presents various properties that impact the thermal conductivity of nanofluids.
Researchers have tested different types of nanoparticles. According to some reports, the thermal
conductivity of nanoparticles has little effect on the heat transfer rate of nanofluids. In contrast,
others claim that nanoparticles with high thermal conductivity can speed up the heat transfer
process. For example, Gongalves, et al. [83] explained that Wang compared the thermal
conductivity of copper and aluminium oxide nanofluids. The results showed that the thermal
conductivity of copper nanofluid was higher, resulting from the high thermal conductivity of
copper. However, another study by Yoo showed that TiO2 nanofluid had a more substantial
improvement in thermal conductivity than Al.Os nanofluid, even though TiO2 nanoparticles had

lower thermal conductivity values.
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Table 2.3: Summary of some research and findings on measuring thermal conductivities

Nanoparticles

Base fluid

Major findings

Authors

Al203/Cu

Al2Os/MWCNT

CNT/TiO2

Ag/MWCNT

Al/Zn

Hydrogen
exfoliated
graphene
(HEG)/MWCNT

Distilled

water

Distilled

water

Distilled

water

Distilled
water
EG

DI water

They found that at 2% volume concentration, the
hybrid nanofluid showed a maximum enhancement
of 12.11% in thermal conductivity, whereas a single
nanofluid of Al:O3 showed a maximum
enhancement of 7.56%.

It was observed that the hybrid nanofluid's thermal
conductivity was higher than that of a single
nanofluid of Al,Os-water. It was also noted that the
shape of nanoparticles has a negligible effect on
thermal conductivity since they realized a slight
increase in thermal conductivity of hybrid
nanofluids with spherical particles with respect to
cylindrical shape particles.

They compared CNT nanofluid to CNT/TiO:
hybrid nanofluid and discovered that the hybrid
nanofluid has about 2.5% higher thermal
conductivity due to the nanoparticles clustering
effect.

It was observed that thermal conductivity was 20%
more than distilled water.

They reported that the thermal conductivity was
enhanced by 16% for smaller nanoparticles of 0.10
vol% compared to EG.

The thermal conductivity increased by about 9%
and 20% at volume fractions of 0.005% and 0.05%,

respectively.

[34]

[43]

[61]

[87]

[88]

[89]
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Figure 2.8: Different properties that affect the thermal conductivity of nanofluids [83]

The influence of the size of nanoparticles is still controversial in the scientific community [83, 90].
However, Ahmadi, et al. [86] stated that a nanoparticle’s size could affect the nanofluid's thermal
conductivity since, like temperature, the size of the particles influences the likelihood of collision
between particles. In addition, a reduction in nanoparticle size increases the Brownian motion,
thickens the interfacial layering, and increases the effective surface area [90]. Therefore, it is an
influential factor in nanofluid's thermal conductivity [91]. Ahmadi, et al. [86] reported that Esfe
and other researchers investigated the effect of particle size (20, 40, 50, and 60 nm) on MgO/water
nanofluid thermal conductivity and found that the decrease in size of nanoparticles enhances
thermal conductivity. Furthermore, a study by Anoop and co confirmed that smaller particles led

to an enhanced thermal conductivity [83].

The shape of nanoparticles is another factor affecting nanofluid's thermal conductivity [86].
Various shapes like a rod, cylindrical, spherical, nearly rectangular, banana-shaped, blade, brick
and platelet have been tested theoretically and experimentally. Observed results generally indicate
that a more significant aspect ratio (AR) of particles enhances thermal conductivity since thermal
penetration increases and the detrimental effects of interfacial thermal resistance on heat transfer

are mitigated [83]. On the other hand, the thermal conductivity enhances when the particles have
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a small sphericity factor [92]. An investigation of enhanced thermal conductivity of TiO2/water
nanofluid was carried out. It was observed that thermal conductivity increased when using rod-
shaped nanoparticles compared to spherical nanoparticles [93]. Another study investigated thermal
conductivity using MWCNT of different lengths. Results confirmed that enhanced thermal

conductivity was noted with the longest nanotubes [94].

Investigations have shown that base fluid with more excellent thermal conductivity corresponds
to nanofluids with smaller increases in thermal conductivity. Gongalves, et al. [83] explained that
there is evidence that EG-based nanofluids offer higher thermal conductivity compared to water-
based nanofluids, using Al.O3, MWCNTS, and CuO nanoparticles, respectively. Wang, et al. [91]
measured the effective thermal conductivities of Al.O3 and CuO nanoparticles dispersed in engine
oil, EG, water, and vacuum pump fluid. Results showed that EG and engine oil were the highest

in terms of thermal conductivity, while vacuum pump fluid was the lowest.

Concentration is another parameter that affects the thermal conductivity of nanofluids. An increase
in the concentration of nanoparticles enhances the thermal conductivity as a result of the larger
interfacial area between the nanoparticles and base fluid [95]. Nabil, et al. [77] reported an
investigation that compared the volume concentration effect on thermal conductivity between
Silica and MWCNTSs. Although the concentration increment of both nanomaterials improved the
thermal conductivity, it was found that silica nanofluids demonstrated a minimum increment
compared to MWCNT water-based nanofluids. Gongalves, et al. [83] further noted that on the
contrary, some researchers reported that high concentration values decreased the thermal
conductivity, and it must be as a result of stability since it performs a significant role in defining

an ideal concentration.

Temperature is another significant parameter [46]. A study was recently done by Wole-Osho, et
al. [96]. It was about nanoparticle temperature's effect on hybrid nanofluid's thermal conductivity.
They experimented using alumina and ZnO, and it was observed that an increase in temperature
enhances the thermal conductivity of the hybrid nanofluid. They further concluded that the
enhancement rate with temperature is relatively constant for all mixture ratios considered at all
volume concentrations. In theory, the reduction of the particle's surface energy and Brownian
motion enhancement are the causes of the increase in thermal conductivity as the temperature

increases [83].
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There are numerous models for predicting the nanofluid's thermal conductivity, based mainly on

an average of the nanoparticles’ properties and the base fluid, which measures the fraction between

both [97].

Koy +2Kyp + Z(p(Knp —be)
Koy + 2Ky + 2¢>(/<,,p —be)

K nf Maxwell — K bf (2.2)

The Maxwell model, Eq (2.2), was one of the first models with good approximation and simplicity
valid for volume fraction <1%. It included the thermal conductivities of the base fluid and
nanoparticles [83, 98]. Some other models, for example, included parameters like the particle
shape, temperature, and viscosity of the base fluid, geometry and diameter of the nanoparticles,

Ra and Prandtl numbers, depending on the application, as shown in Table 2.4.

2.4.2. Viscosity

After thermal conductivity, dynamic viscosity is the second most essential thermophysical
property of hybrid nanofluids. It is defined as a fluid’s internal resistance against the current
convection [8]. Several researchers used Brookfield cone and plate viscometer to measure fluids’
viscosity [77]. The addition of nanoparticles and increment in nanoparticles volume concentration
increases the hybrid nanofluid viscosity due to the agglomeration of nanoparticles in suspension
at higher concentrations. In short, several factors like temperature, particle size, and volume

fraction play a vital role in the colloidal suspension viscosity [99, 100].

An investigation on dynamic viscosity was done by Esfe, et al. [101] on Ag-MgO water-based
hybrid nanofluid. They reported that the viscosity increased with an increase in nanoparticle
concentration. Suresh, et al. [34] experimentally investigated the effect of concentration on the
viscosity of alumina-copper water-based hybrid nanofluids and reported a maximum of 115%

increment in viscosity at 2% volume concentration in comparison to the base fluid.
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Table 2.4: Thermal conductivity empirical models

Model Parameters Included  Ref
Thermal conductivities
Koy +(n=1)Kyp = @(n=1)(Kps =K, |
an Hace = be of BF and NPs, particle [83]
Kop +(n_1)be +¢)(be _Knp) shape, and
composition.
Logarithmic
Knp + Kby
1-p+2¢ Zp/( In n;K progressions of the
np bf bf
Kog xue = Kps thermal conductivities [83]
—Q+2¢ P In oK of BF and NPs, particle
np bt bf shape, and
composition.
Thermal conductivities
_ 2 of BF. [102]
Ko matgaanyagen = Kos (1+2.720+4.97¢7)
The temperature and
1 viscosity of the BF,
an Xuan — an Maxwell T Epnpcnp¢\/ 2DB where average radius and [103]

kgT
Dg=—2
671

viscosity of the clusters,

and Brownian motion.

Abbasi, et al. [104] examined the viscosity of MWCNT/TiO2 (34%), which contains more
MWCNT than MWCNT/TIO2 (61%). The results showed that the hybrid nanofluid with more
MWCNT possesses a higher viscosity. Even with their high viscosity, it was reported that a vast

majority of nanofluids and hybrid nanofluids exhibits better heat transfer performances than

conventional liquids used as base fluids [99]. Asadi, et al. [105] reported that Yu and co studied
the effect of various temperatures (283, 281, 279, 277, and 275 K) and volume fractions of 0.0047—

0.2381vol% on MWCNT water-based nanofluid. Results showed that viscosity reduced with an

increase in the temperature, although the relative viscosity increased slightly at medium shear

stress when the temperature increased.
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Researchers have used existing classic models and correlations, such as Einstein [106], who in
1906 developed the first nanofluid viscosity correlation based on the assumptions that the viscous
fluid particles are spherical at a volume concentration lower than 5%, followed by Brinkman [99]
who introduced his in 1952 as an extension of Einstein’s correlation and his viscosity correlation
is apparently more reliable [106]. The correlations of Einstein and Brinkman are presented in Eqs
(2.3) and (2.4), respectively.

o = Hpp (1+2.50) (2.3)
_ 1 (2.4)
/unf :ubf (1_(0)2 '

Table 2.5 shows some other correlations used by researchers to predict nanofluid viscosity.

Table 2.5: Some correlations to predict the viscosity of nanofluids

Correlation Assumptions/ Observations Ref

Eop pakcho = Hog (1+39.11(0+533.9(p2) Developed based on particle
volume fraction and room [99]

temperature as a reference.

Ho atchelor = Mg (1+2-5¢+6.2g02) For spherical shape NPs, impact
on Brownian motion on NPs. [106]

It was derived for Alumina—EG-—
water system. They observed
Lt Wang = Hof (1+7.3(p+123(02) that an increment in particle [106]
concentration led to an increase
in viscosity.
Eop suganhi = Hof (1 159765 ¢_5T—o.1soz ¢o.5455) Specifically derived for ZnO-
EG—water system and based on [107]
temperature and nanoparticle

concentration.
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Despite this, most correlations proposed to predict the viscosity of hybrid nanofluids are based on
laboratory and experimental data. These hybrid nanofluids are not suitable for other types of hybrid
nanofluids [99]. According to literature, experimental measurements showed a deviation,
especially at high volume concentrations amongst the value calculated utilizing the experimental
measurements and theoretical model. Therefore, experimentally measuring the nanofluid’s
viscosity may guarantee a precise conclusion in nanofluids’ natural convection heat transfer

analysis [8].

2.4.3. Specific Heat Capacity

As mentioned previously, specific heat capacity plays a vital role in the heat transfer characteristics
of hybrid nanofluids [79], yet little interest has been paid to the study of heat capacity [108]. Since
2008, there has been an increasing interest in determining the effective specific heat capacity of
nanofluids, with only 5% of publications in the literature focused on this aspect [108]. Nanofluid’s
specific heat capacity exclusively depends on the size of the colloidal suspension dispersed. In
other words, nanoparticles with smaller sizes have higher specific heat compared to particles of
bigger sizes. This is because the surface atom of the smaller-sized particles is more compared to
the bigger-sized particles, hence they possess more specific heat. Therefore, it follows that
observing a higher heat capacity with smaller particles is consistent with assessing surface atomic
properties [46].

Tiwari, et al. [108] experimentally compared the specific heat capacity of three different metal
oxides, i.e., CuO, MgO, and SnO», with MWCNT/ water-based hybrid nanofluids. The results
showed that the specific heat of hybrid nanofluids at a particular particle concentration increases
with increasing temperature. Also, at a particular temperature and particle size, the heat capacity
value decreases as the volumetric concentration increases, as presented in Figure 2.9 (a) - (c). The
results have also stated that the specific heat of hybrid nanofluid enhances while density decreases

and vice versa.
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Figure 2.9: Specific heat capacity measurement of (a) CuO- MWCNT (80:20) (b) MgO-
MWCNT 80:20) (c) SnO2- MWCNT (80:20) water-based hybrid nanofluid at nanoparticle
diameter of 20 nm and 30 nm [108]

Several researchers have developed and proposed equations to calculate the specific heat capacity
of nanofluids. Pak and Cho made use of Equ (2.5) to estimate the heat capacity. They reported that
it decreased with increased nanofluid volumetric concentration [8]. Colak, et al. [109] used Pak
and Cho model to compare the experimental measurement of heat capacity, and the results showed
that the correlation could predict experimental results within the range of +1%. Additionally, they
found similar results to previous research that the specific heat capacity increased as temperature

increased and decreased as volume concentration increased.
Cpnf :(pCpnp +(1—(p)Cpbf (2.5)

Gongcalves, et al. [83] stated that Equ (2.6) is also commonly used. Gupta, et al. [46] also presented
Equ (2.7) to calculate the heat capacity of hybrid nanofluids, similar to Equ (2.6) but considering

the second nanoparticle.
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B pnp(DCpnp +(1_¢))'Dbf Cpbf
pnf

Pnf (2.6)

_ pnpl §0Cpnp1 + pnpz @Cpnpz + (1_¢np1 _¢np2)pbf Cpbf
Phnf —

(2.7)
phnf

In addition, Vajjha and Das [110] analysed the specific heat capacity of Al.O3, ZnO, and SiO:
nanofluids and established that Eq (2.6) was more consistent with the experimental findings. Hence

it was used in their study.

2.4.4. Other Thermophysical Properties of Hybrid Nanofluids
The effective thermophysical properties, for example, thermal expansion coefficient and density,
are less significant than the likes of specific heat capacity, thermal conductivity, and dynamic
viscosity of nanofluids in the natural convection of nanofluids [8].

The density of hybrid nanofluids can be expressed by the law of mixture:

phnf - ¢np1 pnpl + ¢np2 pan + (1 T (anl o ¢np2 )pbf (2.8)

Where pp,,f is the density of the hybrid nanofluid, p,,; is the density of the base fluid, p,, is the
density of the nanoparticles, and finally ¢, is the volume concentration of the nanoparticles. The
equation depicts the hybrid nanofluid effective density as a function of nanoparticles volume
concentration, nanoparticles and base fluid density. Compared to thermal conductivity and
viscosity, experimental data regarding the density of the hybrid nanofluid are limited in the
literature [111]. Ho, et al. [112] experimentally studied the density of a water-based hybrid
suspension of alumina nanoparticles and micro-encapsulated phase change material (MEPCM)
particles. They used the mixture density theory formula at a temperature of 30 °C. A good
agreement was noted between the observed mixture density and experimental values, as shown in
Figure 2.10.
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Figure 2.10: Density measurement of Al.Oz nanoparticles and MEPCM particles hybrid
water-based suspensions [112]

Askari, et al. [113] also measured the density of hybrid nanofluids FesO4 and graphene/kerosene
at room temperature. They reported that the addition of nanoparticles to the base fluid resulted in
an increase in density; however, the increase in density is negligible. They noted that the

experimental data agree with the theoretical models.

Nanofluid's thermal expansion coefficient is estimated by utilizing the mixing solid-liquid theory
[98, 114], as shown in Equ (2.9) and Equ (2.10) , which are commonly adopted in the literature
[78].

ﬂnf :¢nfﬂnp +(1_¢nf)ﬂbf (2-9)

B rf Prf = Png LnpLnp + (L —Pps) Por Bos (2.10)
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Ho, et al. [78] numerically evaluated nanofluid’s effective volumetric thermal expansion
coefficient containing various volume fractions of AlOs nanoparticles. They noted that the
effective thermal expansion coefficient reduced drastically as the Al.Oz nanoparticles were
dispersed in water. They also reported that Equ (2.9) overestimated the effective thermal expansion
coefficient of the nanofluid, but Equ (2.10) predictions were closer to the values they achieved in
their study. Nayak, et al. [115] used various nanofluids, such as Al>Oz, CuO, SiO2, and TiO2 were
measured for their volumetric thermal expansion coefficient in order to evaluate their potential use
in heat removal systems that use natural convection as a heat removal method. They reported that
CuO nanofluid showed the highest thermal expansion coefficient, while TiO2 nanofluid showed
the lowest among the nanofluids tested. Nevertheless, in conclusion, all the nanofluids had a
significant thermal expansion coefficient increase compared to water at low temperatures than at

higher temperatures.

2.5. Heat Transfer of Hybrid Nanofluids

James Maxwell, a Scottish scientist, was the first to introduce the idea of suspension of solid
particles into convectional fluids such as water, oils, and EG to enhance heat transfer in the
nineteenth century [116]. However, the rapid settling of a millimetre- or micrometre-sized particles
in liquid or solids suspension has been the main impediment to developing suspensions for
industrial applications [117]. The rapid settling causes an increase in the viscosity of the fluids and

an increase in pressure drop [116].

Choi and Eastman [17] then introduced nanofluid. They suspended copper nanophase materials
with a diameter of less than 100 nm in water to enhance the thermal conductivity of water. The
result of their theoretical study on the thermal conductivity of nanofluid showed that the nanofluid
could drastically reduce the heat exchanger pumping power. Typical materials include metals such
as Cu, Au, Ag, and Ni; metal oxides such as Al.Oz, CuO, Fe20g, Fe30s, SiOz, TiO2, and ZrOz; and
carbon materials such as carbon nanotubes, graphite, and diamond [19]. These nanoparticles
named at the outset have been commonly used due to the findings on their thermophysical
properties, i.e., high thermal conductivity, etc. Other factors such as cost, toxicity, chemical
stability availability, compatibility with base fluid, and thermophysical properties of the

nanomaterials are to be considered when selecting nanoparticles for heat transfer application [81].
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Wu, et al. [118] investigated the heat transfer coefficient of water-based alumina nanofluid in the
turbulent and laminar regimes and proposed Equ (2.11) and (2.12) below for the respective
regimes. They noted that at the same Reynolds number (Re), an augmentation in nanoparticles

volume fraction enhanced h.

0.85 0.6 045 ~ 0.4
’Lf{ﬁ} [k_fJ (u} Prf (2.11)
hye  \ oy Ky Hps Cp bf

0.775 0.6 0375 ( 0.4
By _ ﬁ] ("_f] u) Pof (2.12)
hye  \ oy Ky i Cp bf

In terms of increasing heat transfer, nanofluid increases heat transfer based on the type of base
fluid, temperature, nanoparticle concentrations, nanoparticle properties, and other factors that
affect nanofluid properties, such as nanoparticle agglomeration and surfactants [118]. A concept
known as the hybridization of nanoparticles is employed to make nanofluids more thermally
efficient [119]. Hybrid nanofluid refers to nanofluids prepared from a suspension of distinct
nanoparticle types in a single base fluid [46]. They are a new class of fluid used in applications of

heat transfer, which contain nanoparticles as small as 100 nm in size [111].

Suresh, et al. [34] investigated the heat transfer characteristics of Al.Os—Cu/water hybrid
nanofluid. Results showed that the natural convection heat transfer coefficient increased with Re,
and the Nu of hybrid nanofluid was enhanced by 13.56% in comparison to the base fluid. Sundar,
et al. [33] measured the convective heat transfer coefficient of MWCNT-FesOas/water hybrid
nanofluids. The researchers reported a 31.1% increase in Nu, despite a 1.18-times increase in
pumping power for particle loads of 0.3% at 22,000 Re compared to water. Their findings claimed
that composite-based hybrid nanofluids have higher thermal performance than single-particle
nanofluids like Al2O3, TiO2, and FezOas.

2.5.1. Natural Convection
There are three categories of heat transfer in hybrid nanofluids, namely natural convection, mixed

convection, and forced convection. Natural convection produces less noise, consumes less energy,
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and requires less maintenance compared to forced convection [116]. Natural convection is a kind
of heat transfer mode where the fluid motion occurs naturally and is not caused by external sources
like pumps, fans, or any prime mover [6]; density variations are the only cause of this phenomenon.
Industries like transportation, micro-electronics, and manufacturing face technical thermal
challenges, but cooling is one of the indispensable challenges typically due to natural convection’s
low h [4, 5]. The heat transfer coefficient of natural convection is relatively lower compared to
other methods used in thermal transportation. It is, therefore, imperative to investigate in what way
the natural convection film coefficient can be improved [120].

Putra, et al. [25] studied the natural convection of nanofluids in a cavity, using CuO and Al2O3
water-based nanofluids filled into a cylindrical vessel. The nanofluids used in the study were
selected based on the number of previous studies which showed a widespread knowledge of their
thermal and flow properties. The number of studies on synthesizing and thermophysical properties
of hybrid nanofluids has increased in recent years. However, minimal analyses have been done on
the free convection of hybrid nanofluids in cavity flow. According to several pieces of literature,
researchers have experimented on various cavities like triangular, semi-circular, cylindrical,
square, and unconventional shapes. These studies were noted to have been carried out with
numerical techniques, whereas the studies conducted experimentally have not been ventured into

and are unavailable [15].

Ghalambaz, et al. [121] numerically investigated the natural convection of Ag-MgO/water hybrid
nanofluids inside a square cavity, demonstrated in Figure 2.11. They noted that the inclusion of
hybrid nanoparticles in the base fluid sometimes does not improve the rate of heat transfer in a
square cavity. Meaning that other factors, such as Ra, can change the effects of the hybrid
nanoparticles since the result of the study showed that the heat transfer rate increased with the
addition of hybrid nanoparticles at a low Ra. Chamkha, et al. [30] analysed the natural convection
in a semi-circular cavity filled with Al,O3/Cu-water nanofluid using a numerical technique. They
studied the effects of nanoparticles volume fraction, Ra, and thermal conductivity ratio on the flow
patterns and heat transfer. It was noted that the addition of a low volume fraction of hybrid

nanoparticles inside the cavity led to the improvement of the heat transfer.
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Figure 2.11: Schematic view of the physical model and coordinate system [121]

Selimefendigil and Chamkha [122] numerically investigated the convective heat transfer of
Al>03/Cu-water hybrid nanofluid in a triangular annular cavity with an opening in the inclined
side of the outer triangle and the inner and outer surfaces of the triangular cavities isothermally.
Their study considered the influence of the Ra number between 10% — 5 x 10°, between 0 and
0.02 solid volume fraction of the nanoparticles, and the opening ratio between 0 and 0.625 on
the fluid flow and heat transfer. They reported that the effects of the opening ratio on the heat
transfer enhancement are more effective for higher Ra. Also, Nu enhanced with Ra and the
opening ratio. Maskeen, et al. [27] studied numerically convective heat transfer performance
of Al,O3/Cu—water hybrid nanofluid over a stretching cylinder, shown in Figure 2.12. The
researchers examined the performance of heat transfer by comparing hybrid nanofluids and
single material nanofluids with water as the base fluid for both nanofluids. It was reported that
convective heat transfer was the lowest in the case of Cu/water nanofluid and was improved
by adding hybrid material.
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Rashad, et al. [31] numerically examined the natural convection heat transfer of Cu-
Al>Oz/water hybrid nanofluids filled in a triangular cavity. The cavity was subjected to a
constant magnetic field and was heated by a constant heat flux element from underneath the
cavity. The researchers reported that the hybrid nanofluid, containing equal amounts of Al,O3
and Cu nanoparticles dispersed in water base fluid, had no major effect on the mean Nusselt

number (Nu) in comparison with the regular nanofluid.
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Figure 2.12: Schematic overview of the geometry and coordinate system [27]

Ashorynejad and Shahriari [123] numerically investigated natural convection heat transfer of
Al>Os-Cu/water hybrid nanofluid within an open wavy cavity. The top and bottom walls were
insulated against heat and mass, the right wall was opened, and the left wavy wall of the cavity
was heated sinusoidally. Their study investigated the effect of nanoparticle volume fractions, Ra,
Hartmann number, and phase deviation. The results showed a reduction in Nu as the Hartmann
number increased. However, it increases with the increment of nanoparticle volume fraction and
Ra.

A recent study by Asmadi, et al. [124] numerically analysed natural convection heat transfer inside
a U-shaped cavity filled with Cu—Al.Oz/water hybrid nanofluid on the effects of constant, linear,
quadratic, and sinusoidal with different amplitudes and periods. They considered Ra ranging from
10*— 10° and nanoparticle volume fractions between 0 and 0.1 on the fluid flow for each thermal

profile. It was reported that the constant heating profile gave the best heat dissipation performance,
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while the sinusoidal thermal profile performed the worst. Almeshaal, et al. [125] studied a three-
dimensional numerical simulation of natural convection inside a T-shaped cavity filled with CNT—
Al;,Os/water hybrid nanofluid. They used a hybrid nanofluid with 25:75 wt% of CNT and Al2Os
nanoparticles. It was observed that the heat transfer enhanced with an increase in size, volumetric

percentage of nanoparticles, fraction of CNT composites, and Ra.

The numerical investigation results on natural convection in enclosures have been inconsistent,
resulting in more experimental work. However, very few experimental investigations have been
published in the literature [8], especially on hybrid nanofluids since it is a new class of nanofluids
compared to mono nanofluids. Hu, et al. [126] experimentally investigated the natural convection
heat transfer of Al,Os -water nanofluid in a square cavity. They studied the effect of different
nanoparticle volume fractions of 0.25%, 0.50%, and 0.77%, and various Ra ranging from 30 x 10°
—70.52 x 10°. According to the study, heat transfer is more sensitive to thermal conductivity than
viscosity at low nanoparticle fractions, and at high nanoparticle fractions, it is more sensitive to
viscosity than thermal conductivity. Figure 2.13 illustrate the average Nu of the nanofluid at
different Ra. It shows that the heat transfer characteristic is enhanced at the lowest nanoparticle
mass fraction of 1%. At 2% nanoparticles mass fraction, the Nu is closer to that of the base fluid.
However, an increase in the mass fraction of nanoparticles at 3% weakens heat transfer

enhancement. A good agreement between the experimental and numerical results was found.

An experimental study on natural convection heat transfer of SiO, water-based nanofluid inside a
rectangular enclosure at different concentrations and inclination angles was carried out by Torki
and Etesami [16]. The researchers reported that heat transfer did not change significantly at low
concentrations. However, the heat transfer coefficient decreased with the volume fraction of
nanoparticles greater than 0.5% due to the increased viscosity of the nanofluid. In relation to the
effect of inclination angles, they found that increasing tilt angle had a negative impact on heat
transfer. However, it did not affect Nu in nanofluids with high concentrations. In addition to this,
it was confirmed that the film coefficient or effectiveness decreases with an increasing inclination
angle of the cavity. Furthermore, they exclaimed that contrary to what the numerical results

implied, there is no increase in convection heat transfer as the concentration of nanofluid increases.

38



o

water lnerature (1]
wiTe=0% (exp)

wife=1% (exp)

Nu
[

s
]
& Wi%=2% (exp)
v  wWi%=3% (exp)
—0— wit%e=1% (s1m)
—— WiITe=2% (s1m)

—— WiS=3% (s1m)

2E7 4E7 6E7 BEET EE 1.2E8
Ra

Figure 2.13: Average Nu of nanofluid at different Ra [126]

Sharifpur, et al. [127] studied the natural convection heat transfer of TiO> — water with volume
fractions varied from 0.05 - 0.80 vol% in a square cavity. It was reported that the addition of TiO2
nanoparticles enhanced the heat transfer. They also stated that an optimum volume concentration
of 0.05% was found for a maximum heat transfer enhancement of 8.2% in their study. Choudhary
and Subudhi [128] investigated the performance of convective heat transfer of Al.O3 nanofluid
experimentally with DI water as the base fluid filled in a rectangular cavity with an AR of 0.3 -
2.5. The volume concentration of the nanofluid studied was 0.01% and 0.10%, while the range of
Ra was from 107 - 10%2. They reported that the volume concentration and aspect ratio influenced
the natural convection performance. They also noted that higher volume concentrations resulted
in lower heat transfer, while lower volume concentrations produced higher heat transfer. A 29.5%

maximum heat transfer enhancement was observed at 0.01 vol% and an aspect ratio of 0.5.

Garbadeen, et al. [129] experimentally studied the convective heat transfer performance of
MWCNT/water nanofluids filled in a square cavity. The volume concentration ranged from 0 —
1%. Their results showed a maximum enhancement of 45%, which occurred at approximately

0.10% volume concentration.
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Dey and Sahu [130] experimentally studied ZnO and Al>Os nanofluids' natural convection heat
transfer behaviour in a cavity using various working fluids. They used air, tap water, and distilled
water. They calculated the heat transfer coefficient and Nu based on the measured temperatures
using Eqgs (2.13) - (2.14). In their findings, the researchers confirmed that air had a very low h due
to its low thermal conductivity. In contrast, distilled water had the highest heat transfer coefficient

since tap water contains impurities, while distilled water is free of them.

h=L (2.13)
A(T,-T,)
hL
Nu=— .
u p (2.14)

Ho, et al. [78] analysed the natural convection heat transfer of Al.Os water-based nanofluid at
various volumetric fractions ranging from 0.1% to 4% in a vertical square cavity. They considered
Ra values ranging from 6.21 x10° - 2.56 x10°. Findings revealed that heat transfer was reduced in
nanofluids containing a volume concentration of 2% or more. However, this was not the case for
nanofluid of 0.10% vol as they recorded 18% heat transfer enhancement compared to the base
fluid. llyas, et al. [14] examined the convective heat transfer behaviour of MWCNT-thermal oil
nanofluid in a vertical rectangular enclosure with an aspect ratio of 4. As the previous researchers
indicated, they also noted a major reduction in the film coefficient of nanofluids with higher
concentrations. In addition, they stated the importance of thermal conductivity as an essential
property in heat transfer, although other thermophysical properties influence heat transfer

performance.

Kiran and Babu [131] experimentally examined the natural convection heat transfer behaviour of
TiO»-transformer oil nanofluid at various volume concentrations of 0, 0.05, 0.1, 0.15, and 0.20
vol% in a vertical cylinder. The researchers reported that at a volume concentration of 0.15%, the
thermal performance enhanced, but an increase in the volume concentration of nanoparticles led
to a deterioration. Furthermore, they stated that a volume concentration of 0.15% was found for a
maximum heat transfer enhancement of 16.8% in their study as the heat transfer coefficient
increased from 356.172 W/m?k to 670.465 W/mk.
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Giwa, et al. [15], through an experiment, examined the natural convection of
Al,Oz—MWCNT/deionized water hybrid nanofluids at various hybrid nanoparticles percentage
weights at 0.10 vol% in a square cavity. The study considered a range of Ra 1.65 x 108 - 3.80 x108,
It was reported that the hybrid nanofluid with a percentage weight of 60% Al.O3 and 40%
MWCNT nanoparticles had the most outstanding value for Ra, Qav, NUay, and hay at various
temperatures gradient. In their conclusion, the addition of hybrid nanofluids in the cavity enhanced
the performance of natural convection. According to the researchers, the Ra of the natural
convection of water and hybrid nanofluids in the cavity was determined using Eq (2.15).

_gpm,-T)p'cr
Lk

Ra (2.15)

The authors also validated the obtained experimental result of water using the models proposed by
Berkovsky and Polevikov [132] in Eq (2.16), Cioni, et al. [133] in Eq (2.17), and Leong, et al.
[134] in Eq (2.18).

P 0.29
Nu = O.18x[—r)Raj

(0.2+Pr
(Pr<10°; Ra <10') (2.16)
where
Pr:,u_C
k

Nu =0.145xRa%**

2.17
(3.7x108SRaS7x109) (2.17)

Nu =0.08461xRa®31%5 (104 <Ra < 108) (2.18)

A recent study on the thermo-convection behaviour of MgO-ZnO/ DI water hybrid nanofluid with
a volume concentration of 0.05 vol% and 0.10 vol% at various percentage weight ratios in a square

cavity was carried out by Nwaokocha, et al. [135]. They studied several parameters such as Qay,
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Ra, Nuay, and hay at different temperature gradients from 20 °C to 50 °C. The researchers observed
that the percentage weight ratios and temperature gradients influence the performance of heat
transfer of the hybrid nanofluids. It was reported that the volume concentration of 0.05% at a
percentage weight ratio of 40:60 was found to have a maximum heat transfer enhancement of

72.2% in comparison to the base fluid.

Choudhary and Subudhi [128] studied the convective heat transfer performance of Al>Os /DI water
nanofluid with volume concentrations of 0.01 and 0.10 vol% filled in a rectangular cavity with an
aspect ratio varying from 0.3 to 2.5. They noted that the performance depended on Ra, ¢, and
aspect ratio with the maximum enhancement of 29.5% for 0.01 vol% at Ra = 7.89 x10® and AR =
0.5. Giwa, et al. [15] experimentally studied the natural convection of Al.Os—MWCNT/ DI water
hybrid nanofluids at several hybrid nanoparticles percentage weights at 0.10 vol% in a square
cavity. The study considered a range of Ra 1.65 x 108 — 3.80 x108. They stated that the hybrid
nanofluid with a volume concentration of 60% of Al>O3 and 40% of MWCNT nanoparticles had
the most outstanding value for Ra, Qav, NUay, and hay at various temperatures gradient. In their
conclusion, the addition of hybrid water nanofluids in the cavity enhanced the natural convection

performance.

2.6. Conclusion

The two-step preparation technique is the most commonly used method to formulate hybrid
nanofluids, according to literature. However, the preparation method used in synthesizing hybrid
nanofluid affects its stability. If the nanofluid is unstable, it loses its potential to transfer heat by
diminishing the Brownian motion of particles. So it is therefore essential to prepare hybrid
nanofluids using the right approach. Furthermore, it is necessary to characterize hybrid nanofluids
throughout the study of heat transfer of hybrid nanofluids. Typically, the characterization of a
hybrid nanofluid reveals details like the stability, shape, and size of the nanoparticles in the base
fluid. TEM, SEM, zeta potential analysis, and sedimentation methods are commonly used to

characterize.

There are many thermophysical properties of fluids, but thermal conductivity, viscosity, and
specific heat capacity are the main properties. Since there is no general formula for hybrid
nanofluids’ viscosity and thermal conductivity, it is essential to select any theoretical model

carefully. This is due to the natural convection of hybrid nanofluids’ contractionary results when
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making use of various models. More importantly, researchers should measure the thermal
conductivity and viscosity of hybrid nanofluids experimentally, as the results would be used in the

study of heat transfer.

The number of studies on synthesizing and thermophysical properties of hybrid nanofluids has
increased in recent years. However, minimal analyses have been done on the free convection of
hybrid nanofluids in cavity flow. Numerical analyses of convective heat transfer of hybrid
nanofluids have produced contradictory results, and experimental studies of the natural convection
in hybrid nanofluids have also been insufficient. Only some researchers have investigated the
influence of hybrid nanofluid volume concentration on enhancing natural convection in a hybrid
nanofluid at several Ra in a cavity flow. In addition, the discrepancies in numerical and
experimental results clearly illustrate the need for more hybrid nanofluid experimental
investigations in natural convection cavity flow, which is currently limited. Therefore, this present

research intends to address these challenges.

43



CHAPTER 3

EXPERIMENTAL PROCEDURE

3.1. Introduction

This chapter briefly introduces the safety measures taken in this study, hybrid nanofluid materials,
and the equipment used to characterize Al,O3—-MWCNT (10:90)/D1 water hybrid nanofluid. The
experimental setup used to carry out the experiments on natural convection of Al,Os—MWCNT/
DI water hybrid nanofluids comprised of a square cavity with two isothermal vertical walls, while
the rest of the cavity walls were insulated. First, the materials, experimental setup components,
and instrumentation utilised are briefly examined. Next, the experimental results of the setup was
validated and examined with the aid of existing correlations. Lastly, the analysis of the

experimental measurement uncertainty is presented.

3.2. Materials

In this study, the hybrid nanoparticles of alumina and multi-walled carbon nanotube were used.
The alumina nanoparticles (99.5% purity and 5nm in diameter) were acquired from Nanostructured
and Amorphous Materials Inc., Houston, Texas, USA, while the MWCNT nanoparticles (99.5%
purity with outer diameters and lengths of <7 nm, and 10 — 30 pum, respectively) was sourced from
MKnano Company, Ontario, Canada. The surfactant, Sodium dodecyl sulphate (SDS) of > 98.5%
purity used in this study was supplied by Sigma-Aldrich, Germany. Table 3.1 presents the
thermophysical properties of Al.Os nanoparticles, MWCNT nanoparticles and water. In addition,
DI water purchased from Merck (Pty) Ltd was added to achieve the desired volume concentration
of the hybrid nanofluids.

Table 3.1: Thermophysical properties of the studied materials

Properties DI Water Al203 MWCNT
Thermal conductivity (W/mK) 0.613 40 2000
Density (kg/m?®) 997 3970 2100
Specific heat capacity (J/kgK) 4179 765 710
Particle size (nm) - 5 <7
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3.3.  Equipment

In order to measure the dimensions within and around the enclosure, a vernier calliper and meter
rule was used. The hybrid nanoparticles were weighed using a digital balance (Radwag AS220.R2;
10 mg —220 g and accuracy = 0.01 g) after the weights of the principal nanoparticles were

ascertained with Eq (3.1). The fraction of dispersion is expressed in Eq (3.2).

M M
XAI203 o + Xuwent |
_ P/ 0, P /mwent 3.1)
Y M M M '
XAI203 N + Xuwent | L
P /a0, P /mwent P bt

The mixture of hybrid nanoparticles, SDS at 0.8 dispersion fraction, and 1.4L of DI water was
stirred for 30 minutes utilizing a magnetic stirrer (Lasec hotplate stirrer H4000-HSB, 500 W, 50

Hz) to attain even suspensions prior to ultrasonication.

weight of surfactant
weight of hybrid nanoparticles

Dispersion fraction = (3.2)

In order to break down the accumulation of the hybrid nanoparticles, an ultrasonic agitation probe
(Qsonica Q-700; 20 kHz and 700 W with five seconds pulse on and two seconds pulse off with an
intensity of 98%) was utilised, and the breaking down of nanoparticles aggregation was done for

a period of 1 hour.

While sonication was in progress, the hybrid nanofluid's temperature rose; thus, the samples
temperature was monitored through a programmable constant temperature bath (LAUDA ECO
RE-1225 Silver). In order to formulate the various volume concentrations of the hybrid nanofluid,
Egs (3.1) — (3.2) were used, and a detailed table showing the measurements is presented in

Appendix A.

The hybrid nanofluid viscosity was evaluated utilizing an SV-10 sinewave Vibro-viscometer
(A&D in Japan). In addition, the morphology of the hybrid nanoparticles was examined using
TEM.
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3.4. Safety of the Experimental Investigation

There is insufficient information to predict all the situations that are likely to lead to exposure to
nanomaterials. However, some factors could lead to potential exposure, such as working with
nanomaterials in liquid media without adequate protection, increasing the risk of skin exposure, or
increasing the likelihood of inhalation [136]. Therefore, the following measures were taken to

avoid inhalation, dermal contact, or ingestion of nanoparticles during the study [137, 138].

o Washed hands frequently to minimise potential nanoparticle exposure through ingestion
and dermal contact. Washed hands before eating or drinking after working in the lab.

o Hybrid nanofluids were stored in a well-sealed container that could be opened with minimal
agitation of the contents.

o The student used a sealed, double-contained container when transporting hybrid nanofluids
inside the laboratory.

o Containers were labelled correctly, indicating the nanoparticles/nanofluids they contained.

o Use of personal protective equipment like gloves, lab coat or protective clothing, safety
goggles, long pants, closed-toe shoes, respiratory protection, and face shields, as
appropriate, to prevent skin and eye contact with nanoparticles or hybrid nanofluids.

o The student collected spill cleanup materials in a tightly closed container.

3.5. Experimental Setup
The streamlined schematic diagram of the experimental setup used to test the natural convection
of hybrid nanofluids is illustrated in Figure 3.1.

A square cavity (length 96 mm x breadth 96 mm x height 105 mm) filled with the prepared hybrid
nanofluids was utilised to investigate the convection heat transfer performance. In this case, a
square cavity was chosen since it has a broader range of applications than most other kinds of
cavities. They are primarily applicable in solar systems and applications, double-glazed windows,
and electronic devices. In this study, thermal insulation was applied to the top and bottom walls of

the cavity, while the opposite vertical walls were differentially heated.
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Figure 3.1: Schematic diagram of the experimental setup

Figure 3.2 illustrates the schematic overview of the studied geometry of the present study. The
cavity and the pipe connections were well-insulated (20 mm with a thermal conductivity
coefficient of 0.033 W/mK) to minimise the heat loss into the surrounding area. The T-type
thermocouples (TT-T-30SLE(ROHS)) purchased from Omega Engineering Inc., USA, were
installed at different spots outside and within the square cavity to measure different temperatures
across the cavity as the experiment progressed. For accurate surface temperature readings, the
thermocouples were submerged about 2 mm deep inside the walls with the aid of silicon and
thermal glue to make sure accurate readings were achieved. Five thermocouples were mounted
vertically at the midpoint between the cold and hot walls, while seven thermocouples were attached
horizontally at the centreline between the cold the hot walls.
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Figure 3.2: Schematic overview of the studied geometry

The schematic diagram of the thermocouple's position and the configuration are shown in Figure

3.3, and Figure 3.4, respectively.
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Figure 3.3: Schematic of the thermocouples in the experimental setup



Before this study began, the thermocouples were calibrated with temperatures ranging from 15 °C
and 65 °C. As a result of the difference in temperature between the insulated thermocouples and

the environment, 3% of the heat was lost outside the cavity.
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Figure 3.4: The thermocouples configuration in the cavity

In order to keep temperatures at the two heated walls of the cavity constant, isothermal shell and
counter-flow tube heat exchangers were used. Additionally, the shell and tube sides of the heat
exchanger both had the same hydraulic diameter, as shown in Figure 3.5, to facilitate uniform mass

and temperature distribution.

Programmable water baths (PR20R-30 Polyscience; —30 to 200 °C; accuracy = 0.005 °C) were
utilised as water at various constant temperatures of 6 °C -56 °C was circulated through the heat
exchangers. The flow rate varying from 0.00717 to 0.0208 L/s at the desired range of constant
temperature for the study was maintained in the thermal bath.
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Figure 3.5: Heat exchangers with a similar hydraulic diameter in the shell and tube side

The flow meters (Burkert Type 8081; +0.01% accuracy (full scale) + 2% (measured value)) were
installed at the heat exchanger inlet points to measure the water flow rates flowing between the
heat exchangers and the water baths. During the experiment, the obtained data of temperatures and
flow rates were logged into a computer using a data logger (National Instrument; type SCXI-1303;

32 channels). The experimental setup for this study is illustrated in Figure 3.6.
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Figure 3.6: The experimental setup for this study
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Samples of various volume concentrations of hybrid nanofluids and DI water were poured inside
the square cavity. Per sample, three runs of tests were done at various temperature differences of
20, 30, 40, and 50 °C between the cold and hot vertical surfaces of the heated cavity. Thermal

equilibrium in the cavity was maintained for each given temperature difference.

The transferred heat to the square cavity from the hot vertical wall and the heat taken out from the
cold wall of the square cavity were expressed using Eq (3.3).

Q=mC,AT=mC,(T,—T,) (33)

The temperature change between the entry (inlet) and exit (outlet) of the heat exchangers is denoted
by AT.

3.6. Experimental Method

The hybrid nanofluid was prepared at a percentage weight ratio of 10:90 (Al2O3:MWCNT) for ¢
of 0.05, 0.10, 0.15, and 0.20 vol% in the square cavity. The mixture of hybrid nanoparticles, SDS
at 0.8 dispersion fraction, and 1.4L of DI water was stirred for 30 minutes using a magnetic stirrer
to achieve uniform suspensions. Following this procedure, the solution was poured into a beaker
and gently placed in a cold water bath at a uniform temperature to achieve good suspension of the
hybrid nanoparticles in DI water through homogenization. A small sample volume was then taken

to measure its viscosity experimentally and then stored in a container for visual observation.

Approximately 2 h after the experiments began, by observing the thermocouple station readings,
a steady-state condition was confirmed, which revealed not more than a 0.10% difference in the

cavity.

Each volume concentration was tested three times. First, a thousand data points were acquired
using the data logger at a frequency of 2 Hz; afterward, the desired Ra was achieved by setting
various ranges of temperatures. The quantity of heat transferred from the hot to the cold vertical
wall of the cavity was controlled by regulating the water flow rate within the heat exchangers. As
a result, the volume flow rate must be changed to maintain a change in temperature of less than
1.5 °C between the outlet and inlet of the heat exchangers in order to avoid violating the assumption

that the temperature of the walls is constant.
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3.7. Experimental Data Reduction

Several crucial parameters, such as Ra, Nuay, hay, and Qav examined in this paper were estimated
utilizing the thermophysical properties, temperatures, and flow rates of the hybrid nanofluids and
base fluid. Eq (3.4) and Eqgs (3.5) - (3.7) are empirical and theoretical mixture correlations [139]
used to estimate specific heat, thermal expansion coefficient, and density of hybrid nanofluid,

respectively.

(kA1203 X anos + Knwent Xmwenr ) +2Kpp +

2 ((0 AhO3 kA/203 Xanos T PrvwentKnwent Xmwent )

—2¢,,,k
k hnp™bf
hnf _ (3.4)

Koy (kA/203 X abos T Knwent Xmwent ) +2kyp —

((DA/zog Kanos Xanos + PruwentKnwent Xmwent )

+®PhnpKos

Where X is the percentage weight of nanoparticles.

Phnf = Panos Pabog T Prvwent Pmwent T (1 ~ Ohnf )be (3.5)
(pﬂ)hnf = Panos (pﬂ)A/203 T Ovwent ('O'B)MWCNT + (1 ~ Ohnf )(Pﬂ)bf (3.6)
(PCp )y = P03 (PCo ) 1,0+ Prawent (PCo ) s + (1= 0hor (2, ), (3.7)

Using Eq (3.8), the heat transfer inside the square cavity subjected to the heating of its vertical

walls was evaluated.
Q=mC,AT (3.8)

The heat transfer coefficient, Rayleigh, and Nusselt numbers of the free convection of water and
hybrid nanofluid in the square cavity were estimated using Egs (3.9) - (3.11). Through advection,

radiation, and conduction, the transferred heat between the cold and hot walls occurs. However,
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due to the slight change in temperature between the cold and hot walls, a fraction of the heat

transfer as a result of conduction and radiation is insignificant.

Q

-4 (3.9)
AT, -T.)
2 3
Ra — g/B(Th — Tclzp Cch (310)
y7;
Nu — : L (3.11)
eff

Where k is the effective thermal conductivity, h is the heat transfer coefficient, and L. is the
characteristics length, which is the distance between the square cavity's hot and cold walls. All the
fluid's properties were estimated at an average temperature of the cold and hot walls, as shown in
Eq (3.12).

T, =-—l—¢ (3.12)

3.8. Experimental Validation

In order for the experimental results of the setup to be validated, the Nu of the square cavity filled
with water was investigated as a function of Ra obtained using empirical models in the literature,
which was aided by fixing various temperatures at the heat exchangers. It is essential that the water
flow rate from the isothermal baths be adjusted in such a way that the changes in temperature in

between the heat exchangers inlet and outlet are not beyond 1 °C.

The proposed models of Berkovsky and Polevikov [132], Cioni, et al. [133], and Leong, et al.
[134] to predict Nu of water inside a cavity are presented as Eqs (3.13) [132], (3.14) [133], and
(3.15) [134].
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P 0.29
Nu = O.18x[—r)Raj

(0.2+Pr
(Pr<10°; Ra <10') (3.13)
where
Pr:’u—c
k

Nu = 0.145xRg**?

3.14
(3.7x108£RaS7x109) (3.14)

Nu =0.08461xRa%3125 (104 <Ra < 108) (3.15)

3.9.  Uncertainty Analysis

The uncertainty analysis of the Al,O:—-MWCNT water hybrid nanofluid's natural convection
performance in the cavity was conducted to show the reliability and estimate the error associated
with the experimental data. Kline [140] and Moffat [141] methods, commonly reported amongst
researchers, were utilised to evaluate the uncertainty of the obtained data. The primary sources of
errors and inaccuracies were the measurements of temperatures and flow rates taken and were
analysed using Eqgs. (3.16)- (3.18).

1
sa ..V ( aa > (ea _ V% (eq _ VP
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3.10. Conclusion

The safety measures taken during the investigation to avoid inhalation, dermal contact, or ingestion
of nanoparticles were discussed in this chapter because nanoparticles have been tested for potential
adverse effects on the health of humans for almost two decades. Nevertheless, the knowledge of
the toxicology of nanomaterials is still incomplete [142]. More so, there is presently no medical
monitoring known to be relevant specifically for nanomaterials [137].

The description of the equipment used in this study to characterize the hybrid nanofluid was
provided. A square cavity with AR=1 was used as the experimental apparatus. The cavity has two
walls that are vertical and act like shell and tube counterflow heat exchangers. Two constant
temperature thermal baths were used to control the temperature of the cavity's cold and hot walls.
The validation of the experimental results and data reduction were also reviewed. Lastly, in this
chapter, the uncertainty analysis for the convective heat transfer experiments was described.
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CHAPTER 4

RESULTS: HYBRID NANOFLUID AND NATURAL
CONVECTION

4.1. Introduction

Advanced technologies are constrained by thermal management, especially in confined volumes,
such as MEMS and electronic cooling. Although it is possible to improve thermal management by
using natural convection, the problem is that it has a low heat transfer coefficient. However, with
the use of an innovative colloidal engineered kind of fluid, known as hybrid nanofluids, it is
possible to improve the convective heat transfer coefficient of traditional fluids filled in cavities.

In this chapter, Al,0s—MWCNT/DI water hybrid nanofluids preparation is first studied in detail.
Information about its morphology was offered by TEM images. Viscosity stability tests and visual
observations were done for stability evaluation. Then the natural convection of the dispersed two-

step Al,O:—-MWCNT/water hybrid nanofluid was studied experimentally.

A square cavity comprising of two opposite vertical walls, with the remaining walls well insulated,
was utilised to study the natural convection in hybrid nanofluids. Two constant temperature baths
were used to control or regulate the cavity’s constant wall temperature in order for the temperature
changes to provide the desired Ra of 2.81 x 108 to 8.58 x 108. Al,Os—MWCNT/water hybrid
nanofluids volume concentrations of 0.00, 0.05, 0.10, 0.15, and 0.20% were formulated to study
the influence of nanoparticles volume concentrations on hybrid nanofluids convective heat transfer
coefficient. The temperature distribution of the hybrid nanofluids is presented at various Ra and
volume concentrations. Finally, in order to demonstrate the reliability of the experimental data, an

uncertainty analysis was conducted.

4.2. Hybrid Nanofluid Characterization and Stability

4.2.1. Transmission Electron Microscopy

The size of the particles and Al,O>-MWCNT/water hybrid nanofluids for 10:90 weight at 0.10
vol% morphology was monitored using transmission electron microscopy (TEM). The
nanoparticles' aggregation within the hybrid nanofluids was examined directly using TEM. The

spherical-shaped Al,O3 and cylindrical-shaped MWCNT were found to be suspended uniformly
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in the base fluid as shown in Figure 4.1, and these shapes agreed with those of previous studies [5,
15, 142]. The TEM image for the hybrid nanofluids is presented in Figure 4.1. At the 200 nm
nanoscale, it was spotted by TEM that the Al>O3 nanoparticles had an approximate size of 14 nm,

whereas MWCNT nanoparticles had outside diameters of an approximate size of 11 nm.

Figure 4.1: A TEM image of Al,03-MWCNT (10:90)/water hybrid nanofluid at 0.10 vol%

4.2.2. Viscosity Stability

After the hybrid nanofluids were prepared, a small sample volume of Al,O3-MWCNT/water
hybrid nanofluids (0.10 vol%) was taken to measure its viscosity experimentally at a constant
temperature of 20 °C. Figure 4.2 illustrates the viscosity of the hybrid nanofluid with respect to
time. It was noted that the viscosity of the hybrid nanofluid with a volume concentration of 0.10

vol% was 1.22 mPa.s at 20 °C and remained constant. The viscosity stability test indicated that the
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stability of the formulated hybrid nanofluid is good and remained stable for up to 24 h. Even though
the hybrid nanofluid prepared was stable for up to 24 h, the convective heat transfer tests were

completed within 7 h from the time it was formulated.
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Figure 4.2: Viscosity stability test of Al,Os-MWCNT/water hybrid nanofluid at 0.10 vol%

4.2.3. Visual Observation

The visual method was employed to examine the hybrid nanofluid samples' stability. Small
samples of Al,03- MWCNT (10:90)/DI water hybrid nanofluid at different ¢ ranging from 0.05 —
0.20 vol% were in visible plastic containers. The samples were studied using the visual technique

for two months.
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Figure 4.3 (a) shows the picture of the hybrid nanofluid samples after preparation. According to
Figure 4.3 (b), the visual technique demonstrated no signs of sedimentation of the hybrid

nanofluids after two months.

Figure 4.3: Visual stability of the hybrid nanofluids samples (a) after preparation (b) 60 days
later

The fluids were visually stable over 60 days of observation since no sedimentation took place, and

the colours and composition appeared constant over the said period.
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4.3. The Viscosity of Hybrid Nanofluid
The measured viscosity of DI water was compared with Eq (4.1) obtained from the literature as a
function of temperature [143], shown in Figure 4.4.

1
© 557.82468 +19.408782T +0.1360459T2 —3.1160832x 10 * T3 4.1)

(0°C <T<150°C)

Both data agreed with one another with a percentage error of 0.415% with an average deviation of

1.556%, which shows that the results are reliable.
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Figure 4.4: Comparison of measured and empirical viscosity values of DI water
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According to literature, as nanoparticles are dispersed in a fluid, the viscosity increases [144].
Therefore, an analysis of viscous forces is conducted to determine their effect on natural
convection. Figure 4.5 illustrates the relative viscosity of Al.Oz - MWCNT (10:90)/water
nanofluids samples as a function of volumetric nanoparticle concentration and temperature using
Eq (4.2).

H,o =1.09055-1.66x10>T +1.0855¢

4.2)
(15°C <T <60°C; 0.025v0l% < ¢ <0.2vol%)

The relative viscosity of DI water was noted to rise as the Al.Oz and MWCNT hybrid nanoparticles
were suspended in the base fluid due to a higher density of the hybrid nanoparticles compared to
the base fluid. Therefore, increasing the hybrid nanofluid volume concentration from 0.05 to 0.20
vol% improved DI water viscosity. More so, the rise in volumetric nanoparticle concentration
increased the hybrid nanofluid's relative viscosity as a result of the agglomeration of nanoparticles

in suspension at higher concentrations.
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Figure 4.5: Relative viscosity of Al2,03-MWCNT (10:90)/water nanofluids samples
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A temperature rise was found to attenuate the viscosity of DI water and Al,03z- MWCNT (10:90)
hybrid nanofluids. This is because the effect of temperature on viscosities is connected to the
declination of the interparticle and intermolecular adhesion forces. The molecules' kinetic energy
increases as the temperature of nanofluids increases, and the length of time they remain in contact
with their nearest particles decreases. Therefore, an increase in temperature leads to a decrease in
the average intermolecular forces and viscosity reduction. The combined effect of the volume
concentration and temperature for Al,Oz - MWCNT (10:90) hybrid nanofluids was noticed to
enhance the relative viscosity of DI water by 5.093% to 21.547%. In relation to the base fluid, a
maximum increase of 21.547% was attained for Al,03- MWCNT (10:90)/water hybrid nanofluid
at 0.20 vol% and 50 °C. Observations on the relationship between viscosity and temperature are
in agreement with literature [15, 52, 85, 93, 100, 142, 145, 146].

4.4. Cavity Validation

In order to validate the experimental results of the setup, the Nuay data of DI water achieved in this
experiment were evaluated with the Nusselt number data estimated from the existing empirical
model, which was proposed by Berkovsky and Polevikov [132] and Cioni, et al. [133]. The
validation of the cavity using DI water as the base fluid is illustrated in Figure 4.6. The graph
depicts that at Ra, ranging from 3.336 x 10° to 8.579 x 108, the Nuay of DI water was 63.411 to
104.949. There was a noticeable difference between experimental and model data. The analysis
revealed that this study’s experimental data were significantly greater than the models predicted,
which illustrates that the models underestimated the experimental data. Furthermore, the lack of
ability of these models to predict experimental Nuay data for the DI water-based fluid is consistent
and agrees with previous research findings [15].

4.5. The Effect of Hybrid Nanofluid Volume Concentrations on h

According to literature, the hybrid nanoparticle volume concentration is a significant factor
affecting the heat transfer coefficient of hybrid nanofluids [147]. However, researchers have
reported contradictory findings regarding the influence and impact of hybrid nanofluid volume
concentration on nanofluids' h in natural convection. Therefore, the experimental investigation of
the natural convection of Al,Oz- MWCNT (10:90) hybrid nanofluids for volume concentrations
of 0.00, 0.05, 0.10, 0.15, and 0.20 vol% and Ra ranging from 2.81 x 108 to 8.58 x 10° were
performed in a differentially heated cavity at various AT (20.30,40 and 50 °C).
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Figure 4.6: Cavity validation of DI water

The dependence of hay on the volume concentration of AlO3-MWCNT (10:90) hybrid
nanoparticles at different temperature changes is presented in Figure 4.7. The suspension of
alumina and MWCNT nanoparticles into DI water enhanced the natural convection heat transfer
coefficient of DI water for some of the Al,03-MWCNT (10:90) hybrid nanofluid samples. The
peak hay of 932.63 W/m?K was observed with 0.10 vol% at AT of 50 °C. The graph also shows that
as the volume fraction increases from 0.00 to 0.20 vol%, hay was enhanced. However, hay

deteriorated beyond 0.20 vol% according to the trendline.

The use of Al,O3-MWCNT (10:90) hybrid nanofluids in the cavity led to augmentations of hay by
27.703% (0.05 vol%), 43.98% (0.10 vol%), 42.74% (0.15 vol%), and 22.58% (0.20 vol%) at AT

of 50 °C compared to hay Oof DI water. This could be related to the thermophysical properties such
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as viscosity, which was enhanced at this concentration, leading to an attenuation of convective

heat transfer inside the cavity and eventually resulting in a low heat transfer coefficient.
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Figure 4.7: The effect of ¢ of Al203- MWCNT (10:90) /water hybrid nanofluid on the natural
convection heat transfer coefficient

In Figure 4.7, it was also observed that a rise in AT led to an increase in hay for all the tested
samples. For instance, a maximum augment of 32.8% between AT of 20 °C and 50 °C at 0.10 vol%
was recorded. The observations regarding the relationship between heat transfer coefficient and

volume concentration at varying AT were found to be consistent with the literature [15, 135].

4.6. The Effect of Hybrid Nanofluid Volume Concentrations on Ra and Nu
In order to facilitate comparisons with prior natural convection studies of hybrid nanofluids, the

natural convection heat transfer variables of nanofluids are showcased non-dimensionally as Ra
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and Nu. The effect of the hybrid nanofluid concentrations of 0.00 to 0.20 vol% and Ra ranging
from 2.629 x 108 to 8.086 x 108 on Nuay was studied and plotted in Figure 4.8.
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Figure 4.8: The effect of Ra and ¢ of Al;03-MWCNT (10:90) hybrid nanofluids on Nuay

Nuav increased as Ra and AT increased for both Al2Os - MWCNT (10:90) hybrid nanofluids
samples and base fluid at different ¢ as illustrated in Figure 4.8 and Figure 4.9. However, at the
same Ra, increasing the ¢ of hybrid nanofluids from 0.05 to 0.20 vol% resulted in a 10.85%
reduction of Nuav. Even though the increase in ¢ augmented the thermal conductivity and viscosity

of the hybrid nanofluids, as shown in Figure 4.5 and Figure 4.10, respectively, Ra diminished.

Furthermore, the hybrid nanoparticle volume concentration also affects Ra in a way that, when the
heated and cooled walls are heated to the same temperature, Ra falls with an increasing

concentration of hybrid nanofluids. This is illustrated in Figure 4.11. For instance, when the
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volume fraction increased from 0.00 to 0.20 vol% at AT of 50°C, the Ra value decreased by
23.12%.
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Figure 4.9: The effect of ¢ and AT of Al,Oz- MWCNT (10:90) hybrid nanofluids on Nuay

According to Eq (4.3), it is clear that Ra reduces when both the thermal conductivity and viscosity
of the hybrid nanofluid increases compared to the rest of the thermophysical properties. All
observations were found to be consistent with literature [8, 148].
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Figure 4.10: Thermal conductivity of Al203- MWCNT (10:90) hybrid nanofluids samples
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4.7. The Effect of Hybrid Nanofluid Volume Concentrations on Q

Figure 4.12 demonstrates the Qav of the square cavity as a function of ¢ at different temperature
changes. It is evident from the figure shown that Qay is enhanced at a rise in AT from 20 to 50 °C.
In response to an increase in temperature change in the square cavity, the working fluid viscosity

decreases, causing more buoyancy and fluid flow, thereby improving the heat transfer capacity.

It was observed that an increment in volume concentration from 0.00 to 0.20 vol% caused both
augmentation and reduction of Qav. This is because Qay increased when the volume concentration
was lesser than 0.20 vol%, and Qav decreased when the volume concentration was greater than
0.20 vol%. Based on the trends from the data points, it is evident that there is a peak in all
temperature differences. Maximum Qav was achieved at ¢ = 0.10 vol% with AT =50 °C, which
agrees with the previous experimental investigation on cavity flows for other nanofluids and hybrid
nanofluids [15, 78, 129]. However, different hybrid nanofluids transfer heat to different extents in

the same cavity, depending on their concentrations.
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Figure 4.12: Relationship between Qayand ¢ for Al,Oz- MWCNT (10:90) hybrid nanofluids
samples at AT
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The highest enhancements of 30.42%, 49.27%, 45.53% and 36.4% were noted for volume
concentrations 0.05, 0.10, 0.15 and 0.20 vol% respectively in comparison with DI water. Figure

4.13 demonstrates the variation in heat transfer with the variations of AT.
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Figure 4.13: Effect of AT of the cavity on heat transfer

Figure 4.13 shows that the cavity's heat transfer varies linearly with AT for all volume
concentrations of Al,Os—MWCNT (10:90) hybrid nanofluids. Based on the interaction, it appears
that the transferred heat in the square cavity could be improved by increasing the change in
temperature in the cavity. Additionally, heat transfer is highest for all temperature differences

when 0.10 vol% hybrid nanofluid is tested in the cavity.
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4.8. Temperature Distribution
The natural convection heat transfer experiments were performed under thermal conditions that
were stable. Therefore, thermocouples at different points outside and within the cavity were

utilised to measure the temperatures, as shown in Figure 3.4.
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Figure 4.14: Cavity temperature profile for DI water and Al2O3 - MWCNT (10:90) /water
hybrid nanofluids samples at AT = 20 °C

In addition, the cavity’s mid-section temperatures from cold wall to hot wall are displayed in
Figure 4.14 to Figure 4.17 for Al,0s—MWCNT (10:90) hybrid nanofluids at different ¢ under
different AT. In general, it can be noted that the measured temperatures for thermocouples 2 - 7

remained relatively constant for all temperature changes.

The suspension of Al,Os—MWCNT (10:90) hybrid nanoparticles into DI water caused a slight
temperature reduction. As a result, the temperatures at the hot wall reduced, while the temperatures

at the cold wall increased for all temperature changes.
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hybrid nanofluids samples at AT =50 °C

4.9. Uncertainty Analysis

The uncertainty analysis of the Al,Os—-MWCNT water hybrid nanofluid's natural convection
performance in the cavity was carried out to show the reliability and estimate the error associated
with the experimental data. Kline [140] and Moffat [141] methods, commonly reported amongst
researchers, were utilised to evaluate the uncertainty of the obtained data. The primary causes of
inaccuracies and errors were the measurements of flow rates and temperatures taken and were
analysed utilizing Eq (3.14) - (3.16).

Table 4.1 presents the range, accuracy, precision, and bias (the two kinds of errors faced during
measurements are precision and bias) of the instruments used in this study. All uncertainties were
calculated within 95% confidence. Using Eq (3.14) - (3.16), the maximum uncertainty was
determined to be 3.817% for Q, 1.826% for Nu, and 1.968% for h. The complete uncertainty is
presented in Appendix C.
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Table 4.1: Accuracy of instruments used in this study

Instrument Range Accuracy

Weighing balance 10 mg-220¢g 0.001g

Thermal bath -30-150°C +0.005°C

Vernier calipers 0-20cm 0.02 mm

Thermocouple <150°C +0.1°C

Viscometer 0.3-10,000 mPa.s + 3%

Flowmeter 0.0666 — 0.3333 I/s + 0.01% of full- scale flow rate +

2% (measured flow)

4.10. Conclusion

The natural convection of Al,Oz-MWCNT (10:90) water-based hybrid nanofluid at various
volume concentrations were prepared and experimentally investigated in a square cavity at varied
temperatures. The hybrid nanoparticles were characterized using TEM. At 200 nm nanoscale,
TEM showed an approximate size of both nanoparticles, which differs from what was specified
by the manufacturer. The viscosity stability test indicated that the stability of the formulated hybrid
nanofluid is good and remained stable for up to 24 h. The image showed that both nanoparticles
were well suspended in DI water. The visual tests also confirmed the stability of all samples after
60 days.

The experimental measurements of DI water viscosity were compared with the theoretical model
obtained from the literature. The result showed that both data agreed with one another with a
percentage error of 0.415%. It was also noted that as the temperature rose, the viscosity of DI water
and Al20s—-MWCNT (10:90) hybrid nanofluids reduced. Before the experiments began, the square
cavity experimental results were validated as the Nuay data of DI water acquired in this research

were compared with the Nu data estimated from the existing empirical model proposed by
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Berkovsky and Polevikov [132] and Cioni, et al. [133]. From the analysis, it was noted that the
experimental data were significantly higher than the models predicted, illustrating that the models

underestimated the experimental data.

The thermo-convection performance of Al,Os—MWCNT (10:90)/DI water hybrid nanofluid in the
square cavity was evaluated using hav, Nuay, and Qayv. The experimental study was conducted for a
high Ra ranging from 2.81 x 10® to 8.58 x 10%. The hybrid nanofluid was prepared using a two-
step preparation method with the addition of SDS surfactant and was examined for a volume
concentration range of 0 to 0.20%. The suspension of Al,Oz and MWCNT nanoparticles into DI
water enhanced the natural convection heat transfer coefficient of DI water for some of the Al>Os-
MWCNT hybrid nanofluid samples. In the search for the optimal heat transfer coefficient at
various concentrations of the hybrid nanofluids, results showed that adding Al,O3-MWCNT
(10:90) hybrid nanoparticles enhanced hay by 43.98% (0.10 vol%) at AT of 50 °C compared to hay
of DI water. It was observed that an additional increase of the hybrid nanoparticles concentration

deteriorated h.

This study noted that Nuay improved with a rise in Ra for Al,0s—-MWCNT hybrid nanofluids
samples at different ¢ and the base fluid. However, at the same Ra, increasing the ¢ of hybrid
nanofluids from 0.05 to 0.20 vol% resulted in a 10.85% reduction of Nuay. In addition, the hybrid
nanofluid volume concentration also influences Ra such that as the exact temperature that is set
for the cooled and heated walls, Ra decreased as the hybrid nanofluid concentration increased. It
was also noticed that an increment in volume concentration resulted in both attenuation and
enhancement of Qay. Maximum Qay was achieved at 0.10 vol% with AT = 50 °C, which agrees
with previous experimental cavity flow works for other nanofluids and hybrid nanofluids. Finally,
the temperature profile of the cavity in this study and the uncertainty analysis for the parameters

Q, Nu, and h was presented in this chapter.
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CHAPTER 5

CONCLUSION AND RECOMMENDATION

5.1.  Summary

Nanofluids are special thermal fluids engineered due to the constraints inflicted by the thresholds
of the engineering application of conventional fluids, surface modification, and miniaturization as
methods used for the energy system's thermal management. Newly developed nanofluids, called
hybrid nanofluids, have been found to improve heat transfer characteristics. They possess better
thermal properties in comparison to conventional fluids and mono nanofluids, which improved

their convective heat transfer capability.

As a result of the vast engineering applications of thermo-convection, nanofluids are increasingly
being used in cavities of various types. A small number of experimental investigations were
conducted on the convective heat transfer performance of hybrid nanofluids in cavities compared
to numerical techniques. Various techniques have also been used besides hybrid nanofluids to
improve the natural convection heat transfer of nanofluids in cavities, including cavity inclination,
aspect ratio, magnetic stimuli, and green nanofluid. However, the number of experimental studies
involving hybrid nanofluids in enclosures that enhance thermo-convection heating is very limited
in the literature. Thus, this study focused primarily on it.

5.2.  Conclusion

In conclusion, a square cavity comprising of two opposite vertical walls, with the remaining walls
well insulated was utilised to study the natural convection in hybrid nanofluids. The heat transfer
performance of Al,0:—-MWCNT (10:90)/water hybrid nanofluids in an enclosure with an aspect
ratio of 1 was studied for various volume concentrations (¢ = 0.00, 0.05, 0.10, 0.15, and 0.20%).
Two constant temperature baths were used to control or regulate the cavity’s constant wall
temperature in order for the temperature changes to provide the desired Ra of 2.81 x 108 to 8.58
x 108,

According to the study's objectives, Al,O:—MWCNT/water hybrid nanofluid was formulated using
the two-step preparation technique. The hybrid nanofluid was prepared at a percentage weight ratio
of 10:90 (Al,O3: MWCNT) for 0.05, 0.10, 0.15, and 0.20 vol% volume concentrations. The
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mixture of hybrid nanoparticles, SDS at 0.8 dispersion fraction, and 1.4L of DI water was stirred
for 30 minutes using a magnetic stirrer to achieve uniform suspensions. It was then followed by
homogenization to achieve good suspension of the hybrid nanoparticles in DI water. The stability
of the prepared hybrid nanofluid was verified using the viscosity test and visual inspection
technique. Results showed that the formulated hybrid nanofluid appeared stable for 24 h and even
after 60 days consecutively. The TEM characterisation of Al,Os—-MWCNT hybrid nanofluid at
0.10 vol% revealed good suspension into the DI water-base fluid. TEM images showed the shapes
of both nanoparticles; Al,Oz is spherical-shaped while MWCNT is shaped cylindrically.

Secondly, the effect of hybrid nanofluid volume concentration on h, Nu, and Q was investigated
at various temperature changes. For hay, the maximum augmentation of 43.78% occurred at a
volume concentration of 0.10 vol% at AT of 50 °C compared to hay of DI water. It was also noted
that an increase in AT led to an increase in hay for all the tested samples. Nuay enhanced with a rise
in Ra for Al,O:-MWCNT (10:90) hybrid nanofluids samples at different ¢ and base fluid. A
maximum Qay 0f 49.27% was accomplished at ¢ = 0.10 vol% with AT = 50 °C compared to DI
water. However, different hybrid nanofluids transfer heat to different extents in the same cavity,
depending on their concentrations. Garbadeen [149] experimentally examined the natural
convection of MWCNT-water nanofluids in a square cavity. The researcher reported a 42%
maximum augmentation in heat transfer performance at a volume concentration of 0.10%. In this
present study, the mixture of Al.03 and MWCNT (10:90) showed a 7.27% increase compared to
the mono nanoparticles (MWCNT) at the same volume concentration (¢ = 0.10 vol%) reported by
the researcher. It is evident that hybrid nanofluids have an advantage over single nanoparticle
nanofluids. The temperature distribution of hybrid nanofluids was presented at several Ra and
volume concentrations. Furthermore, in order to demonstrate the reliability of the experimental
data, uncertainty analysis was conducted. Finally, it can be concluded that hybrid nanofluids as

heat transfer fluids have significantly enhanced heat transfer performance compared to DI water.
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5.3.  Recommendation

The following further research is recommended:

e Since cavity inclination, magnetic stimuli, porosity, and aspect ratio are methods used for
improving the natural convection heat transfer in cavities. It is vital to study the effects of the
aforementioned methods in cavities utilizing hybrid nanofluids.

e To experimentally examine the influence of hybrid nanoparticle shapes and sizes on the
convective heat transfer coefficient.

e In the near future, utilizing green nanofluids and green hybrid nanofluids for thermo-
convection is expected due to the limited number of studies conducted with green nanofluids.

e There are relatively few experimental heat transfer studies of natural convection of hybrid
nanofluids in several shapes of cavities like triangles and cylinders, and these studies need to

be done.
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APPENDICES

APPENDIX A: WEIGHTS OF NPS AND SURFACTANTS

A.1 Introduction
This part of the appendix provides the estimation of the amounts of surfactants and nanoparticles
utilised for the preparation of Al,0s—-MWCNT (10:90) hybrid nanofluids.

A.2 Calculation of weights of HNPs and Surfactants
Nanoparticles of Al.O3 and MWCNT at percentage weigh of 10% and 90%, respectively, were
dispersed in DI water of 1.4L to prepare Al.Os—MWCNT/water hybrid nanofluids using 0.8 SDS

surfactant dispersion fraction.

In order to calculate the approximate value of the weight of Al.O3 and MWCNT nanoparticles as
a function of volume concentrations of 0.05 — 0.20 vol%, as presented in Table A.1, Eq (3.1) was
used. Additionally, the SDS weights were determined using Eq (3.2) which depended on the

volume concentration.

Table A.1: Weights (g) of NPs and surfactant (SDS) engaged in the preparation of Al,Os-
MWCNT hybrid nanofluids

P Al20s MWCNT SDS Total
0.05 0.1608 1.6075 1.4146 3.1829
0.1 0.3199 3.1998 2.8158 6.3355
0.15 0.4876 4.8761 4.2910 9.6547
0.2 0.6493 6.4932 5.7140 12.8565

A.3 Conclusion

In this section, the weights of surfactants and nanoparticles used to formulate this study’s Al.Oz—
MWCNT (10:90) hybrid nanofluids were estimated and presented. The weights presented were
found to be primarily dependent on the density and percentage weight of the different
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nanoparticles. In addition, the overall weights of hybrid nanoparticles and surfactants relied on the

volume concentration of Al,0s—MWCNT hybrid nanofluids to be formulated.
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APPENDIX B: THERMOCOUPLES CALIBRATION

B.1 Introduction
This chapter discusses the thermocouples calibration utilised in the square cavity for the natural
convection heat transfer analysis of Al,Os-MWCNT (10:90) hybrid nanofluid. This chapter also

presents the calibration factors for each thermocouple.

B.2 Thermocouples Calibration

The calibration of the thermocouples was carried out using the thermal bath (PR20R-30
Polyscience; accuracy = £0.005 °C). The ranges of temperature from 15 to 65 °C with 5 °C
intervals were selected. At first, 400 points of temperature measurements were obtained at the
desired temperature set using a data logger at a 2 Hz frequency. This procedure was then repeated

up to three times.

The average measured temperature obtained was then plotted against the reference temperatures
utilizing PT-100 (the thermal bath internal thermocouple) for all the T-type thermocouples within
and outside the cavity and is presented in Figure B.1. Finally, a linear curve was fitted in order to

obtain the calibration factors using Eq B.1.

T

cal :mTu +C (B.1)

ncali

In order to minimise error, the averaged m and ¢ were used as the calibration factors for the
thermocouples. Figure B.1 depicts a linear relationship with R? =1 between the measured and
reference temperatures. It indicates a great relationship between the two variables demonstrating

outstanding behaviour of the thermocouples in the measurement of the reference temperature.
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B.3 Conclusion

In conclusion, the thermocouples calibration was carried out and presented in this section. The
calibrations on the thermocouples were carried out based on the range of temperatures 15 to 60 °C
using a thermal bath with an accuracy of £ 0.005 °C. There were observations of linear
relationships between the thermocouple's measured temperature and reference temperature. It was

noted that the average standard deviation of the thermocouples was 0.0334 °C.
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APPENDIX C: UNCERTAINTY ANALYSIS

C.1 Introduction

It is necessary to describe inaccuracies in measurements since no measurement is perfect [150].
This experimental study involves many measurements. Therefore, there is a need to present the
possibility of an error value for the measured value, which diverges from the undetermined true
value. This chapter outlines the instruments’ accuracy used to study the heat transfer coefficient
of hybrid nanofluids in natural convection. An in-depth study was conducted to examine the
uncertainty of the measurements obtained from the experiments, which were used for estimating

the error of the calculated parameters such as h, Ra, and Nu.

C.2 Theory of Uncertainty Analysis

There are two components to the uncertainty analysis: systematic error, also known as bias, and
random error, also known as precision [8]. The error attributed to the accuracy of the measurement
is known as bias, and these measurements are usually specified by the instrument manufacturer.
Errors such as these are often the result of inaccurate measuring equipment or calibration. Precision
errors, on the other hand, occur as a result of random fluctuations when many repetitive
measurements of the same physical quantity are made. The cause of this sort of error can be a

measurement variation process or electrical noise.

The level of bias and precision errors relates to a probability of 95%, in which the estimated error
is smaller than the actual error. The uncertainty has to do with bias and precision for a single

measurement. Uncertainty is expressed in Eq (C.1) [8].

1

5x; =|(b” +p7) (C.1)

Where 6x, is the standard deviation multiplied by the student's t-variable, and x; is a single
measurement. On the other hand, the measurement of R depends on many parameters and can be

estimated using a set of equations, as shown in Eq (C.2) [141].
R:R(xl,xz,x3,x4,...,xn) (C.2)

The uncertainty of the measurements of R can be evaluated, as expressed in Eq (C.3) since the

uncertainties of x; identified [141].
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OR = a—R5Xi (C.3)

OX;

Where the partial differential uncertainty coefficient (6R) is the sensitivity coefficient for
estimating the outcome of x; on the uncertainty in general. By utilizing the root sum square
technique, the estimate of the uncertainty of the numerous independent parameters could be
archived using Eq (C.4) [141].

R .Y :
SR = 271[&&’) (C.4)

C.3 Instruments

Flow meters, fluid volume, the mass of nanoparticles and thermocouples are the primary cause of
error in this experiment. For each instrument, a manufacturer's specification for accuracy has been
used as a bias. By taking 1000 samples which were acquired through the data logger, the precision
of the apparatus was obtained, and the average standard deviation was calculated; this was then
multiplied by two to fall into the 95% confidence region. The range and uncertainty of the
instruments used in this research are presented in Table C.1.

C.3.1 Thermocouples

The thermocouples calibrations were discussed exhaustively in B.2. The thermocouples and
thermal bath accuracy were specified as 0.1 °C and +0.005 °C, respectively. The calculation of the
precision was done by multiplying the student's t-value with the average standard deviation of the
temperatures acquired from the data logger. The uncertainty was therefore evaluated using Eq

(C.1). The results showed that the average uncertainty of the thermocouples was + 0.12°C.

C.3.2 Flow meter

The flow meters used in this study had an accuracy of +0.01% of full-scale flow rate + 2%
(measured value), which were used as the bias. The calculation of the precision was done by
multiplying the student's t-value with the average standard deviation of the temperatures acquired

from the data logger. The uncertainty was then evaluated using Eq (C.1).
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C.3.3 Weighing balance

The accuracy of the digital weighing balance provided by the manufacturer was 0.001 g, which
was used as the bias. The average standard deviation of the hybrid nanoparticle weights for the
prepared hybrid nanofluids was acquired and used as the precision. It was then multiplied by the

student's t-value. The uncertainty was then estimated using Eq (C.1).

C.3.4 Viscometer

The provided viscometer accuracy was used as the bias. The average standard deviation of the
measured viscosity of the hybrid nanofluid was then multiplied by the student's t-value. The
uncertainty was therefore evaluated using Eq (C.1).

Table C.1: Independent reading error in apparatus

Instrument Symbols Range Uncertainty
Thermocouple 6T <150°C +0.12°C
Weighing balance om,, 10mg-220¢g +0.0001g
Viscometer ou 0.3-10,000 mPa.s +3%
Length 6l 0.02 mm 10.02 mm
Flow meter om 0.0666 — 0.3333 I/s +2.01%

C.4 Parameters

C.4.1 Temperatures

With the uncertainty of the thermocouples known, the uncertainty associated with temperature
measurements within and without a cavity was determined. The temperature uncertainty of water
flowing in and out of the thermal baths was assumed to be equal for adiabatic conduction with

close to absolute insulation. It is expressed by Eq (C.5).

oT. =0T (C.5)
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The uncertainties of the temperature of the cold and hot sides of the square cavity were estimated
using Eq (C.6) and (C.7). Where T is the absolute temperature used in the correlations to determine

other properties' uncertainty.

ST, = g\/(arc'l ) +(67e,) +(oTes) (C.6)
5T, %J((srm Y+ (5T, ) +(6T,s ) )
C.4.2 Cavity area

The uncertainty of the square cavity area was estimated using Eq (C.8)

2 2
5A= (8—Aawj +(8—A5Hj
ow OH

oW =0H =0l

(C.8)

C.4.3 Thermophysical properties
In order to estimate the uncertainty of viscosity and thermal conductivity of the base fluid, Eqs
(C.9) — (C.10) representing the correlation used to obtain the experimental data of the base fluid

viscosity and thermal conductivity were used.

1
Hof = 2 4 _ .3 (C.9)
557.82468 + (19.408782 x T) +(0.1360459 x T?) — (3.1160832x 10”~* x T*)
Koy = 0.5636 +(0.001946 x T) —(0.000008151 x T2) (C.10)

The empirical formula used for the uncertainty of other thermal properties for the base fluid is
expressed in Eq (C.11) — (C.13).

Prr =999.79684 + (0.068317355% T)—(0.010740248 x T?) +(0.00082140905 x T*) (C.11)

—(2.3030988x 10> xT3)
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B (0.000000841 x T3) —(0.000155704 x T )+(0.015892349x T)—0.055807193
bf =
1000

(C.12)

C,pr =((4.214—(0.002286 x T) +(0.00004991 x T*) — (0.0000004519 x T*) €13

+(0.000000001857 x T*)) x 1000

The uncertainties of k, p, 8, and Cp of the base fluid were estimated using Eq (C.14) - (C.17),

respectively.
2
Skyy = aki&T (C.14)
oT
0Py ’
0Py =,|| ——0OT C.15
bt [ pre } (C.15)
ey -\
op,; =,|| ——oT C.16
Dot ( o7 J (C.16)
aC, e YV
5Cp iy = \/(#f 5Tj (C.17)

Using Eq (C.18) for volume concentration, which is a simpler form of Eq (3.1), the uncertainty

of the volume concentration was estimated using Eq (C.19)

mhnp

v P

p=—"e . Thn (C.18)
Vinp *Ves  Mhnp + Vs
phnp
0 ’ 0 ’
op = 4 om + —¢5v (C.19)
P hnp bf
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0 PhnpV. 0 —PhnpM
Where 3 ¢ _ hp” bf > and p 9 _ hnphnp >
m v
hnp (mhnp + /Ohnpvbf) bf (mhnp + phnpvbf)

Empirical models for pnnt, Cp-nnf, and Sinf as expressed using Eqgs (C.20) — (C.22), respectively.

phnf: (1 - (Dhnf )pbf + ((op)MWCNT + ((op)AIZO3 (CZO)

(1 — Onng )(Pcp ) b T Prvwent (PCp )MWCNT T Pano, (PC p ) AhOs

phnf

Cp—hnf = (C.21)

(1 = Phnf )(,oﬂ )bf + Pawent (P )ywenr Pai,0 (0B )A/203
:Bhnf = P (€22)
n

The uncertainties of pnnt, Cp-nnf, and Snnt Were estimated using Eq (C.23) — (C.25), respectively.

2
OPhng jz OPhny
OPpnf = op | + op, (C.23)
nnf \/[ op alobf o
0 0
Where phnf - hnp - pbf Clnd phnf = 1 -
op 0Py

2 2 2
oc,,. Y (ec,,, oc, oc,
5Cp—hnf = (p—hf5¢j +(p—hf§pbfj +(p—hfé‘cp_bf] +( p—hnf 5phnfj (C24)
op 8pbf oC b aph,,f

OCp hnf _ o)y 3y _(1=0)Cosy oy _(1-0) Py

op Phnf a,Obf Phnf aCp—bf Phnf

Where

an—hnf _ _((1 - ¢)(lOCIO )bf + ('OCP )hnp)
a,Ohnf (phnf )2

and
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2 2 2
B . (0B OBm B,
Phnf = \/( ahf 5¢j +(6phf 5pbfj +(#5ﬁbf + #5/)/1”]; (C.25)
bf hnf

Where _ _('O'B)bf ’ a,Bhnf _ (1_¢):Bbf ’ aﬂhnf :(1—€0)be ’

op Phnf a,Obf Phnf aﬂbf Phnf

J OBy _ _((1_¢)(pﬁ)bf +(pﬁ)hnp)
&Ohnf (phnf )2

an

C.4.4 Heat transfer
The estimation of the uncertainty of Q is described in Eq (C.26).

1
oq ..V ( aa *(oa .V (e YTV
oQ= (—5mj + —5Cp_bf +| —oT, | +| —T; (C.26)
om OCp_pf oTy T,
oQ 0Q . oQ .
Wh —=C, /AT, =mAT,and ——=mC,_
T om P b oAT P
C.4.5 Nusselt number
The estimation of the uncertainty of Nu is described in Eq (C.27).
1
oNu . Y (oN ' (an 22
SNu = (—“5/7) +(—U5Lcj +£—“5keffj (C.27)
oh oL, OK ¢

ONu L. ONu_h nd ONu _ —hL

Where E—k - E— kz

’ )

oL,k
C.4.6 Heat transfer coefficient

The estimation of the uncertainty of h is described in Eq (C.28).
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N |-

2 2 2 2
oh= (@5Qj +(@5Aj + ﬁ5TH + 8_h57_c (C.28)
oQ OA oT, oT.
Where
oh 1 oh —Q oh —Q oh Q
—_—, —= = = > , and = >
oQ (T,-T.)A" oA (T,-T.)A* 0T, (T,-T.) A oT. (T,-T.) A

The uncertainties of thermophysical properties and parameters evaluated in this research are

provided in
Table C.2.

Table C.2: Uncertainties of the experiment due to propagated errors

Uncertainty Value
0Ty 5.774x107
Ol 3.464x1072

OA 2.715%10°
OKps 1.72x10™
OPps 3.781
Py 1.028x10°
OCy b 2 82x102
Oldpy 2.50x103
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Uncertainty Value
op 7.99%1072
OPhnf 1.020
5C . pos 3.332
5,Bhnf 8.20x10™*
oQ 1.365
ONu 2.004
oh 10.375

C.5 Conclusion
This section highlighted the theory and method of uncertainty. The instruments' accuracy and
precision were used for the uncertainty estimation, which is related to the parameters involved in

this investigation.
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