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No panorama industrial, as Ultimas décadas ficaram marcadas pelo aparecimento
do conceito de sustentabilidade, consequéncia da crescente escassez de recursos
e o desaparecimento de ecossistemas. Os resultados da poluicdo excessiva tém
sido notérios, como o buraco do ozono ou a intensificacdo de fendmenos
meteoroldgicos adversos comprovam. Cientes da aproximacdo a um ponto de
irreversibilidade, governos e industrias perseguem o objectivo comum de proteger
0 ambiente e racionalizar consumos energéticos, com vista a garantir a
sobrevivéncia das geracdes futuras. Permutadores de calor desempenham um
papel fundamental no aquecimento, arrefecimento e recuperacdo energética,
tendo também sido alvo da implementacéo de medidas que promovem o aumento
da sua eficiéncia com vista a contribuir para a sustentabilidade dos sistemas
térmicos nos quais operam. A principal limitagdo dos actuais permutadores é o
baixo desempenho calorifico dos fluidos operantes tipicamente empregues, como
oOleo, glicois ou 4gua. De forma a preencher esta lacuna, surgiram recentemente
os nanofluidos, suspensdes de nanoparticulas, possuidores de melhores
propriedades de transferéncia de calor, em fluidos comuns. Estes revelam
aumentos substanciais no desempenho, permitindo antever um aumento da
eficiéncia dos dispositivos quando aplicado. De momento, o desconhecimento dos
parametros mais influentes para a transferéncia anémala de calor, esta a restringir
a sua aplicabilidade industrial. Para o estudo da transferéncia de calor, por
conveccdo, de um nanofluido, composto por agua destilada e nanotubos de
carbono, um modelo numérico é proposto e validado com base em dados
experimentais. As propriedades mais relevantes dos fluidos em estudos desta
natureza, o coeficiente de conveccdo e o nimero de Nusselt, sdo obtidos através
da andlise ao escoamento no interior de um tubo aquecido (ac¢o inox). Os dados
obtidos para o nanofluido sdo posteriormente comparados aos valores
correspondentes para a agua destilada e as correlagbes tedricas comuns. Propde-
se, adicionalmente, o estudo e debate do contributo de alguns dos mecanismos
comuns a transferéncia de calor, por intermédio de testes paramétricos
individuais.
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In the industrial panorama, the last decades have been marked by the advent of
the concept of sustainability, consequence of growing resource scarcity and
ecosystem destruction. Excessive pollution has led to notorious concerns, such
as ozone layer depletion or severe climatic events. In order to guarantee the
safety of future generations, governments and industries share the common goal
of environment preservation and rational energy expenditure, before a point of no
return is reached. Heat exchangers perform an important role in heating, cooling
and heat recovery, having also been subjected to the implementation of
measures that promote efficiency in order to ultimately contribute to the
sustainability of the systems in which they operate. The main limitation of current
exchangers is the poor heat transfer behaviour of common operating fluids, such
as oil, glycols or water. In order to fulfil the requirement of improved fluid heat
transfer, the recent advent of nanofluids, high heat transfer nanoparticle
suspensions in base fluids, has taken place. These have displayed substantial
heat transfer performances, allowing to foresee increases in device efficiency
once applied. At present the mechanisms, responsible for the anomalous
enhancements, remain unknown, thus restricting industrial applicability. For the
convective heat transfer study of a nanofluid, with carbon nanotubes suspended
in deionized water, a numerical model is proposed and validated based on
experimental data. The relevant fluid properties used for such investigations, the
heat transfer coefficient and the Nusselt number, are obtained for fluid flow
through a heated tube (stainless steel). The acquired results for the nanofluid are
then compared to the matching data for deionized water and to common
theoretical correlations. Additionally, a study and debate concerning the
contribution of typical heat transfer mechanisms, evaluated individually under
parametric testing, is proposed.
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Chapter Guide

Chapter Guide

Chapter 1 — Introduction

The motivation for nanofluids and its connection to the main objectives for the current thesis are
outlined. Brief concepts and basic definitions are also discussed.

Chapter 2 — Literature Review

An investigation into the notion of sustainable development and its role in energy management is
conducted. Additionally, a comprehensive study of current heat exchanging technology and typical
operating fluids is proposed. Once an adequate understanding is established, one can proceed to
comprehend nanofluids and the important role they can play in improving heat exchanger
performance for sustainable development. This chapter posteriorly served as foundation for the
chapter of a book regarding carbon nanotube science.

Chapter 3 — Experimental Model

Dedicated to the presentation of the experimental setup employed by Silva (2010), which is the
foundation for numerical model development. Both the setup and the experimental procedure are
concisely explained, as well as other relevant factors.

Chapter 4 — Numerical Model

The parameters associated to the numerical model development are presented and thoroughly
discussed. Once accomplished, the model undertakes a validation procedure based on the
experimental data described in the previous chapter.

Chapter 5 — Heat Transfer Mechanism Analysis

Some possible heat transfer enhancement mechanisms of the nanofluid are submitted to
parametric testing in an attempt to gain some insight into the contribution of each. The obtained
data is compared to theoretical correlations and discussed, if such assumptions are conclusive.

Chapter 6 — Conclusions

Reserved for a critical debate of the current study, which includes an assessment of the used
software and a discussion on the suitability of nanofluid employment based on the obtained results.
Finally, a few thoughts on possible model developments, with a view to improve result accuracy,
are discussed.
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Chapter 1
Introduction

1.1. Nanofluid Motivation

Ever since the World Commission on Environment and Development (WCED) addressed
the issue, in June 1987, sustainable development has gained global awareness, leading
governments and businesses in most industrialized countries to commit to reorienting policies in
order to avoid the deterioration of natural resources and human environment. According to the
WCED the aim of sustainable development is to meet present needs without compromising the
future generations in meeting their own needs, essentially maintaining economic and social growth
without depleting the world’s natural resource supply and preserving its ecosystems. With the
purpose of achieving this, today’s engineers and scientists are challenged to develop innovative
products and services that minimize the use of resources whilst preventing the generation of
pollution throughout their life cycles.

For thermal systems, a major topic of sustainable development is rational energy
management. As a result of industrial development and population increase the global energy
demand continues to rise, despite limited resources, which has led to soaring prices and,
consequently, contributed to the current global economic crisis. The undergoing reform in the
energy sector is deemed critical for the future of sustainable development and measures, such as
environmental protection policies or higher levels of regulation, are in place. Improved energy
technologies and cleaner energy usage have become top priorities, the main focus being on the
maximization of overall system efficiency. Over the last decades steps have been taken in
reviewing and improving the existing technologies as well as developing new ones, for instance
renewable energies or improved means of energy transport. Despite this, energy-related
greenhouse gas emissions still account for around 70% of total emissions, including methane and
carbon dioxide, mainly produced by fossil fuel combustion (Bazmi et al. 2011). New challenges in
thermal system design are also thriving, sharing the common aim of gaining heat transfer
intensification at reduced energy loss.

In a wide variety of industries heat exchangers play a significant part in energy
conservation, conversion and recovery, as well as in system implementation for new technologies.
Besides construction simplicity and high efficiencies, that minimize production and operating costs,
they also allow process integration, enabling exchanges between processes, thus reducing energy
requirements. Additionally, they provide a significant contribution in environmental protection,
performing key roles in waste heat recovery and in pollution prevention/control systems, such as
systems that decrease air pollutant emissions or pollutants in wastewater discharges.

Over the years, improvements in material science have allowed for progressive component
downscaling in most industries. Heat exchanger design has evolved in the same manner, with the
development of increased transfer surface devices with reduced hydraulic diameters, leading to
higher system efficiencies when compared to older designs. Despite these successful
improvements, recent demands call for smaller size technologies and higher thermal load
interactions. The advent of micro-scale system components, allied to the growing concerns in
sustainable development, has pushed toward the requirement for augmented heat transfer
performances at reduced material and operating expenses. In order to achieve increased heat
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dissipation, one can apply either of two methods: passive and active techniques. More widely used,
active techniques bear the inconvenience of requiring external energy sources, adding higher
controllability and significant heat transfer intensification, as efficient heat pumps prove, leading to
faster heat transfer processes. Passive techniques, such as fluid property modification or heat
exchanging surface geometry enhancement, have more potential from a sustainable development
point of view.

At present, the main limitation of passive technique employment is the low heat exchange
performance of typical heat transfer fluids, the thermal conductivity of water being the highest, at
roughly 0.6 W/m K, supporting this notion. On the other end of the scale, many common metals or
metal oxides have thermal conductivities that are several orders higher. Therefore it is coherent to
assume that the addition of solid particles to a base liquid could increase its overall thermal
conductivity. This has been known ever since Maxwell first presented the idea of suspending
metallic particles in order to improve the heat transfer of fluids, in the latter 19" century. Since then,
numerous theoretical and experimental studies found that suspended mili- and micrometre sized
particles tend to agglomerate and settle down rapidly, which leads to channel clogging, rendering
them unfeasible for use in micro-channel flows. The high relative mass of the particles was also
noted to promote channel corrosion quite easily. It wasn’t until the advent of nanotechnology that
the opportunity to produce particles at a nano-scale presented itself.

As recently as 1995, Choi proposed the term nanofluid to designate the colloidal
suspension of nano-sized particles, in which one critical dimension is lower than 100 nm, in a base
fluid. According to Choi nanofluids constitute a new type of functional composite material,
developed with the distinctive purpose of enhancing the thermal performance of heat transfer
fluids, whilst offering a stable quasi-single phase arrangement. Presently, the most common
nanoparticles used for nanofluids have spherical or tubular geometries, carbon nanotube (CNT)
nanofluids exhibiting significantly higher heat transfer enhancements than spherical nanofluids,
which indicate that these will promote top efficiencies when used in heat exchanging devices.

1.2. Nanofluid Heat Transfer

Increases in heat transfer using nanofluids have indeed been found experimentally,
however the formulation of the mechanisms responsible for these increases is far from consensual.
Thorough experimentation with a vast variety of nanofluids has determined that the enhancement
of thermal conductivity is influenced by a variety of parameters, paving the way for the
development of several mathematical models. Despite this, the degree of dependence on each
parameter in the observed enhancements remains unknown.

In order to apply nanofluids in heat exchanging systems, a full knowledge of their
convective heat transfer behaviour is required. However, experimental studies in this area are still
scarce, far rarer is the available literature involving numerical models. Most of the studies employ
nanofluids in heated tubes, acting as heat exchangers between heating devices and fluids, with the
Nusselt number (Nu) typically characterizing their convective heat transfer capabilities, the majority
demonstrating a superior heat transfer performance of nanofluids when compared to their base
fluids alone. Still, consensual results are yet to be established, the same going for possible heat
transfer parameters responsible for such enhancements. At present, the lack of experimental and
numerical investigations into convective heat transfer is a significant factor that is limiting
application in industrial systems.
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1.3. Challenges for the Present Thesis

Despite the extensive research on nanofluids, a precise description of the experimentally
displayed anomalous heat transfer enhancements is still a paramount limitation. The uncertainties
surrounding the influence of several factors to the observed uncharacteristic heat transfer
enhancements remain a source of speculation amongst the scientific community. Additionally, most
existing studies are focused on nanofluid thermal conductivity, rather than the convective heat
transfer performance. In order to gain an adequate understanding of such fluid behaviours, Silva
(2010) developed a specialized facility for CNT nanofluid research at the University of Aveiro’s
Department of Mechanical Engineering. Here, preparation of a CNT/water nanofluid was carried
out, followed by experimental measurements of the fluid thermal conductivity, viscosity and
convective heat transfer. The resulting data was consequently employed to calculate the
convective heat transfer coefficient (h) and the Nusselt number (Nu), which displayed significant
enhancements over the corresponding values of the base fluid alone.

With the purpose of achieving a better understanding of the witnessed heat transfer
behaviours, the current thesis proposes a numerical approach to the forced convective heat
transfer setup of the experimental study of flow in a heated circular tube. Essentially, this involves
system modelling using Computational Fluid Dynamics (CFD) software, which is followed by model
validation using the experimental data observed by Silva (2010). The obtained numerical results
can then be analysed and compared to the matching experimental data, allowing conclusions
regarding possible heat transfer enhancements using nanofluids, as well as the legitimacy of the
experimental setup. Yet, the main advantage of a successful numerical model will be the possibility
of examining the individual contributions of select properties to the viewed global heat transfer
enhancements.

Nanofluid science is still at a premature stage of development, so obviously there is still no
dedicated simulation software or CFD software upgrade exclusively dedicated to nanofluids.
Therefore, the proposed numerical model can bear the inconvenience of existing uncontrollable
factors that may interfere with obtained results. Due to this, the modelling process is expected to be
a complex one and the validity of the results, at times, questionable. Hence, a critical stance must
be permanently preserved, quite especially when evaluating the roles played by the available
parameters in the increased heat transfer capabilities displayed by the nanofluids.

In order to correctly establish a numerical approach for nanofluid employment in heat
exchangers, a comprehensive understanding of heat exchanger technology, common operating
fluid properties and performed nanofluid studies is fundamental. This is proposed with Chapter 2,
an exhaustive, but required, critical literature review that also presents the concepts of
sustainability and nanofluid science, along with associated investigations. After an adequate
understanding is accomplished, Chapter 3 covers the essential topics regarding the experimental
setup, performed by Silva (2010), which serves as foundation for the numerical model, presented in
Chapter 4. In this chapter, special attention is paid to the modelling process that involves mesh
features and boundary condition definitions. Once the numerical model is deemed test-worthy
validation can be undertaken, taking in account the obtained experimental data. Consequent
comparisons between experimental, theoretical and numerical results are then established, after
which conclusions regarding model rationality can be made. To gain some insight into the influence
of a few mechanisms to the improved performance, results yielded through parametric property
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testing are described in Chapter 5. Finally, conclusions regarding the performed study, as well as
future model developments are reserved for Chapter 6.

6 Universidade de Aveiro



Chapter 2 - Literature review

Chapter 2

Literature Review

2.1. Sustainable Development

In order to fully understand the role that nanofluids can perform in reducing energy
dependence, an understanding of sustainable development, as well as energy usage and its
impact on the environment, bears relevance. A brief, historic review of the concepts of
sustainability and sustainable development is proposed, followed by a diminutive investigation into
the connection between energy management and its consequences to ecosystems. Here it is also
important to comprehend the changes that can be generally applied and the main guidelines
behind environmental policy moulding.

2.1.1. Definitions

The abundant resources available in the early stages of industrialization imposed a
development approach based on the concept that most resources would be unlimited. Over a
century has passed and, presently, risk of resource depletion is globally perceived. Ever since the
United Nations Plenary Meeting at its General Assembly in 1987, where the Brundtland
Commission on behalf of the World Commission on Environment and Development (WCED)
addressed the issue, sustainability has become an international effort, governments and
businesses in most industrialized countries have become committed to avoid the deterioration of
natural resources and human environment. The basic concept of sustainability is to meet the
present needs without conceding the capability of future generations in meeting their own needs,
i.e., without depleting the world’s natural resources. In order to achieve this, the Brundtland
Commission proposed several strategic requirements: stimulating growth, improving growth quality,
meeting essential human necessities, maintaining a supportable level of population, preserving
resource base, reorienting technologies and merging environment and economics in decision
making (WCED, 1987).

Based on this concept, the European Commission later defined sustainable development,
affiliating sustainability with environmental matters (EC, 1992). Sustainable development is
considered the most important reference for environmental policy, having significant effects on
policy modelling. Multiple directives aim to reduce the environmental impact of human activity, with
growing focus on the role of science in assisting the sensible management of the environment for
the survival and the future development of mankind (Afgan et al., 1998; Zaccai, 2012).

2.1.2. Energy and Environment

It is well-known that energy management plays an important role in sustainable
development. Energy resources are needed for collective development, but natural resource
scarcity and economic growth act in opposition to each other (Afgan et al., 1998). Over the last
decades, population growth and technological progress have directed the increase of energetic
requirements, also bearing the consequence of increased environmental problems which threaten
the future of manhood. Industry’s high dependence on burning fossil fuels is regarded the main
culprit of climate change and, quite expectedly, industrialized countries are primary contributors
toward global emissions (Omer, 2007).
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There is robust scientific evidence that the average temperature of the planet’s surface is
rising, a consequence of the increasing concentrations of greenhouse gases (especially CO,) in
the atmosphere. These proceed to trap heat radiated from the planet’s surface, thus increasing the
Earth’s surface temperature (Dincer, 1997). A predicted global temperature increase, of between
1.5 and 4.5°C, can lead to catastrophic environmental impacts, such as severe weather events,
sea level rise, floods or droughts (Omer, 2007).

Since the signing of the Kyoto Protocol in 1997, policies with a view to reducing emissions
and gaining awareness to fossil fuel dependence have emerged and are in place. The common
aim of such policies is to encourage and promote measures capable of enhancing long term
sustainability through technological improvement, decreased energy consumption and cleaner
energy source usage (renewable energies), thus decreasing the influence of the bond shared by
productivity and resource depletion. Energy usage can be reduced by minimizing demand,
employing rational management or recovering heat (Omer, 2007). Although pollutant reductions
have been observed in some regions, complemented by an increase in green products available in
markets, these remain inadequate improvements as far as major ecological impacts are
concerned, particularly in climate change and biodiversity loss (Zaccai, 2012).

2.2. Heat Exchangers

The present topic aims to describe heat exchangers and respective applications.
Nowadays, heat exchangers exist in a wide variety of industries, sizes and functions, which
translates to several different classifications. In order to gain an extensive scope of the most
common device types used, an approach to the main classification systems is proposed. Once a
necessary understanding is obtained, measures that allow heat transfer enhancement,
fundamental in a sustainable development point of view, can then be reviewed and comprehended.

2.2.1. Heat Exchanger Applications

A heat exchanger is a device used to transfer thermal energy between two or more fluids,
between a solid surface and a fluid, or between solid particulates and a fluid. To achieve heat
transfer, the exchanging fluids are required to be at different temperatures and in thermal contact
(Shah and Sekulic, 2003). Heat exchangers can be employed in any system requiring the transfer
of thermal energy from one location to another, fundamental in system or substance temperature
control.

Common applications include heating, or cooling, of fluid streams and evaporation, or
condensation, of single- or multicomponent streams. Such applications are required in a wide
variety of industries and industrial processes, such as HVAC systems, power production,
sanitation, waste management, chemical processing or refrigeration.

2.2.2. Heat Exchanger Types

Due to such a vast applicability, a wide array of heat exchanger types can be employed,
leading to many different classifications. Categories used in such groupings include transfer
processes, flow configurations, surface compactness or construction arrangements.
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2.2.2.1. Transfer Process

When classified according to the transfer process involved, as in Figure 1, heat exchangers
can be direct-contact or indirect-contact types. The most common type employed is the indirect-
contact heat exchanger.

Classification according lo transfaer process

|
Indirect contacl bype

I

Diract contact typa

1 1 I
immiscible luids

I
Gaa-liquid

I 1
Direcd transfer type Sbragatype  Fludzed bed Liquid=vapar

Singlophase  Mulbphase

Figure 1 — Classification of heat exchangers, according to heat transfer process (Shah and Sekulic,
2003)

In direct-contact exchangers, heat transfer between fluids occurs through direct interaction,
ideally without mixing or leakage. The fluids come into direct contact, exchange heat and are then
separated. Advantages of these include a low cost and a lack of fouling (absence of transfer
surface), the major drawback being the fact that applications are limited to situations in which direct
contact of fluid streams is viable. They are particularly useful in applications involving mass transfer
in addition to heat transfer, obtained through fluid phase-change; heat transfer involving only
sensible heat is rare for this type of exchanger. Due to the increased enthalpy, latent heat transfer
is responsible for the greater portion of energy transferred in this process. Immiscible fluids and
phase-changing exchangers constitute sub-categories of the direct-contact type. (Shah and
Sekulic, 2003)

As for the indirect-contact configuration, the fluid streams remain separate while the heat
transfers through an impermeable surface via conduction. As can be observed in Fig. 1, these can
be further categorized into direct-transfer, storage or fluidized-bed types. In a perspective of
nanofluid employment, only direct-transfer exchangers shall be considered. In these, heat transfer
between flowing streams, in separate passages, occurs continuously and the process can occur in
single- or multi-phase flows. (Shah and Sekulic, 2003)

2.2.2.3. Surface Compactness

An exchanger’s surface compactness is dependent on its surface area density, the ratio of
its transfer surface area to its volume. A compact heat exchanger (CHE) is characterized by its
large area density, greater than 700 m*m?, for gas-to-fluid exchangers, just above 300 m%m? for
liquid or phase-change exchangers. Additionally, a gas-to-fluid CHE has a maximum hydraulic
diameter of 6 mm, when operating in a gas stream. The term micro heat exchanger is applied if the
surface area density is at least 15000 m*/m?> or in cases in which the hydraulic diameter ranges
from 1 um to 100 pm. (Reay, 2002; Shah and Sekulic, 2003)

Compared to its conventional counterparts, the CHE presents reduced volume and weight,
as well as a simplified design process. Performance-wise, crucial advantages are the increased
operating efficiency and lower fluid inventory, essential in cost-cutting and long-term sustainability.
The main purpose for CHE employment is to gain a specified performance within low mass and
volume constraints. Due to these features, the CHE has become increasingly important in many
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industrial processes, not only with its contribution to increased energy efficiency but also in more
demanding applications, with complex requirements, such as compact reactors based on printed
circuit heat exchangers. (Reay, 2002; Shah and Sekulic, 2003; Li et al., 2011)

2.2.2.4. Construction Features

Perhaps the most frequently used classification system for heat exchangers, construction
types can be organized in four major groups, as described in Figure 2: tubular, plate, extended
surface and regenerative. Other types, such as scraped surface exchangers or tank heaters are
available, but these are specialized for more unique purposes, therefore will not be taken into
consideration. (Shah and Sekulic, 2003)

Tubular exchangers are built of circular (typically), elliptical, rectangular or twisted tubes,
which allow significant design flexibility. Geometries can be easily varied by modifying tube
diameters, lengths or arrangements. This type of exchanger is predominantly used in liquid-to-
liquid and liquid-to-phase-change heat transfer applications, being designed for high pressure
differences between fluids or relatively to the surrounding environment. These can be further
classified into shell-and-tube, double-pipe and spiral tube exchangers. (Shah and Sekulic, 2003)

Classification according to construction
1
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Figure 2 - Classification of heat exchangers, according to construction features (Shah and Sekulic,
2003)

The shell-and-tube configuration is basically a circuit of tubes tidily mounted in a cylindrical
shell, with which the tube axis is parallel. One fluid flows inside the tube while the other flows
across (cross-flow) or along (parallel-flow) the tube. Perhaps the simplest heat exchanger, the
double-pipe configuration typically consists of two concentric pipes, with the inner pipe smooth or
finned. Fluids flow, separately, inside the inner pipe and in the passage between pipes. Double-
pipe exchangers are commonly used in small-capacity applications and are advantageous in flow
distribution and disassembly for maintenance. Spiral-tubes are basically spiral coils fitted in a shell,
with the purpose of gaining extended transfer surfaces. (Shah and Sekulic, 2003)

In the plate-type configuration, exchangers are constructed of packed thin plates, either
smooth or corrugated (Shah and Sekulic, 2003). As can be partially attained by the observation of
plate-type CHE attributes in Table 1, these are normally unable to accommodate high temperatures
or pressures, rendering them most suitable for low temperature and pressure difference heat
transfer applications (Reay, 2002). Depending on required parameters, such as leak tightness,
plate type exchangers can be classified as plate heat exchangers (PHE), spiral, lamella, plate coil
or printed circuit exchangers (Shah and Sekulic, 2003).

Within the PHE category, exchangers can be gasketed (plate-and-frame), welded (partially
or totally), or brazed, the most common being the gasketed PHE. Main advantages of PHE are
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compactness, size and pass arrangement flexibilities, installation simplicity and heat recovery
capability (Sunden et al., 2005).

In the gasketed PHE, plates are holed for the passage of fluids, each containing a flanking
gasket which seals the channels formed upon compression of the frame, when assembled. The
fluids flow in alternate channels, promoting heat transfer between adjacent channels. Augmented
heat transfer can be obtained through the employment of corrugated plates, as these increase the
transfer area and stimulate turbulence within the channels. The accommodation of gaskets
originates the restriction of a set fluid compatibility, prohibiting the application of corrosive fluids.
Welded PHE overcome the confinements, limited operation pressures and temperatures and
noncorrosive fluid requirements, of the gasketed counterparts but also complicate disassembly and
decrease design flexibility. Due to welding cost contention, the plate size is typically larger than the
gasketed PHE. These can be further categorized into platular-plate, Bavex-plate or Packinox-plate
exchangers, also designated stacked PHE. Brazed-plate exchangers are compact PHE for high
temperature and pressure duties, comprising of stacked plates confined to two termination plates,
all brazed. (Pinto and Gut, 2004; Shah and Sekulic, 2003)

The spiral-plate exchanger essentially consists of two material strips, provided with welded
studs for plate spacing, wrapped helically around a mandrel to form dual spiral channels in which
the fluids flow in a long single passage. Due to this passage, these exchangers are more useful for
viscous fluids and slurries than other exchanger types, in which such fluids normally contribute to
fouling. If fouling does occur, localized fluid velocity in the channel increases, thus decreasing the
fouling rate. Disadvantages of this configuration are the typical low operating pressures, limited
size and the difficulty in conducting maintenance operations. (Shah and Sekulic, 2003)

In printed-circuit heat exchangers, plates are grooved using the same techniques as those
employed in printed circuit board manufacturing. Stacks of chemically carved plates are bonded to
create an exchanger block in which different fluid streams follow different groove patterns. For
large heat transfer duties, several blocks can be welded together, guaranteeing design flexibility.
Other advantages of this exchanger type are its high efficiencies and surface area densities, as can
be observed in Table 1. (Shah and Sekulic, 2003)

Basic components of plate coil exchangers are called panel-coils and these are made to fit,
in shape and size, the desired system in which heat transfer is to take place. They function as heat
sinks or heat sources, when subjected to cooling requirements or heating requirements,
respectively. Allied to the wide variety of shapes and sizes, the main advantage of the plate coil
type is the relatively low cost. (Shah and Sekulic, 2003)

Extended surface heat exchangers serve the purpose of increasing the heat transfer area
and the exchanger compactness, typically achieved through the addition of fins. These exist in a
variety of geometries, the most common being plate-fin and tube-fin exchangers. The plate-fin type
consists of corrugated fins, which form individual flow passages, sandwiched between parallel
plates, which separate the fluid streams. Tube-fin exchangers can be separating wall
(conventional) or heat-pipe wall (specialized) types. In the first type, conductive heat transfer
occurs through a tube wall. The heat-pipe type differs in wall structure, in this instance built of
closed tubes. Regenerators are storage-type heat exchangers, improving efficiency by returning
energy to the system. (DOE, 1992; Shah and Sekulic, 2003)
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2.2.3. Heat Transfer Enhancement

As mentioned earlier, heat transfer between fluids is one of the most required processes in
engineering. The simultaneous effect of regulations concerning increased energy efficiency and
lower environmental impact continues to effect heat exchanger technology (Meyer and Liebenberg,
2007). Therefore, as far as sustainable development is concerned, it is rational to contemplate
measures of heat transfer enhancement, especially those employable at minimal exergetic cost
and harm to the environment. Increases in heat transfer present a difficult challenge for engineers
and demand for higher operational capacities is continuous (Paul et al., 2010). Industrial systems
are increasingly pushing toward micro- and nano-scale equipment, such as micro-
electromechanical (MEM) devices, leading to a greater demand for compactness and flexibility in
heat exchanger design (Ohadi and Buckley, 2001). In addition, many applications now require
higher peak operating temperatures, to minimize both fossil fuel consumption and greenhouse gas
emissions, originating high temperature heat exchangers with temperatures in excess of 650 °C
(Aquaro and Pieve, 2007; Ohadi and Buckley, 2001). Therefore, the main objectives in heat
exchanger design have become size reduction, capacity upgrades on available heat exchangers
and pumping power reduction (Liebenberg et al., 2002).

Increasing heat exchanger performance translates essentially to increasing the device’s
overall heat transfer coefficient (U), thermodynamically related to the heat transfer surface area (A),
the heat transfer duty (q) and the temperature difference between hot and cold fluids (Incropera
and DeWitt, 2001; Lunsford, 2006). This coefficient can also be determined as function of
exchanger transport properties, depending on convective heat transfer (h) and thermal conductivity
(k) coefficients, as well as fouling considerations (Lunsford, 2006).

In order to achieve desired heat transfer augmentation, various techniques can be used.
These are separated in two major groups: active and passive enhancement methods. Active
techniques require external activation or power supply, whereas passive techniques neglect such
needs (Meyer and Liebenberg, 2007). It is also possible to combine both active and passive
techniques on heat exchangers, in what is designated as compound enhancement, but involves
complex design and has limited applicability (Dewan et al., 2004).

2.2.3.1. Active Techniques

Due to the necessity of external energy sources, active techniques are only used if passive
techniques are subject to constraints in obtaining the desired enhancement for a given heat
transfer system. Major disadvantages are the greater fixed cost, as well as noise, safety and
reliability concerns (Webb, 1994). Another important obstacle is the higher energy consumption
required, contradicting some of the premises of sustainable development (Meyer and Liebenberg,
2007). The most common active techniques are: fluid and surface vibration, mechanical aids,
electrostatic fields, gas injection/vapour suction or jet impingement.

In order to increase thermal transfer quantities, mechanical assistance produces fluid stir or
surface rotation via mechanical means, such as surface scrapers or rotating heat exchanger ducts
(Bergles, 1983). Low or high frequency surface vibration can be employed in obtaining single-
phase heat transfer enhancement and can be produced by devices like piezoelectric transducers
(Heffington, 2001). Fluid vibration is more practical than the surface counterpart. Presenting a
wider range of frequencies, about 1 Hz to ultrasound, this technique is mostly applied to single-
phase fluids, but has been known to damage heat transfer devices and tubes (Cheng et al., 2009).
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Strong electrostatic fields, produced by direct or alternating current, cause bulk mixing of dielectric
fluids between a charged and a receiving electrode, in the vicinity of the heat transfer surface, thus
increasing heat transfer. For two-phase heat transfer augmentation, as well as for single-phase
requirements, electrohydrodynamics (EHD) is beneficial (Laohalertdecha et al., 2007). Injection or
suction techniques essentially consist of gas injection, with the purpose of enlarging single-phase
flows for heat transfer enhancement, and vapour removal, from single-phase fluids, respectively
(Meyer and Liebenberg, 2007). Finally, jet impingement involves liquid spraying on the hot surface,
spreading a thin film that is then evaporated (Xia, 2002). Spray cooling uses less fluid, while
covering a larger area than the imposed liquid jet, this for the same expelling orifice size (Pavlova
et al., 2008).

2.2.3.2. Passive Techniques

The majority of viable enhancement techniques are passive, the decisive factors being the
non-requirement of external power input and the additional power needed to enhance the heat
transfer being extracted from the available system power, ultimately leading to pressure drop
(Dewan et al., 2004). The most conventional method of increasing heat transfer is to increase the
transfer area, either increasing the exchanger size or increasing its compactness (Eastman, 2005).
Techniques to achieve this goal include extended surfaces, inserts, coiled or twisted tubes and
surface treatments (Lunsford, 2006).

Perhaps the oldest technique in heat transfer enhancement, finning consists of inserting
fins in the vicinity of the desired heat transfer location within the exchanger. This is usually
desirable for fluids with low convective heat transfer coefficients, where fins increase its value with
added turbulence and also increase the heat transfer surface, contributing to an increase in thermal
conductivity (Lunsford, 2006). Fin designs are evaluated by fin efficiency, which consequently lead
to an optimized fin height and area. Wen and Ho (2009), conducting a comparative experimental
study into fin geometry influence on heat transfer enhancement, found that a compounded type fin
had a superior convective heat transfer coefficient, but higher pressure drop, than both plate fins
and corrugated fins. Corrugated and fluted fin types have been found to be the most adequate for
turbulent single-phase flow, due to a reasonable pressure drop increment (Pethkool et al., 2011). It
has also been found that modulated surfaces significantly increase friction losses, thus augmenting
exchanger heat transfer capabilities (Pantzali et al., 2009a).

For enhancement in situations with strict size constraints, a frequent technique is the use of
inserts (inserts, turbulators or static mixers) in the flow channel, promoting turbulent heat transfer
enhancement close to the transfer surface, thus reducing the thermal boundary layer thickness
(Lunsford, 2006). Baffles can be employed in directing fluid flow efficiently through heat exchangers
but have been associated to leakage and inefficient area filling (Van Der Ploeg and Masters, 1997).
Twisted or coiled tubes and tapes include geometrical arrangements for forced flow and turbulence
creation, thus increasing convective heat transfer coefficients (Lunsford, 2006).

Surface treatment techniques include coating, roughening or tension application
(Sachdeva, 2010). Surface coating consists of droplet or wetted film deposition on the heat transfer
surface through condensation, which increases the heat transfer coefficient of exchangers
(Sachdeva, 2010). Roughened surfaces are obtained by machining, surface restructuring or
adjacent roughness surface placing in the vicinity of the primary heat transfer surface (Sachdeva,
2010). Kandlikar et al. (2001) found that channel roughness increased transferred heat quantities,
in tubes, as a function of decreasing tube diameter.
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Another common enhancement technique is vortex generation, geometrical protuberances
that produce high friction vortices to enhance convective heat transfer (Aris et al.,, 2011). The
respective coefficient is increased via boundary layer development and flow destabilization
intensification that result from the vortex formation (Fiebig, 1998). Vortex types can be classified in
two categories: longitudinal, generating vortices with parallel axis relatively to the fluid flow, and
transverse, vortices with transverse axis to the flow (Fiebig, 1998). The longitudinal vortices,
longer lasting, are found to be more suitable for cases in which pressure drop is of upmost
importance (Sachdeva, 2010).

2.3. Heat Transfer Fluids

The main limitation of the heat transfer enhancement technique’s effectiveness is the poor
thermal performance of the employed fluids, obstructing increases in performance and
compactness of heat exchangers (Trisakri and Wongwises, 2007). In what regards heat transfer
performance, the fundamental thermo-physical properties of fluids are convective heat transfer,
thermal conductivity, viscosity, and specific heat capacity at constant pressure (Incropera and
DeWitt, 2001).

2.3.1. Conventional Fluids

Of the conventional heat transfer fluids used in cooling processes, water is the most
common, having a higher thermal performance than glycols or engine oil and being low-priced.
When freeze conditions or the need to increase the fluid boiling point exist, the addition of ethylene
or propylene glycol is frequent, providing freeze and burst protection. Both glycols have inferior
thermal transfer properties than water and superior densities, resulting in higher flow-rates or heat
transfer surface areas, leading to increased pressure drop, energetic requirements and equipment
decay (Kurt and Kayfeci, 2009). Another disadvantage of glycol employment is the corrosion due to
acid production when in contact with air, but can be minimized through the addition of corrosion
inhibitors. Of the two, ethylene glycol has a better heat transfer performance but propylene glycol
has lower toxicity, important for non-toxic heat transfer applications. Engine oils can accumulate
various functions specific to individual parts of engines, including heat dissipation, friction
reduction, detergency and area sealing (Abou-Ziyan, 2004). Oils also have inferior thermal transfer
properties than water, being most suitable for heat transfer duties in which the fluid has increased
boiling point requirements. The success rate of engine oils depends on the complex additives that
are blended into these, being categorized as chemically active, with the capacity of interaction with
metals at low oxidation and degradation costs, and chemically inert, which improve physical
properties and effective performance (Abou-Ziyan, 2004; Korcek et al., 2001).

2.3.2. Thermophysical Properties

The most relevant thermophysical properties of conventional fluids, with a view to
application in heat transfer, can be compared from the observation of the following tables (Table 1,
2 and 3).
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Table 1 - Thermophysical Properties of Water (Engineering Toolbox)

Property Units Value

Thermal Conductivity @ 300 K W/mK 0.613
Dynamic Viscosity @ 303 K N s/m? 0.798 x 1073
Kinematic Viscosity @ 303 K m?/s 0.801x 107

Density @ 303 K Kg/m? 995.7

Specific Heat Capacity @ 303 K KJ/Kg K 4.179

Table 2 - Thermophysical Properties of Glycols (Engineering Toolbox)

. Ethylene Propylene
Property Units
Glycol Glycol
Thermal Conductivity @ 300 K W/mK 0.258 0.147
Dynamic Viscosity @ 300 K N s/m? 48x1073 0.798 x 1073
Kinematic Viscosity @ 294 K m?/s 17.8x107° 52x107°
Density @ 298 K Kg/m3 1096.78 965.27
Specific Heat Capacity @ 295 K KJ/Kg K 2.36 2.5

Table 3 - Thermophysical Properties of Engine Oil (Engineering Toolbox)

Property Units Value
Thermal Conductivity @ 300 K W/mK 0.145
Dynamic Viscosity @ 293 K N s/m? 319x 1073
Density @ 295 K Kg/m3 1114.62
Specific Heat Capacity @ 295 K KJ/Kg K 2.3927

2.4. Nanofluids

For heat transfer enhancement, the alternative to the conventional approach of increasing
device size or altering component geometry is improving fluid performance. As was observed in the
preceding tables, conventional fluids have poor thermal properties that constitute a paramount
limitation in heat transfer enhancement. Following a general trend for system miniaturization with
improved heat transfer requirements, experimental studies into the addition of particles, with higher
thermal performance, to these fluids have taken place. This has led to the development of
nanofluids, nano-sized solid particles suspended in conventional fluids (base fluids) with the
purpose of increasing heat transfer performance.

2.4.1. Incentive for Nanofluids
It is well known that solid materials tend to have much higher thermal conductivities than

fluids, as can be observed in Table 4. With this in mind, it is rational to assume that the thermal
conductivity of fluids can be achieved by solid addition. However, it has been found that solid
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particles, of micrometric and millimetric magnitudes, added to fluids provoke an insignificant
increase to the combined thermal conductivity (Choi, 1998). Other issues related to the large
particles are sedimentation, severe clogging problems, kinetic energy increases in interactions with
surfaces, pipeline erosion and high viscosity with consequent pressure drop increase (Choi, 1998;
Eastman, 2005). Due to these limitations, heat transfer fluid enhancement via solid particle addition
could not fully develop. However, modern material processing technologies provided the possibility
of nano-scaled material production, which has originated the emergence of nanofluids, at a time in
which heat transfer requirements are summiting. Due to the smaller size, nanoparticles exhibit
higher mobility and less particle interaction, allowing for improved stability and heat transfer. Such
factors are significant in reducing pumping power, fluid inventory and eliminating clogging issues,
thus increasing global interest in nanofluid research.

Table 4 - Thermal Conductivities of Solid Materials (Han, 2008)

Thermal Conductivity

Material [Wim K]
Diamond 2300
Carbon Nanotubes 2000
Silver 429
Copper 401
Aluminium 237
Silicon 148
Silicon Carbide (SiC) 120
Alumina (Al>O3) 40

2.4.2. A Brief History of Nanofluids

Experimental investigation in fluid thermal conductivity enhancement dates back to as early
as 1873, when James Maxwell theoretically proposed the integration of metallic particles to achieve
increased thermal conductivities of fluids, benefiting from the superior heat transfer performances
of metals (Choi, 1998). In subsequent studies, experimental investigation was conducted using
metallic particles of micrometre and millimetre magnitudes to create the colloidal suspensions or
slurries. However, the particles were too large and led to a variety of problems, such as particle
agglomeration, sedimentation, large pressure drop and pipeline erosion with troublesome
consequences like channel clogging and surface abrasion (Han, 2008). From a chemical point of
view, it was found that these fluids had poor molecular composition, lacking re-dissolving
capabilities and irreproducible catalytic activities, leading to untrustworthy results (Botha 2007).
During the following decades, restraints in downscaling methods and auxiliary technologies
undermined the preparation and testing of smaller magnitude particles, preventing further
experimental investigation.

With the advent of nanotechnology, production of atomic scale materials became possible,
the first being roughly spherical, and progress in heat transfer testing of colloidal suspensions was
achieved. In 1993, Masuda et al. published an article investigating the thermal conductivity and
viscosity of suspensions of Al,O;, SiO, and TiO, in water. In the same year, Grimm dispersed
aluminium particles measuring 80 nm to 1 pm, with loadings ranging from 0.5 to 10 vol. %, claiming
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a 100 % increase in thermal conductivity before the problematic rapid settling of the particles. The
coining of the term nanofluid is attributed to S.U.S. Choi and J.A. Eastman following work at
Argonne National Laboratory, having made nanofluids with oxide nanoparticles and carbon
nanotubes (Choi, 1998; Williams, 2006).

2.4.3. Nanofluid Tailoring

As previously referred, nanofluid preparation is a complex process due to a number of
factors with a high degree of difficulty in maintaining under control. Masuda et al. (1993) found that
particle instabilities resulted in agglomerations, while Grim (1993) had to conduct experiments in an
accelerated fashion due to imminent particle settling. Nowadays, nanofluid development is based
on two methods: the one-step method and the two-step method, the latter being the method
employed in earlier investigations. The most important elements when considering a mass
production approach are the nanoparticle materials and the host liquids. It is vital that nanoparticles
have high dispersability and stability in base fluids, as well as chemical compatibility with the host
fluid. In most experiments documented in literature, nanoparticles made of oxide ceramics (such as
Al,O3; and CuO), nitride ceramics (AIN and SiN), carbide ceramics (SiC and TiC), metals (Cu, Ag,
Fe and Au), semiconductors (TiO, and SiC), carbon nanotubes (CNT) and composites were
applied. The most common base fluids are water, oil and ethylene glycol. (Botha 2007; Choi 1998;
Keblinski et al. 2005; Mohammed et al. 2010)

2.4.3.1. Nanoparticle Preparation

A nanoparticle is a quasi-zero dimensioned object in which all characteristic linear
dimensions are of the nano-size order of magnitude (Gubin et al. 2005). Much progress has been
made in the mass-production of nano-phase powders, with average particle sizes having already
breached the 10 nm mark, i.e., single figures (Choi 1998). The production of nanoscale materials
can be attained via several means, including fluidic-structured assembly (particle confinement),
rigid template synthesis, liquid-phase and gas-phase processing. Each of these methods follows
one of three key processing approaches: preparation from macroscopic materials by dispersion;
chemical synthesis with change in substance composition and growth up to the nano-size stage or
transformations of nanoparticles with composition change. (Gubin et al. 2005)

Essential features in nanoparticle production are particle shapes, sizes and magnetic
properties. Preparations of nanopatrticles in the gas or solid phase using high-energy treatment of
the material are denominated physical methods; while solution syntheses at moderate
temperatures are known as chemical methods (Gubin et al., 2005). Physical methods include
condensation procedures, involving vaporisation or evaporation of source materials with posterior
condensation into particles, or nano-dispersion of compact materials (Choi 1998; Gubin et al.,
2005). Chemical methods, such as compound thermolysis, compound dispersion, compound
reduction, reverse micelle synthesis, chemical vapour deposition, micro-emulsions, thermal
spraying or synthesis at phase-change interfaces, are more widely used (Gubin et al., 2005; Yu et
al., 2008; Wen and Ho, 2009). The high energy consumption and expensive equipment costs of the
physical methods render them less attractive in a perspective of cost contention.

CNTs are tubular carbon-based allotropes, obtained from graphitic carbon, that can be
categorized as single-wall carbon nanotubes (SWCNTSs), structured with a single graphene
cylinder, and double- (DWCNTSs) or multi-walled carbon nanotubes (MWCNTS), consisting of two or
several nested cylinders, respectively (Botha, 2007; Keidar and Waas, 2004; Popov, 2004). These
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can be catalytically produced by decomposition of carbon containing compounds (precursors),
such as C,H,, CH,4, C,H, or C,Hg, over metal particles (catalysts), with growth occurring at the base
or the tip of the tube, in a needle-like structure (José-Yacaman et al., 1993). The process is often
designated as catalytic chemical vapour deposition (CCVD), in which tube length depends on the
chemical reaction time; while tube diameter is influenced by the diameter of the particle from which
growth occurs (José-Yacaman et al., 1993). CNTs manufactured by CCVD typically exhibit high
thicknesses, often consisting of large particle aggregates (Esumi et al., 1996). Other CNT
production techniques have been extensively researched; including arc-discharge, laser ablation,
pyrolysis and enhanced plasma vapour deposition (Antisari et al., 2003; Cho et al., 2002; Duncan
et al., 2007; Esumi et al., 1996; Hernadi et al., 1996; Hilding et al., 2003; José-Yacaman et al.,
1993; Keidar and Waas, 2004; Kingston et al., 2004; Merchan-Merchan et al., 2010; Nasiri et al.,
2011; Popov, 2004; Schnitzler and Zarbin, 2008; Tsitzios et al., 2006). The arc-discharge technique
comprises the vaporization of one of two carbon rods, anode and cathode placed end-to-end, with
an electric current passing through the pair and consuming the anode, the resulting soot containing
the nanotubes (Duncan et al., 2007). Due to high temperature processing, the technique produces
highly graphitized tubes in smaller quantities than chemical techniques, rendering the process an
expensive one, but useful in producing small diameter MWCNTs (Duncan et al., 2007; Esumi et al.,
1996). Arc discharge and laser ablation are the most common techniques used in SWCNT
synthesis (Shi et al., 2000).

2.4.3.2. Nanofluid Tailoring: Two-Step Method

Basically, the first step of the process relates to the nanoparticle powder production, the
second to the dispersion in the base fluid. This method is advantageous for mass production
considerations, benefiting from the high production quantity of the inert gas condensation technique
(Romano et al., 1997). In addition, nanoparticles are produced under clean conditions, minimizing
surface coatings and contaminants (Lee et al., 1999). An important handicap of this production
method is the cluster-forming during the second step, acting to prevent the adequate nanoparticle
dispersion within the base fluids (Yu et al., 2008). It is also believed that this method is only
suitable for nanofluids containing oxide nanoparticles in deionized water (DIW), not the case of
nanofluids containing heavier metallic nanoparticles (Eastman et al., 2001).

As for the process of obtaining the nanofluid, the first step involves nanoparticle
preparation by chemical reaction, vapour condensation, organic decomposition or mechanical
actuation (Agostiano et al., 2000; Guo et al., 2000; Jiang et al., 1999; Talapin et al., 2002; Wegner
et al., 2002). Inert gas condensation (IGC) is a common technique, able to produce a wide variety
of nano-powders, having already been commercialized (Eastman, 2005). The fact that these can
be obtained commercially in large quantities offers an economic advantage over other methods
(Botha, 2007). As previously mentioned, the major drawbacks of the two-step method occur during
the second step, i.e., when the produced nanoparticles from the first step are dispersed in the base
fluids assisted by mechanical agitation (stirring) or ultrasound (Hwang et al., 2008). The main
problem is the poor resulting dispersion, with high instability, which can lead to the agglomeration
of the nanoparticles (Eastman, 2005). In order to minimize the effects of poor dispersion, steric
barriers (surfactants) are typically employed (Gubin et al., 2005). Once absorbed on the surfaces of
the nanoparticles, surfactant molecules create a barrier for agglomeration prevention and particle
solubility, thus guaranteeing long term stability (Han, 2008).

CNT based nanofluids are typically tailored via the two-step method, the first step involving
the assembly of carbon atoms obtained by graphite sublimation or by the decomposition of
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precursor molecules (Antisari et al., 2003). This step of the process is fundamental, as the CNT
property dependence on the tube structure demonstrates (Edgar and Spencer, 2006; Xie and
Chen, 2009). Nasiri et al. (2011) compared the thermal conductivity behaviour of different CNT
nanofluids prepared using different techniques, concluding that the nanotube processing technique
is clearly influential in nanofluid performances. Physical and chemical entanglement of the tubes
also constitutes a major problem for the first step, if not properly dealt with both types can interfere
with particle stability and heat transfer capabilities (Hilding et al., 2003; Lamas et al., 2012). Greatly
entangled materials are difficult to disperse in liquids, resulting in aggregation and poor mechanical
and transport properties (Hilding et al., 2003). Size control and impurities are also typical and
problematic occurrences, impurities require removal before the second step of the process, i.e.,
suspension of the CNTs in the base fluid, can be conducted (Hilding et al., 2003). The powdered
nanotubes are then suspended in the base fluid, with or without surfactant (Popov, 2004).

2.4.3.3. Nanofluid Tailoring: One-Step Method

In this method nanoparticle production and dispersion in the base fluid occurs in a single
step. Being a more recent method than the two-step counterpart, there a fewer one-step
techniques, the most common being direct evaporation (a modified IGC technique), chemical
vapour condensation and chemical precipitation (Choi and Eastman 2001; Eastman et al., 2005).

Comparatively to the two-step IGC technique, nanofluids obtained by direct evaporation
present less agglomeration issues, result of the solidification, from gas-phase, inside the base fluid
(Eastman, 2005; Eastman et al., 2001). Amongst the technique limitations, the most significant is
the small sample size, which limits the process mass production for commercialization (Eastman,
2005; Yu et al., 2008). Another limitation is the low vapour pressure restriction to liquids, which can
vaporize at low to moderate temperatures (Eastman, 2005). Particle size control is also an issue
when employing this technique (Eastman, 2005; Eastman et al., 2001).

Size control need not be a problem as it is possible with the chemical vapour condensation
technique. Nanoparticle powder is directly deposited into the base fluids, which results in higher
clustering than direct evaporation. Chemical synthesis techniques, such as precipitation, can
produce small, mono-disperse nanoparticles with reduced agglomeration. However, the effect of
surface molecules on the nanofluid thermal properties remains unknown, few studies have
employed nanofluids obtained using such techniques. CNTs have also been obtained via one-step
techniques, such as carbon plasma discharge directly in water. (Eastman, 2005; Hsin et al., 2001)

2.4.3.4. Modes of Particle Stabilization

Particle agglomeration can be prevented by balancing attractive forces between the
nanoparticles within the fluid, obtainable through the employment of two common mechanisms:
electrostatic (also known as mechanical or physical) stabilization or steric (chemical) stabilization
(Botha, 2007; Nasiri et al., 2011). Mechanic stabilization generally includes ultrasonication, i.e.,
different pressure wave generation which provokes cavitation and consequent particle
deagglomeration. It consists of the placement of an electric charge on particle surfaces with the
purpose of guaranteeing kinetic stability. The absorption of ions to the electrophilic metal surface
during the process creates an electrical multi-layer, resulting in repulsive electric forces between
nano-clusters (Juillerat et al., 2005; Warad et al., 2005). Electrostatic stabilization is pH sensitive
and of limited use, steric stabilization being most frequently applied (Botha, 2007). This chemical
methodology consists of bulky material, such as polymer or surfactant, layer addition to the
particles, which provides a steric barrier enabling cluster prevention (Aiken Il and Finke, 1999;
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Egorova and Revina, 2002; Rensmo et al.,, 2002). An alternative mechanism of stabilization,
involving the addition of charged nanoparticles to microspheres, has recently been reported. The
stabilization is obtained through the addition of small charged nanoparticle concentrations which
repel Van der Waals attraction forces (Karanikas and Louis, 2004).

CNT nanofluids have been found to have greater instability than spherical particle
nanofluids, a consequence of the tendency to assemble into bundles or ropes which results from
the stronger Van der Waal attractive forces between carbon surfaces, intensified by the higher
nanotube specific areas (Nasiri et al., 2011; Vaisman et al., 2006). Nanotube morphology and
attractive forces between tubes are highly influential in successful dispersions (Hilding et al., 2003).
CNTs are usually suspended with the assistance of steric stabilization, be it via surfactant
employment or by functionalization techniques, which generally involves nanotube treatment with
acids at high temperatures (Keblinski et al., 2005; Nasiri et al., 2011). Functionalization also aids in
effectively preventing nanotube aggregation (Sahoo et al., 2010). As with the spherical
nanoparticles, electrostatic (or physical) stabilization is typically avoided, as it has also been found
to cause destruction to CNTs (Lamas et al., 2012). According to Hilding et al. (2003) the most
important challenges in CNT nanofluid production are the chemical and morphological purification
of the nanotubes, the uniform and reproducible dispersion and the orientation of the nanotubes in
liquid and melt phases. The use of the mentioned surfactants is advantageous in interface
absorption and accumulation in supra-molecular structures, thus aiding a uniform dispersion
(Vaisman et al.,, 2006). Nasiri et al. (2011) experimentally concluded that functionalized
suspensions present better stability, dispersion and thermal conductivity than suspensions
obtained through ultrasonication, translating a smaller tendency for agglomeration and
precipitation. The same authors also found that the thermal conductivity of all suspensions
decrease with time, the reduction rate varying with the preparation method. However, an
experimental study using plasma coating on MWCNT nanoparticles to improve stability was
successfully conducted by Kim et al. (2010). A desired nanotube orientation can be obtained
through shear flows, elongational flows or by electric and magnetic field application (Hilding et al.,
2003).

2.4.4. Conductive Heat Transfer

Being below the critical length scale, the physical properties of nanoparticles differ from
conventional bulk solids, serving as motivation for a large number of studies on nanofluid
behaviour. Most of these studies echo higher heat transfer performances than that of the base
fluids alone, though some contradictory results have been reported (Khanafer and Vafai, 2011).
Experiments have shown that the thermal conductivity (k) of nanofluids depends on a large number
of parameters, but an accurate, consensual prediction of its variation with these parameters is yet
to be established (Paul et al., 2010).

2.4.4.1. Experimental Investigation

2.4.4.1.1. Measurement Methods

Measurement of k for liquids can be a difficult task, this due to the necessity of establishing
a steady one-dimensional temperature field. The measurements should be taken in a reduced
timeframe, so that convection currents cannot develop, while liquid heating should take place from
above to facilitate heat conduction in a layer wise manner. The most common measurement
methods are the transient hot-wire method (THW), cylindrical cell method, temperature oscillation
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method and 3-omega method (3w). Figure 3 classifies these techniques according to the liquid flow
state. (Cabhill, 1990; Eastman, 2005; Kurt and Kayfeci, 2009; Paul et al., 2010; Pefia et al., 2008;

Yoo et al., 2007)
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Figure 3- Nanofluid thermal conductivity measurement techniques (Paul et al., 2010)

The THW technique is the most exploited method, consisting of the measurement of
temperature and time response of a platinum wire, acting as a probe, subjected to an abrupt
electrical pulse (Paul et al., 2010; Pefia et al., 2008). The wire, heated resistively, usually
employing a Wheatstone bridge resistor setup, is suspended in the nanofluid with the purpose of
increasing its temperature (Eastman, 2005; Paul et al., 2010). The temperature increase of the
fluid, measured by the wire, depends on its k, which is calculated from the temperature-time profile
of the wire (Eastman, 2005; Hong et al., 2006; Murshed et al., 2005; Pefia et al., 2008; Zhang et
al., 2007). This method has several advantages, the most significant being the capacity to eliminate
experimental errors associated to natural convection, as well as the relatively accelerated
measurement process (Paul et al., 2010). The main drawback is the need for a chemical wire
coating for measurements in electrically conducting fluids (Eastman et al., 2005; Pefia et al., 2008).

Another popular technique is 3w, also a transient state technique that is similar to the THW
technique, using a radial heat flow from an element serving as both nanofluid heater and
thermometer (Oh et al., 2008; Paul et al., 2010). This technique uses temperature oscillation rather
than time dependent response, in which a sinusoidal current at frequency w passes through a
metal wire and generates a heat wave at frequency 2w, deduced by a voltage component at 3w
(Paul et al., 2010). The thermal conductivity of the fluid is then determined by the slope of the 2w
wire temperature rise (Ding et al., 2007).

Of the steady state techniques, perhaps the most common is the cylindrical cell, in which
the space between two concentric cylinders is filled with the nanofluid and acted upon by an
electrical heater. k is then obtained via Fourier's equation after temperature measurement using
thermocouples. (Paul et al., 2010)

In recent years, non-invasive optical measurement techniques, such as optical beam
deflection, forced Rayleigh scattering, hotwire-laser beam displacement or thermal lensing, have
been proposed with a view to improve accuracy and reproducibility, as well as decreasing
measurement times (Ali et al., 2010; Putnam et al., 2006; Rusconi et al., 2006; Schmidt et al.,
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2008; Venerus et al.,, 2006). Due to the fact that the aforementioned invasive measurement
techniques promote an unavoidable interference, these techniques are expected to produce more
accurate results because detectors and heaters are separate (Kleinstreuer and Feng, 2011,
Rusconi et al., 2006). Reduced measurement times are also important, longer times allow for the
effect of natural convection, which contributes to over-predictions of the measured thermal
conductivity (Hosseini et al., 2011; Kleinstreuer and Feng, 2011).

2.4.4.1.2. Experimental Studies

Over the last decade, a large number of experimental studies investigating the effective
thermal conductivity (key) of nanofluids have been conducted. Most have shown increases in
thermal conductivity of nanofluids, even at diminutive particle volume fractions, when compared to
base fluids, in most cases exceeding the predictions of theoretical models developed for
suspensions of larger particles. The studies have also revealed that k depends on several
parameters and that these dependencies cannot be discarded when investigating heat transfer
mechanisms of nanofluids (Ding et al., 2007; Murshed et al., 2008; Wen and Ho, 2009; Xie et al.,
2011).

2.4.4.1.2.1. Spherical Particle Nanofluids

Due to being inexpensive, alumina (Al,O3) and copper oxide (CuO) nanoparticles have
been targeted for most experimental studies. Eastman et al. (1997) measured the thermal
conductivity of Al,Os;, CuO and Cu nanoparticles suspended in water and HE-200 oil. A 60 %
increase in k of the CuO/water nanofluid was obtained, comparatively to that of the water alone,
this for a 5 % volume fraction of nanoparticles. It was also concluded that Cu nanoparticles
obtained via a one-step method resulted in larger improvements than that of CuO nanoparticles
produced with a two-step method, as can be observed in Table 5. Later, Lee et al. (1999)
conducted a similar experiment using different combinations of nanofluid, based on Al,O; and CuO
nanoparticles dispersed in water and ethylene glycol base fluids, having obtained a 20 %
enhancement in k for the CuO/EG nanofluid at 4 vol. %. The results revealed that k of nanofluids
were dependent on the conductivities of the nanoparticles and the base fluids. Other experiments
using nanofluids with Al,O; and CuO nanoparticles led to similar results (Eastman et al., 2001; Lee
et al., 2008; Li and Peterson, 2006; Liu et al., 2006; Murshed et al., 2006; Oh et al., 2008; Wang et
al., 1999; Xie et al., 2002; Xuan and Li, 1999). Gowda et al. (2010) reported that higher acidities
improve dispersion capabilities and that the viscosity of base fluids reduces Brownian velocity of
nanoparticles, thus minimizing sedimentation, both contributing to improved k. Williams (2006)
found that k of Al,Os-water nanofluids increased with particle loading in a linear fashion up until the
4 vol. % mark, manifesting a decrease in dependence for higher loadings. A summary of these and
other experimental studies is established with Table 5.
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Table 5 — Summary of Experimental Studies of k in Spherical Particle Nanofluids

Authors Measurement Nanoparticle Base Enhancement in k
(Year) Technique Material Fluid (Vol. Fraction)
Al,03 Water 29% (5 vol.%)
Eastman et al. (1997) THW CuO Water 60% (5 vol. %
Cu Qil 44% (0.05 vol. %)
Al,O3 EG 18% (5 vol. %)
Lee etal. (1999) THW cuo EG 22% (4 vol.%)
Al,O3 Water 12% (3 vol. %)
Wang et al. (1999) Steady state ALOs EG 26% (5 vol.%)
Xuan and Li (1999) THW Cu Water 54% (5 vol. %)
Cu EG 40% (0.3 vol. %)
Eastman et al. (2001) THW Cuo EG 229% (4 vol. %)
Xie et al. (2002) THW Al,03 EG 30% (5 vol. %)
Hong et al. (2005) THW Fe EG 11.5% (0.55 vol. %)
CuO Water 52% (6 vol. %)
Li and Peterson (2006) Steady state ALOs Water 30% (10 vol. %)
Murshed et al. (2006) THW Al,O3 Water 24 % (5 vol. %)
Liu et al. (2006) THW CuO EG 23% (5 vol. %)
Lee et al. (2008) THW Al,O3 Water 1.44% (0.3 vol. %)
Oh et al. (2008) 3w Al,O3 DIW 20% (4 vol. %)

4.4.1.2.2. CNT Nanofluids

Measurements of k in CNTs have also been reported, the first conducted by Choi et al.
(2001). The main difference was the larger increase of k for all tested nanoparticles, as high as
300 % for 3 vol. % in epoxy, revealing a non-linearity with nanotube loadings (Choi et al., 2001;
Choi et al., 2003). The authors speculated on the possibility that CNT bundling could be highly
influential for thermal transport properties. Wen and Ding (2004) demonstrated that ket of CNT-
water nanofluids increased with increasing temperatures. Kim et al. (2010) reported a 25 %
enhancement using plasma nano-coated (= 2 nm thickness) MWCNT at 0.01 vol. %. Pantzali et al.
(2008) found that CNT concentration and stabilizing surfactant volume affects k in MWCNT
nanofluids. Nasiri et al. (2011) conducted a thorough investigation into enhancements in k of
various types of CNT nanofluids tailored using three different dispersion methods: functionalization,
probe ultrasonication and bath ultrasonication. The comparison of observed results demonstrated
the dependence of k on the tailoring process employed, with the functionalized CNT nanofluids
exhibiting the highest enhancement. Additionally, the authors found that k of all samples decreased
with time. As with the case of spherical particle nanofluids, a summary of experimental studies for
CNT nanofluids is available in Table 6.

Essentially, experimental investigation has shown that nanofluids have enhanced k, which
may depend on volume fractions, particle materials, particle sizes, particle shapes, base fluid
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properties, temperature, fluid flow and acidity. The degree of influence of these on k remains
unknown. Unexpected discrepancies in experimental data have also been reported, Ju et al. (2008)
demonstrated that the THW measurement method returned erroneous results when performed
immediately after sonication, employed for improved dispersion.

Table 6 - Summary of Experimental Studies of k in CNT Nanofluids

Authors Measurement Nanoparticle Base Enhancement in k
(Year) Technique Material Fluid (Particle Fraction)
Choi et al. (2001) THW MWCNT oil 160% (1 vol. %)
Choi et al. (2003) THW SWCNT Epoxy 300% (3 vol. %)
Xie et al. (2003) THW MWCNT Water 6% (1 vol. %)
23.7% (0.8 vol. %, 293K)
Wen and Ding (2004) THW CNT Water 319% (0.8 vol. %, 315K)
Liu et al. (2005) THW MWCNT EG 12.4% (1 vol. %)
Thermal
H I. (2007 NT+F w
ong et al. (2007) Constar?ts C €203 ater 50% (0.03 . %)
Analysis
Pantzali et al. (2008) THW MWCNT Water 20% (1vol. %, 300K)
) Transient Plane
Jiang et al. (2009) CNT R113 104 % (1 vol. %)
Source
Plasma ct.
i . 259 .01 vol.9
Kim et al. (2010) THW MWCNT Water 5% (0.01 vol. %)
SWCNT
. Highest for SWCNT
Nasiri et al. (2011) THW DWCNT Water
MWCNT

2.4.4.2. Theoretical Studies

At present there are no globally precise analytic formulas able to predict k of nanofluids,
most resulting in inferior values when compared to experimental results (Trisaksri et al., 2007; Xue
and Xu, 2005).

2.4.4.2.1. Classic Models

Earlier theoretical models are derived from the Maxwell model (1881), a semi-empiric
correlation used to describe the effective thermal conductivity (k) of larger scale spherical solid
suspensions in liquids, with emphasis on k of the solid particles (kp) and base liquids (ks) used, as
well as the volume fraction (¢) of solid particles (Han, 2008; Mujumdar and Wang, 2008; Trisakri
and Wongwises, 2007). However, despite working best for low concentrations of solid particles, the
Maxwell model was rapidly found to under-predict ks, of smaller nano-scaled suspensions, also
failing for non-spherical particle suspensions (Mujumdar and Wang, 2008; Trisakri and Wongwises,
2007).
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o= kp + 2ky, + 2(kp — k)¢
T kp + 2k, — (kp — kp)g

k, (Eq.1)

In 1935, Bruggeman proposed a similar model that didn’t present the low volume fraction
constraint of its predecessor, satisfactorily agreeing with early experimental data (Choi, 1998;
Mujumdar and Wang, 2008).

Later, the Hamilton and Crosser model (1962) introduced an empirical particle shape factor
(n), dependent on sphericity, to account for its effect, obtaining the same result as the Maxwell
model when particles are spherical (Mujumdar and Wang, 2008; Trisakri and Wongwises, 2007).

ket (=Dl — (0= ke — k)¢
F = kp+ (n— Dky — (kp — k)

k, (Eq.2)

The aforementioned, commonly classified as classic, models were conceptualized for
larger order particle diameters than those of nanoparticles and assumed diffusive heat transport in
both solid and liquid, making for questionable accuracy. In addition, these do not take into account
several possible k enhancement mechanisms, such as particle Brownian motion, liquid layering at
the liquid-particle interface, the nature of heat transport of the nanoparticles and the effects of
particle clustering (Keblinski et al., 2002). Such considerations were subsequently employed in
several theoretical models, exclusively formulated for nanofluids.

2.4.4.2.2. Spherical Particle Nanofluids

2.4.4.2.2.1. Liquid Layer (Nano-layer) Based Models

When in proximity to solid surfaces, liquid molecules tend to layer structurally, creating
intermediate (solid-liquid) state layers, referred to by some authors as solid-like nano-layers, which
act as a thermal bridge between solid nanoparticle and base liquid, thus elevating layer
conductivity (Trisakri and Wongwises, 2007). In solid-solid interfaces, the interface resistance, or
Kapitza resistance, is a barrier to heat transfer, thus reducing the overall k.¢¢. In contrast, the
contact resistance in solid-liquid interfaces of particle suspensions in liquid is far less influential,
about two orders of magnitude lower, leading authors to expect the aforementioned enhancements
of k (Huxtable et al., 2003; Yu and Choi, 2003).

Taking this theory into account, Yu and Choi (2003) proposed a modified Maxwell model

with a modified particle thermal conductivity (kp.), assuming a shell type nano-layer, in which the k

of the nano-layer to the particle conductivity ratio (y) and nano-layer thickness to nanoparticle

thickness ratio () are introduced. The predictions for k were found to be more in agreement for

spherical nanoparticles with diameters inferior to 10 nm (Khanafer and Vafai, 2011; Trisakri and
Wongwises, 2007; Yu and Choi, 2003).

_ klayer . _ Clayer ko = [2(1 B V) + (1 + 3)3(1 + ZV)V]

"=k P e T Ay v arpraren

o ke 2Ky + 20kpe = k)1 = B)°¢

I kpe + 2k = (kpe —kp) (1 = B)*9

k, (Eq.3)

A year later, the same authors projected a modified Hamilton and Crosser model to also
include the effect of the nano-layer (Mujumdar and Wang, 2008). Xue (2003) developed a model
based on the effects of the nano-layer and also on the average polarization theory, later revealed
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inaccurate due to incorrect values of parameters such as the depolarization factor (Kim et al.,
2004).

Xie et al. (2005) also studied the nano-layer effect on k, based on Fourier's heat
conduction law, using a similar nano-layer behavioural approach to that of Yu and Choi (2003), the
main difference residing in the assumption that k of the nano-layer varied linearly in the radial
direction, rather than being constant. In their model, k.; depends on the nano-layer thickness,
nanoparticle size, volume fraction and k of fluid, nanoparticle and nano-layer. It was found that
obtained theoretical results were in agreement with only some of the experimental data, leading the
authors to conclude that nano-layer formation is not the only mechanism responsible for the
enhanced k observed (Xie et al., 2005).

The model developed by Xue and Xu (2005) assumed a specific k for the liquid layer,
defining a “complex particle” conductivity as the combined k of nanoparticle and nano-layer. k.., of
the nanofluid was then determined via the application of Bruggeman’s effective media theory
(1935). The model was found to be in good agreement with experimental data of CuO nanofluids
(Lee et al., 1999).

Leong et al. (2006) proposed a static nano-layer based model for spherical particles, which
takes volume fraction, particle size, k of the layers and layer thickness into account. When
compared to experimental data, the model produces the most precise results for CuO nanofluids
(Leong et al., 2006). In 2009, Sitprasert et al. (2009) created a modified version of the Leong et al.
model (2006) taking the effect of the temperature on k and thickness of the nano-layer into
account. The authors concluded that the model was accurate in predicting changes in k of
nanofluids due to changes in volume fraction and temperature for different nanoparticle sizes.

2.4.4.2.2.2. Brownian Motion Based Models

Brownian motion consists of particle movement through liquid, allowing collisions which
enable direct heat transfer between particles in contact with each other (Botha, 2007; Keblinski et
al., 2002; Mujumdar and Wang, 2008; Murshed and Castro, 2011). Due to particle tininess,
Brownian motion has been considered as a possible mechanism for the anomalous k of nanofluids
(Evans et al., 2006; Keblinski et al., 2002). Some authors argued that Brownian particles generate
long velocity fields in the surrounding fluids which, in large volumes of fluid, can transport
substantial amounts of heat (Jang and Choi, 2004; Prasher et al., 2005). However, most authors
have found that the Brownian motion effect on heat transfer enhancement is minimal. Botha (2007)
proposed that the movement of nanoparticles due to Brownian motion is too slow to transport
significant heat quantities. Evans et al. (2006) conducted a kinetic theory analysis, supported by
molecular dynamics simulations of heat flow, demonstrating that hydrodynamic effects associated
with Brownian motion have a minor effect on k of nanofluids.

Based on the Maxwell model, Xuan et al. (2003) proposed a theoretical model centred on
the theory of Brownian motion and the diffusive aggregation, which also accounts for particle size,
concentration and temperature effects on k.qr. They found that the effect of particle aggregation
and nanofluid temperature were the essential factors behind enhancements of k.

The following year, Jang and Choi (2004) modelled k considering four modes of energy
transport: heat conduction in the base fluid, heat conduction of the nanoparticles, collisions
between nanoparticles due to Brownian motion and micro-convection caused by the random
motion of nanoparticles. They concluded that the collisions between nanoparticles were found to be
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negligible when compared to the alternative modes of energy transport, altering the initial model
equation to only include the three remaining modes.

Koo and Kleinstreuer (2004) proposed that k of nanofluids is composed of the effects of
two parts: static k (using the Maxwell model) and dynamic (associated to Brownian motion) k. They
created a parameter, $, to account for interactions between nanoparticles and the fluid molecules
around them, as well as a parameter, f, to increase the temperature dependency of the model,
rendering the model a highly complex one.

Similarly, Xu et al. (2006) modelled k to be the sum of the contributions of the static and
dynamic conductivities. In this case, the static term is obtained using the Hamilton and Crosser
model, whereas the dynamic term considered the flow over the nanoparticles and the fractal
distribution of the nanoparticle sizes. Due to the fact that the effect of Brownian motion decreases
with higher particle sizes, the global enhancement in k predicted by the model was found to
decrease with the increase in particle size.

Chon et al. (2005) projected an empirical correlation for k of Al,O; based nanofluids as a
function of particle size and temperature. When compared to experimental results they found that k
increases with increasing temperatures and decreasing particle sizes. They concluded that both
the Reynolds number and Brownian motion were responsible for anomalous enhancements in Kk,
the temperature increasing Brownian velocity of the nanopatrticles.

2.4.4.2.2.3. Clustering Based Models

When suspended in base fluids, nanoparticles tend to form clusters that can result in
speedy heat transport along extended distances, which can significantly enhance k of nanofluids
(Evans et al., 2008; Hong et al., 2006; Wang et al., 2003; Xuan et al., 2003). Kwak and Kim (2005)
established that enhancements in k occur with viscosity increases for low nanoparticle volume
fractions, indicating the effect of aggregation. Hong et al. (2006) confirmed this effect by scattering
Fe nanoparticles and observing a consequent cluster formation, leading to significant k increases.
To further emphasize the effect of clustering, Venerus et al. (2006) and Putnam et al. (2006) failed
to find any unexpected heat transfer improvements for well dispersed, non-aggregated nanofluids,
indicating that clustering could play an important role in the anomalous performances of other
studies. Evans et al. (2008) used the homogenization theory, validated using a Monte Carlo
simulation, to demonstrate that an increase in cluster size is accompanied by an increase in Keg.
However, they also found that by increasing particle volume fractions, the resulting clusters
revealed smaller gains in k. The aforementioned Xuan et al. (2003) theoretical model, associating
Brownian motion and particle aggregation, led the authors to conclude that larger clusters
decelerate nanoparticle movement thus decreasing the enhancement of k.

Feng et al. (2007) proposed a model based on nanoparticle clustering and nano-layer
formation, being a function of the nanoparticle volume fraction and size, nano-layer thickness and k
of both particle and base fluid. They found that the enhancement of k depended on the
nanoparticle size, enhancements increasing with particle size decrease due to the shorter
distances between particles.

Chen et al. (2009) incorporated the effect of clustering to the Hamilton and Crosser model,
obtaining a model dependent on the cluster radius. They experimentally measured the viscosity of
both spherical and tubular TiO, nanoparticles in water and in ethylene glycol, having found that the
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experimental data for conductivity augmentation was in good agreement with their theoretical
model.

2.4.4.2.3. Tubular Particle Nanofluids

When considering the influence of particle geometry in k enhancement predictions, non-
spherical particles require alternative formulations to the previously mentioned models. Otherwise,
expected model precision losses and result discrepancies will occur. Typically, tubular particles are
treated as cylinders. As early as 1962 this necessary distinction was incorporated in the Hamilton
and Crosser model, where the empirical shape factor (n) assumes different values for spherical
(n=3) and cylindrical (n=6) particles (Narvaez et al. 2010). As a result of their experimental study,
which culminated in the aforementioned theoretical model based on cluster formation, Chen et al.
(2009) also employed different shape factor values for spherical (n=3) and cylindrical (n=5)
nanoparticles. In the case of the cylindrical particles (nanotubes), k along transverse and
longitudinal directions was applied to account for nanotube diameter and length conductivity
distributions.

2.4.4.2.3.1. The Percolation Effect

In comparison to metallic spherical nanoparticles, CNTs exhibit higher aspect ratios,
reason for which percolation, due to aggregation, occurs far more frequently. The percolation
theory predicts the existence of a critical particle concentration threshold, characterized by the
formation of a continuous solid path, formed by highly conducting nanotubes coming into contact
with each other, thus assisting the increase in k of several orders of magnitude (Lamas et al.,
2012b; Martin et al., 2004; Sahoo et al., 2010). Patel et al. (2008) consider heat percolation as one
of the main culprits for the higher k exhibited by CNTs.

Xie and Chen (2009), producing CNT nanofluids via ball milling, found that longer milling
times lead to higher aggregation levels, which promote percolation, having concluded that the
positive influence of aggregation surpasses the negative effect of aspect ratio deterioration that
results from excessive milling. The percolation threshold of CNTs depends on nanotube dispersion,
alignment, aspect ratio and surface modifications (Sahoo et al., 2010).

Munson-McGee (1991) found that a reduction of the threshold can be obtained with an
increase in aspect ratio, demonstrating that the critical volume of cylindrical particles can vary from
less than 1% to just over 20%, whereas Biercuk et al. (2002) indicated that the threshold for
SWCNTs is approximately equal to the inverse of the aspect ratio, which was roughly 1000 in
value, and that the percolation network formation occurs at inferior loadings, even for randomly
oriented nanotubes.

Martin et al. (2004) established that the threshold for MWCNTs could be controlled by
diffusion during particle dispersion. The same authors also consider that reported inconsistencies
between experimental observation and the statistical percolation theory are owed to the lack of
considerations with regard to inter-particle interactions, neglecting the effects of Van der Waals
forces and Coulomb interactions due to static particle charging, and kinetic effects, such as particle
Brownian motion. They also predicted that aging high aspect ratio nanotube dispersions would lead
to lowered percolation thresholds.

Lamas et al. (2012b), backed by theoretical studies of Biercuk et al. (2002) and Nan et al.
(2003), indicate discontinuities in k, attributed to Kapitza resistances, credited to play a significant
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role in defining the percolation threshold. These interfacial thermal resistances were recognized to
depend on the bonding strength between CNTs and the surrounding medium, as well as low
functionalization levels (Shenogin et al., 2004; Xue et al., 2003). The dependence of the Kapitza
resistance on the strength of liquid-solid interactions was found to exhibit two distinct regimes: an
exponential dependence for weak bonding and a power law dependence for strong bonding, in
which thermal resistance is inversely proportional to the solid-liquid connection strength (Xue et al.,
2003). Shenogin et al. (2004) found that the functionalization of SWCNTs leads to significant
decreases of the referred thermal resistances, but they also witnessed drops in k with increases in
functionalized atom fractions. They used the effective medium theory to predict that this
dependence could be eliminated for highly functionalized CNTSs.

2.4.4.2.3.2. Theoretical Models for CNT Nanofluids

The previously mentioned Hamilton and Crosser model (1962) was the first to enable the
prediction of k.., of non-spherical particles. However, this classic model was formulated for larger
sized particles than the nano-sized ones employed in nanofluids, as revealed in 2.4.4.2.1., being
found to under-predict k.rrof CNT nanofluids. Nan et al. (2003) presented a simple formula based
on Maxwell's effective medium model, accounting for high particle aspect ratios and volume
fractions. However, the model was later found to over-predict k, this due to the authors having
neglected the influence of the interfacial thermal resistances (Lamas et al., 2012b).

These conclusions led the authors to propose a modified model the following year,
formulated to include, to some extent, the interface thermal resistance effect on k (Nan et al.,
2004). According to this revised model, k. is a function of the volume fraction and 8 coefficients
along the transverse direction (8x) and the longitudinal direction (8;). These coefficients depend on
k in each direction (kf; andk$;), in turn influenced by the particle thermal conductivity (kp),
nanotube diameter (d) and length (L), as well as the radius in which Kapitza resistance is influential
(ay). The Kapitza radius is a function of interface thermal resistance (R;) and (k;). The model was
found to lack precision for increasing volume fractions and also doesn’'t account for percolation
effects, CNTs assumed to be isolated from each other (Xue, 2006a).

3+ ¢(Px + Bz)
ks =—————k, (Eq. 4
eff 3 — ¢(BX) b ( q )
2(kiy — kp) k33
= =—-1
Px ki, + kp & ky
. k, . k, MK
k11: k;k33:7k;ak:RRkb:8X1O xkb
14 2% 1+ 2% w
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Xue (2006a) proposed a theoretical model which incorporates interfacial thermal
resistances using an average polarization theory, as well as simultaneously considering the effects
of nanotube dimensions and concentrations. The deduced expression leads the author to state that
increases in k can be obtained via an increase in nanotube length, regardless of the corresponding
diameter, which indicates that thermal variations along the transversal direction can be neglected.

keff - kb keff - k§3 + 4 keff - klcl
Zkerr tkm 7 ko + 0149/ (kSs —kop)  2keps + Uy (KSy — kegy)

91 —¢) =0 (Eq.5)
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The same author also proposed a Maxwell-based model to account for the effect of the
nanotube orientation distribution, founded on the discontinuity theory of dispersions in a continuous
phase (Xue, 2006b). Once again, the effect of percolation was overlooked and the model only
predicts increases in k., for increases in particle volume fraction (Lamas et al., 2012b).

k k, +k
- p b
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Sastry et al. (2008) presented a model based on percolation and the contact resistance in
the consequent thermal resistance network. A dimensionless parameter was introduced to
represent the effect of percolation, it being a function of conductance between CNTs (G), CNT
length (L;) and particle volume fraction. According to their model, k.;; depends on the number of
parallel CNT chains (M), the number of connected segments (N) over a distance (X), CNT diameter
(d) and the heat transfer area (A).
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Based on the Sastry et al. (2008) model, Koo et al. (2008) proposed a revised model which
takes the non-linear k enhancement with particle concentration increases into account using the
excluded volume concept, where the excluded volume is the volume surrounding an object in
which the centre of an identical object should be missing in order to avoid object inter-penetration.
According to their model, the role of percolation is represented not only by the dimensionless
parameter, but also by the number of contacts per cylinder (N,) of randomly oriented cylinders,
quantified by the product of the excluded volume and the CNT volume fraction, as follows:

-l G

N, = —L2d

Patel et al. (2008) derived a model for CNT nanofluids based on a spherical particle model

of k previously proposed by Hemanth et al. (2004), announcing a reasonable enhancement trend

prediction for both oil and water based CNT nanofluids. Additionally, two paths for heat flow are

assumed: one through the base liquid and another through the CNTSs; both considered to be acting

in parallel to each other. According to the model, k., is a function of the base liquid molecular size
(rp), the average CNT diameter (d) and ¢ of CNTSs.

_ kp d) Tp
keff = <1 + m) kb (Eq 9)

With a view to predict the effects of anisotropy, aspect ratio, non-straightness, CNT volume
fraction and interfacial thermal resistance on k.¢¢, Deng et al. (2007) and Deng and Zheng (2009)
proposed several analytical formulas. The most significant of these models takes into account a
non-straightness of CNTs (1), a high thermal anisotropy of CNTs (kf,/k$; « 1), a random CNT
orientation and a tube-end thermal resistance. The model also assumes the formation of CNT
thermal cables, while the role played by the aspect ratio (p) is reflected by parameter H, as follows.
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2.4.5. Convective Heat Transfer

In order to employ nanofluids in concrete applications, a full understanding of their
convective heat transfer features is essential. When compared to the reported studies of Kk,
convective heat transfer research is scarce, little attention having been given to determining the
convective heat transfer characteristics of nanofluids (Murshed et al.,, 2008; Pfautsch, 2008).
However, in recent years this mode of heat exchange has gained more awareness, result of a
necessary comprehension for practical application. Convective heat transfer can be divided into
two categories: forced convection, with induced fluid flow through confined regions, and natural
convection, with fluid motion due to buoyancy (Ding et al., 2007).

2.4.5.1. Forced Convection

Of the limited available literature, most studies are focused on the forced convective heat
transfer of nanofluids in circular tubes. The convective heat transfer coefficient (h) depends on k,
specific heat capacity (cp), viscosity (W), flow rate and density of fluids (Eastman, 2005). The fluid
flow mode is of upmost importance, studies being conducted for both laminar and turbulent flows.
Most of the reported investigations characterize the heat transfer with emphasis on h and the
Nusselt number (Nu), which depends on the Reynolds number (Re) and the Prandtl number (Pr).
These parameters are dependent of the nanofluid thermal transport properties, most significantly p
and k, which are a function of the temperature. Due to this, most experimental procedures involve
the measurement of the fluid temperature in different regions along the tube. In experimental
procedures, laminar flow convective heat transfer studies are frequently validated using the
theoretical predictions of Shah, whereas turbulent flows are typically validated by the Gnielinski or
the Dittus-Boelter equations, all characterized by Nu (He et al., 2007).

e Shah equation for laminar flows (D, tube diameter and x, axial position along tube axis):

1
1.953(RePrD/y) s, (ReprD/,) =333
4.364 +0.0722RePr P/, (RePrDP/,) <333

Nu = (Eq.12)

e Gnielinski equation for turbulent flows (f, friction factor f = 0.078Re_1/4) :

Nt = f/2(Re —10®)Pr

_ Eq. 13
1+ 12.7(F/2)2 (Pr2/3 - 1) (Fa-13)

o Dittus-Boelter equation for turbulent flows:

Nu = 0.023Re®8Pr%* (Eq.14)
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2.4.5.1.1. Experimental Studies
2.4.5.1.1.1. Spherical Particle Nanofluids
2.4.5.1.1.1.1. Laminar Flow

Wen and Ding (2004a) evaluated the convective heat transfer performance of
AlL,Oz/Deionized water nanofluids in a copper tube. The witnessed enhancement was most
significant in the tube entrance region and increased with increasing particle volume fractions, Nu
and Re. They also found that the increase in h surpassed that of k, especially at the tube entrance.
This was attributed to a decrease in the thermal boundary layer thickness at the tube entrance, the
authors speculating whether particle migration, Brownian motion or viscosity gradients were the
mechanisms behind this. Table 7 presents a summary of all the reported heat transfer studies
under laminar flow.

Heris et al. (2006 and 2007) examined h of Al,Os/water nanofluids (and CuO/water
nanofluids, 2006) in a steel tube with an imposed constant wall temperature boundary condition,
obtained via steam application through an outer tube. For several nanopatrticle volume fractions,
the experimental enhancements of h were related to the Peclet number (Pe), influenced by rates of
advection and diffusion. The results were found to improve with increasing volume fractions and
increasing Pe. In their earlier experiment, they found that the enhancement peaked at an optimum
particle loading, posteriorly decreasing with increasing volume fractions. The same authors would
later conduct similar experiments exclusively for Cu/water nanofluids (2009).

Li and Xuan (2002) and He et al. (2007) conducted thorough investigations into convective
heat transfer and pressure drop of Cu/water and TiO,/water nanofluids, respectively. As with
previous experiments, the heat transfer was evaluated for nanofluid flows through a horizontal
brass tube (Li and Xuan, 2002) and a vertical copper pipe (He et al., 2007). Li and Xuan (2002)
indicated the significant influence of the nanoparticle volume fraction on h and the pressure drop.
He et al. (2007) also concluded that thermal transport was found to increase with particle
concentration, but also linearly increase with Re, whereas pressure drop was reported to be very
close to that of the base liquid alone.

Hwang et al. (2009) investigated the performance of Al,O; and water based nanofluids
under a fully developed laminar flow in a steel tube. The heat transfer was found to be almost
constant, indicating that nanofluids behave like single-phase fluids under fully developed laminar
flow. h increased with volume fraction, registering a superior enhancement to that of k.., at
maximum loading, leading the authors to conclude that k plays a minor role in dynamic heat
transfer.

With a view to demonstrate that nanofluids can be treated as homogeneous mixtures, Rea
et al. (2009) studied the convective heat transfer and pressure loss of Al,O; and ZrO, based
nanofluids across a steel tube. The heat transfer enhancement for Al,O; was significantly higher
than that of ZrO, and the pressure loss increased with higher particle loadings. With Nu being
evaluated by the Shah equation, the best heat dissipation performances were observed in the tube
entrance region, i.e., the laminar development region.

In the same year, Anoop et al. (2009) analysed the effect of nanoparticle size on h of
Al,Os/water nanofluids in a copper tube, comparing the performances of two distinct average sized
nanoparticles: 45 nm and 150 nm. The smaller particle size exhibited the better performance,
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indicating that nanoparticle size decrease will enhance h in a developing laminar flow. In both
circumstances, the increase in h expressively surpassed the measured k. Chandrasekar et al.
(2010) experimentally investigated the effect of employing wire coil inserts to Al,Oz/water nanofluid
flow in a copper tube. The initial enhancement of Nu, due to the nanofluid alone, was boosted by

the addition of two wire coils to the heat transfer test system (12.24 % vs. 21.53 %).

Table 7 - Summary of Experimental Studies of Forced Convective Heat Transfer, under Laminar
Flow, of Spherical Particle Nanofluids

Author . Volume Tube Heat Transfer Enhancement
Nanofluid . . .
(Year) Fraction Dimensions
L=08m
Li and Xuan (2002) Cu/Water 03-2% d =10 mm 60% for h at 2 vol. %
_ L=097m 47% for h at 1.6vol.% and
Wen and Dlng (2004&) Al,Oz/Water 06 —1.6% d =45 mm Re = 1600; 41% at Re = 1050
. Al,Os/Water . L=1m 29% for h at 2.5v0l.% and
Heris et al. (2006) CuOMater 02 -3% d =6mm Pe = 5000 (Al,05)
L=1m 40% for h at 2.5vol.% and
Heris et al. (2007) AlL,Os/Water 02 - 25% d = 6 mm Pe = 6000
. L=183m 12% for h at 1.1vol.% and
He et al. (2007) TiOo/Water 02 -11% d =63 mm Re = 1500
L=5m 13% for h at 0.5v0l.% and
Chun et al. (2008) AlL,O3/QOil 02 — 05% d = 6.35mm Re ~ 400
L=25m 8% for h; 1.44 % for k; 0.3 vol. %
Hwang et al. (2009) AlL,Os/Water 0.01-03% d =1.8mm at Re ~ 735
Al,Os/Water L=18m Maximum: 6% for k at Re =
Kolade et al. (2009) AlL,O3/Oil 2% d =5mm 1200 (Al,Os/Water)
Rea et al (2009) AIzOg/\Nater 0.6 — 6% L=101m 27% for h at 6 vol. % and
) ZrO./Water 03 —13% d =45mm Re = 1600 (A|203)
L=12m 25% for h at 1vol.% and
Anoop et al. (2009) Al,Os/Water 01 —1% d =475mm  Re = 1550
) L=1m 45% for h at 2wvol.% and
Heris et al. (2009) Cu/Water 02 —25% d =6mm Pe = 6700
Al L=0.8 21.53% for Nu at Re = 2275,
Chandrasekar et al. (2010) 20z Water 0.1% " L o “ ¢
d =4.85mm with inserts

2.4.5.1.1.1.2. Turbulent Flow

Pak and Cho (1998) evaluated the heat transfer performance of Al,O; and TiO, particle
nanofluids, at Re varying from 10* to 10° in a steel tube for which a constant wall heat flux
boundary condition was considered. The enhancement of h increased with increasing particle
volume fractions, as displayed in Table 8. He et al. (2007) conducted an experimental study to
determine the enhancement of h for TiO, nanofluids for laminar and turbulent flows. For turbulent
flow regimes the enhancement of h was greater, particle volume fraction being more influential than
for laminar flows. On the downside, the pressure drop was higher and began displaying
exponential increases for high Re.
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A different approach was taken by Nguyen et al. (2007), using a heated aluminium block to
simulate an operating CPU microprocessor. Particle size, loading and Re were found to be
influential. The enhancement was found to grow with the level of turbulence in the fluid flow.
Fotukian and Esfahany (2010) evaluated the heat transfer of low concentration Al,Os/water
nanofluids in a copper tube. Unexpectedly, they found that the enhancement decreased with
increasing Re, contradicting theoretical predictions. The pressure drop increased with nanoparticle
loadings, but varied inconsistently with Re. Hojjat et al. (2011) studied three different nanofluids, all
using an aqueous solution of carboxymethyl cellulose (CMC) for base fluid. For all the tested
nanofluids, h and Nu increased significantly with an increase of Pe.

Table 8 - Summary of Experimental Studies of Forced Convective Heat Transfer, under Turbulent
Flow, of Spherical Particle Nanofluids

?5:2?; Nanofluid Volume Fraction  Tube Dimensions Heat Transfer Enhancement
L=048m
Al,Os/Water 75% for h at 2.4 vol. %; 75%
Pak ho (1 ; 1— 109 _
akand Cho (1998) 13 \water % d =107 mm at 1.34 vol. % (Al,Os)
Li and Ding (2002) water 03 — 2% d =10 mm 60% for h at 2 vol. %
. Al;O3/Water 09 — 3.6% L=3m Max. Nu enhancement
Will 2 _
liams (2008) 7/ wwater 02 — 0.9% d =127 mm at 3.6 vol. % (Al,03)
TiO./Water L=183m 40% for h at 1.1 vol. % and
He et al. (2007) 0.2 —11% d =63 mm Re = 5900
Nguyen et al. Al,Oz/Water 1L~ 68% Heated block: 40% for h at 6.8 vol. % and
(2007) e 60 x 60 x 75 mm Re = 7000
Kulkami et al Si0o/Water + L=1m 16% for h at 10 vol. % and
' EG 2 - 10% Re =1
(2008) d =3.14mm e = 10000
SiC/Wat L=058m _
Yu et al. (2009) Aater 3.7 % d =227 mm 60% for h at Re = 6000
Fotukian and Al,Oz/Water 0.03 — 013 9 4 = 63 mm 48% for h at 0.054 vol. % and
Esfahany (2009) ' e - Re = 9950
Sundar and Sharma  Al,Os/Water 0.02 — 0.5% L=15m 80.19% for h at 0.5 vol. % and
(2010) d =45 mm Re = 22000 (inserts)
. L=211m 71% for h at 0.5 vol. %
Hojjat et al. (2011) CuO/CMC 01 - 15% 0 : 70
d =10mm

2.4.5.1.1.2. Tubular Particle Nanofluids

2.4.5.1.1.2.1. Laminar Flow

Ding et al. (2006) studied the heat transport properties of MWCNT/water nanofluids along a

uniformly heated copper tube. The experimental data demonstrated good agreement with the Shah
equation for laminar flows under the constant heat flux boundary condition. As with the spherical
studies, h was found to increase significantly with nanotube concentration and Re. It was also
found to be minimally affected by the fluid acidity. The highest values of h were witnessed in the
tube entrance region, leading the authors to indicate the creation of multiple artificial entrances
along tubes, to maximize the heat transfer via boundary layer degradation, for future studies.
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Amrollahi et al. (2010) conducted a similar experiment for both laminar and turbulent flows, using
functionalized MWCNT nanofluids. Their experiment resulted in less significant enhancements of h
when compared to the previous study.

Garg et al. (2009) prepared an experimental study to evaluate the influence of the
ultrasonication times, during MWCNT/water nanofluid preparation, on the heat transfer
performance. To that effect, four distinct samples, with ultrasonication times ranging from 20 to 80
minutes, were prepared. h was analysed along a copper tube, under a constant heat flux condition,
with Re varying between 600 and 1200. As with previous studies, h was highest in the entry region
but its maximum enhancement was found to occur in the developed boundary layer region. The
increase of Re resulted in a decrease of the h. The authors found that the optimum ultrasonication
time was 40 minutes, above which the tube breakage rate increased.

Silva (2010) and Abreu et al. (2012) conducted similar experiments to evaluate the
convective heat transfer of low particle concentration MWCNT/water nanofluids along a stainless
steel tube, under the constant wall heat flux boundary condition. In both investigations the
enhancement of h was greatly superior to that observed for k, reported to be maximum in the tube
entry region. Table 9 offers a summary of the mentioned experimental studies.

Table 9 - Summary of Experimental Studies of Forced Convective Heat Transfer, under Laminar
Flow, of Tubular Particle Nanofluids

Author Nanofluid Nanotube Loading . TUb? Heat Transfer Enhancement
(Year) Dimensions
L=097m
. 375% for h at 0.5 wt. % and
Ding et al. (2006) MWCNT/Water 01— 05wt.% d = 45 mm Re = 800
L'=0914m 320 for h at Re = 600; 29%
I (2 MWCNT 0.25 wt.9 — '
Garg et al. (2009) CNT/Water wt. % d =155 mm at Re = 900
0.2 vol. % L=18m
Kolade et al. (2009) MWCNT/Water d =5mm 10% for k at Re = 1200
Amrollahi et al. L=1m 12% for h at 0.12 wt. % and
(2010) MWCNT/Water 0.1 — 0.25wt.% ¢ =114 mm 40% at 0.25 wt. %
- L=12m 105% for h at Re = 2060
Silva (2010) MWCNT/Water 0.25 vol. % 0 e=
d =6mm
L=12m 949 for h at 0.5 vol. % and
Abreu et al. (2012) MWCNT/Water 0.25 — 0.5vol.% d = 6mm Re = 2061

2.4.5.1.1.2.2. Turbulent Flow

Despite extensive research, limited experimental investigations of tubular particle
nanofluids were found; these are summarized in Table 10. Amrohalli et al. (2010) evaluated the
heat transfer enhancement of functionalized MWCNT/water nanofluids for both laminar and
turbulent flow modes. h in turbulent flows displayed a greater increase than the values obtained for
laminar flows and the enhancement decreased with increasing temperatures. It was also found to
become constant with increasing Re in the tube entry region.

Liu and Liao (2010) studied the heat transfer behaviour of CNT dispersions in an aqueous
solution of cetyltrimethyl ammonium chloride (CTAC), purposely used to reduce drag. The heat
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transfer enhancement was found to be greater with higher temperatures, even when the drag
reduction is insignificant, and higher particle loadings. The dependence of h on the Re was noticed
to be minimal.

Table 10 - Summary of Experimental Studies of Forced Convective Heat Transfer, under Turbulent
Flow, of Tubular Particle Nanofluids

Author Tube
Nanofluid Nanotube Loading . . Heat Transfer Enhancement
(Year) Dimensions

L=1m

Amrollahi et al. 25% for h at 0.12 wt. % and

MWCNT/Water 0.1 - 0.25wt.%

(2010) d =114mm Re = 4778
L =108m 70% for h at 2 wt. % and
Liu and Liao (2009) CNT/CTAC 05-4wt.% d = 25.6 mm 40% at 4 wt. %;
Re = 45000

2.4.5.1.1.3. Studies Using Alternative Heat Exchanger Types

Most experimental studies reported in the available literature investigate the convective
heat transfer along a singular tube. However, some authors have presented research studies
involving alternative, more complex types of heat exchangers for nanofluid employment. Due to the
experimental singularity of most of these studies, a lack of certainty of the obtained data is a
concern; more research is required before these results can be properly compared and scrutinized.

Mapa and Mazhar (2005) studied the laminar flow heat transfer of a CuO/water nanofluid in
a mini shell and tube heat exchanger, consisting of two flow loops across 37 tubes, each with a
heat transfer area of 0.05 m?. At very low particle concentrations the heat flow rate increased,
compared to that of water alone, with the mass flow rate, the increase stabilizing once an optimum
flow rate was achieved. The authors also found that higher particle concentrations lead to heat
transfer increases that also vary with varying flow rates.

Pantzali et al. (2009) experimentally and numerically investigated h of CuO/water
nanofluids operating in a miniature PHE with a corrugated surface. For a nanoparticle
concentration of 4 vol. %, the enhancement in h was just over 10 %. However, the friction losses
resulting from modulated surface employment were found to be 2.5 times larger than that of a flat
plate. In the same year, Pantzali et al. (2009a) studied the efficacy of CuO, Al,O; and CNT
particles suspended in water at 4 vol. % in a herring-bone type PHE, consisting of 16 corrugated
steel plates. When operating with laminar flows, the authors concluded that the use of nanofluids
can be beneficial, whereas for turbulent flow they concluded that the enhancement in h with
nanofluids can only be achieved if the increase in k is accompanied by a marginal increase in
nanofluid viscosity.

Mare et al. (2011) investigated the heat transfer performances of Al,Os/water and
CNT/water nanofluids operating at low temperatures (T,=10°C) in a 20-plate PHE. Both
nanofluids were tested in laminar flows, Re ranging between 35 and 195. Despite the inferior
particle loading (0.55 vol. %), the CNT nanofluid exhibited the highest enhancement of h, 50 % vs.
42 %, than that of the Al,O3 nanofluid (1 vol. %). In conclusion, the authors insisted that the
influence of viscosity and pressure drop are important, needing to be taken into account before
nanofluid application to these heat exchangers.
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Pandey and Nema (2012) and Lotfi et al. (2012) conducted similar experiments for
Al,Oz/water nanofluids in a corrugated PHE and MWCNT/water nanofluids in a shell and tube heat
exchanger, respectively. Experimenting with different particle volume fractions in counter-flow,
Pandey and Nema (2012) found that, above the optimum particle loading of 2 vol. %, h decreased
with increasing concentrations (up to 4 vol. %), indicating that the effect of the viscosity increase
surpasses the effect of the enhancement of k. The maximum enhancement of h, 111.5%, was
registered at 2 vol. % and Pe=5134. Lotfi et al. (2012) used two distinct heating powers, 280
and 630 W, noting a higher enhancement for the higher heating power.

Rafati et al. (2012) tested three different nanofluids (Al,O3, SiO, and TiO, dispersed in a
mixture of water and EG) in the cooling of an operating Phenom Il X4 965 quad-core computer
processor. The largest processor temperature decrease, of 5.5°C, was obtained with the Al,O;
nanofluid at 1 vol. %.

2.4.5.1.2. Theoretical Studies

Despite a recent boom in interest, theoretic models of convective heat transfer remain
scarce, most are derived from classical correlations, such as the aforementioned Shah or Dittus-
Boelter equations for laminar and turbulent flow, respectively. This bears the consequence of only
being valid for specific nanofluids over small parameter variations (Wang and Mujumdar, 2008).

Pak and Cho (1998), following their experimental study of the heat transfer performance of
Al,Os/water and TiO,/water nanofluids under turbulent flow conditions, proposed the following
correlation, a modified version of the Dittus-Boelter equation.

Nu = 0.021Re,;*®Pr,,;*° (Eq.15)

Xuan and Roetzel (2000) derived correlations for h of nanofluids proposing two different
approaches: the first treating nanofluids as single-phase fluids, the second assuming nanofluids as
solid-liquid mixtures. The first method assumes that classical correlations for pure fluids can be
applied to predicting h. The second approach continues to treat the nanofluid as a single-phase
fluid but also takes into account the heat transfer enhancement due to the thermal dispersion that
results from random particle motion. Both approaches indicated that the enhancement depends on
increases of k and chaotic particle motion, which accelerates energy exchanges. For their second
approach, k¢, of the nanofluid is given by the sum of the contributions of the single-phase thermal
conductivity of the nanofluid (k,f) and the thermal conductivity of the dispersion (k;), as follows.

Kerr = kng + ka; ka = C(pcp)nruxddpro (Eq. 16)

Based on the thermal dispersion and their experimental results for Cu/water nanofluids, Li
and Xuan (2002) proposed a model for predicting h of nanofluids inside circular tubes. In this
proposed correlation, the thermal dispersion promoted by micro-convection and micro-diffusion is
quantified by Pe. Based on their experimental data for both laminar and turbulent flows, the
following correlations were proposed.

e Laminar flows: Nu = 0.4328(1.0 + 110285¢°75*Pe,***®)Re, ;****Pr,,;°* (Eq.17)
e Turbulent flows: Nu = 0.0059(1.0 + 7.6286¢°#%¢Pe,*°1)Re, *9**¢Pr, ;** (Eq. 18)

Ding and Wen (2005) focused on particle migration derived from Brownian motion, as well
as shear stress and viscosity gradients, indicating a non-uniform property distribution that causes
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radial variations in thermophysical properties, most notably of temperature and flow velocity, thus
being proposed as a possible enhancement mechanism in heat transfer of nanofluids.

A comprehensive study of different analytical approaches was conducted by Mansour et al.
(2007), in which laminar and turbulent flows, for an Al,Oz/water nanofluid, were considered and
common correlations used for nanofluids were evaluated for fully developed streams in a tube
subjected to a constant heat flux boundary condition. Their analysis was focused on the
determination of the cp, p and k, followed by pressure drop and heat transfer correlation studies for
singular tube conditions using distinct particle volume fractions. The most significant discrepancies
were found for the laminar flow cases, some contradictory.

2.4.5.2. Natural Convection

The natural convection of nanofluids bares importance in the chemical and food industries,
having been found to be influenced by liquid unstable density distributions, which result from
temperature and particle distribution differences due to particle sedimentation (Kang et al., 2001,
Okada and Suzuki, 1997).

Few experimental and analytical studies to ascertain the natural convective heat transfer
behaviour of nanofluids have been performed. Kang et al. (2001) and Putra et al. (2003) conducted
similar experiments using cylindrical and rectangular vessels, respectively; in which the nanofluid
was heated from one side (or wall) and cooled from the other. Kang et al. (2001) found that the
formation and deterioration of multiple layers around SiO, nanoparticles occurred, these influenced
by the increase of the temperature gradient between opposite sides. Putra et al. (2003) found that
the enhancement of k of CuO/water nanofluids was higher than that of Al,Os/water nanofluids, both
displaying improved convection than that of common slurries but inferior to that of the base fluid.
Additionally, both nanofluids’ natural convective heat transfer properties were found to deteriorate
with an increase in particle concentration and density, characterized by decreasing Nu.

Analytic studies conducted by Khanafer et al. (2003) and Kim et al. (2004) led the authors
to conclude that natural convective heat transfer increased with the particle volume fraction (at any
Grashof number), contradicting the experimental conclusions of Putra et al. (2003).

2.4.6. Numerical Studies

Of the two approaches identified by Xuan and Roetzel (2000), the simpler single-phase
assumption for nanofluids has been found to be numerically more efficient, result of its reduced
computational workloads (Wang and Mujumdar, 2008). The advantage of this approach resides in
the assumption that the base fluid and the nanoparticles are in thermal equilibrium as well as equal
velocities (Kalbasi and Saeedi, 2012).

Maiga et al. (2004) developed a numeric model to simulate the flow of Al,Os/water and
AlLO3/EG nanofluids, under both laminar and turbulent flows, applying single-phase and constant
wall heat flux conditions to a circular tube (L=1 m, d=10 mm). Flow symmetry was assumed and,
for turbulent flow, the semi-empirical K-€ model was used to describe the nanofluids. Results
demonstrated a higher heat transfer enhancement of the EG based nanofluid, increasing with
growing particle loads.

Applying the same theoretical considerations, Roy et al. (2004) numerically evaluated the
thermal performance and wall shear stress of nanofluids in a radial cooling system, subjected to
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laminar, uniform velocity flows. The obtained data indicates increases in h for growing particle
volume fraction and Re. More recently, a similar numerical study was conducted by Kalbasi and
Saeedi (2012) to assess the thermal performance of a CuO/water nanofluid in a tube.

Xuan et al. (2005) proposed a thermal Lattice Boltzmann model for flow and energy
transport simulation of a Cu/water nanofluid. The distinguishing feature of this model is the
hypothesis of particle location at a series of lattices, presenting a Boltzmann distribution within
these. Another relevant feature is the temperature independence with regard to particle density
distribution. The model predicted an enhancement of 27 % to the nanofluid Nu over that of water
alone.

Following their previously cited experimental investigations with Al,Os/water nanofluids
under laminar flow, Heris et al. (2007a) established a model which employed the thermal
dispersion theoretical hypothesis, proposed by Xuan and Roetzel (2000). Simulations indicated that
enhancements of h could be maximized through the simultaneous effect of volume fraction
increase and nanoparticle size decrease.

Employing the two-phase approach, Behzadmehr et al. (2007) numerically investigated the
turbulent flow of a nanofluid through a tube. The model takes into account both nanoparticle and
base fluid molecule velocity gradients and uses a numerical solution to enable the application of
the constant wall heat flux boundary condition. The authors performed a simulation using the
experimental data gathered by Li and Xuan (2002), claiming good agreement for the Cu/water
nanofluids, contrary to the single-phase assumption for the same experimental data.

Pfautsch (2008) conducted a numerical analysis of the thermal transfer behaviour of
Al,Oz/water and Al,O3z/EG nanofluids in a flat PHE assuming fluid and nanoparticle continuity, as
well as momentum conservation via the Navier-Stokes equation. Due to a high non-linearity of the
governing equations, simulations were performed employing the finite difference method. Results
demonstrated that h for laminar flow increases dramatically with particle size reduction and volume
fraction increase. For well dispersed particles in water the maximum enhancement was predicted
to be 130 %, whereas for EG the enhancement was significantly higher (275 %).

More recently, Mohammed et al. (2011) conceived a model of an aluminium square micro-
channel heat exchanger (25 channels) with the intent to evaluate the thermal performance of four
nanofluids (Al,O3, SiO,, Ag and TiO,) under laminar flow. They assumed single-phase fluids and
steady-state flow, while simulations followed the finite volume methodology. Simulations proved the
better performance of the Al,O; nanofluid and the disadvantageous increase in pumping
requirements with increasing Re.

Kalteh et al. (2011) proposed a two-phase model to study the behaviour of a Cu/water
nanofluid in an isothermally heated parallel plate micro-channel. Once again, the governing mass,
momentum and energy equations were solved via the finite volume method using a non-uniform
mesh. Perhaps anticipating the more anomalous behaviour reported in experimental studies for
singular tube exchangers, the mesh was most refined in the micro-channel entry region.
Consequent simulations demonstrated independence between particle viscosity and Nu at
Re=100. As with the Behzadmehr et al. (2007) model, a comparison with the homogeneous single-
phase assumption indicated the higher precision of the two-phase approach.

A unigue numerical study was established by Manca et al. (2011) in assessing the heat
transfer enhancement resultant of an Al,Os/water nanofluid employed in confined slot jet
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impingement on a heated wall. The single-phase approach was used and the impingement
temperature was considered constant. Other relevant considerations included steady-state,
turbulent and constant property flow conditions, as well as nanofluid incompressibility.

Heris et al. (2012) performed numerical simulations to evaluate the thermal behaviour of
Al,O3, CuO and Cu nanoparticle suspensions in water under constant wall temperature boundary
conditions when transiting through a square duct, which is less penalizing in pressure drop but
limited in heat transfer when compared to the circular profiles. In an analogous approach to that
taken by Kalteh et al. (2011), the model was composed of a non-uniform mesh, finer elements
packed in the duct entrance region. Of the tested nanofluids, the Cu/water presented the best
thermal characteristics, Al,O5 displaying the worst.
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Chapter 3

Experimental Model

For the exclusive purpose of experimental studies in nanofluid behaviour, a single-station
multi-measurement structure was proposed and constructed by Silva (2010) in response to the
requirement of a nanofluid preparation and test facility. The structure is composed of three
independent sections: one for different nanofluid preparation, under controlled atmospheric
conditions for contaminant minimization; another for conductive heat transfer measurements, using
the THW method; and a convective heat transfer test section.

3.1. Nanofluid Conception

Nanopatrticle preparation followed a two-step method. MWCNTSs, acquired from Cheap
Tubes Inc. (Table 11), where they were obtained under a CCVD technique, were diluted in a
surfactant composed of sulphuric and nitric acids, for improved homogeneity and functionalized
group stimulation, thus employing the chemical treatment of nanotubes proposed by Esumi et al.
(1996). The next step of the preparation consisted of particle dispersion in the base fluid (DIW),
with the purpose of achieving a stable nanofluid with a nanoparticle concentration of 0.25 vol. %.
Colloidal stability was attained after an hour long ultrasonication period, followed by a 24 hour
period of inactivity to ensure the absence of sedimentation before application.

Table 11 — Relevant Properties of employed CNTs (Cheap Tubes Inc.)

Property Value
Outer diameter 50 — 80 nm
Inner diameter 5—10nm
Length 10 — 20 ym
Purity > 95%
Specific surface area 60m?/g
Electric conductivity > 100S/cm
Ash > 1,5wt. %
Density ~2,1g/cm?

Preceding MWCNT dispersion in DIW, the result of the chemical treatment on the particle
surfaces was assessed using scanning electron microscopy (SEM). This procedure allows the
observation of nanoparticle morphology and also allows a continuous surveillance of the required
nanoparticle deagglomeration. Following the preparation of the nanofluid, its colloidal stability was
assessed using ultraviolet-visible spectrophotometry, resulting in observed absorption rate drops of
12% and 18 % after 72 and 100 hour periods, respectively, thus rendering the nanofluid test-
worthy.
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3.2. Property Measurements

3.2.1. Thermal Conductivity

The thermal conductivity (k) of the base fluid and the tailored nanofluid were measured
using the THW, as described in the literature review. The variation of k as a function of the
operating fluid temperature was determined using a Decagon KD2 Pro Thermal Properties
Analyser, acquired for the task. These variations were registered for temperatures ranging from
283.15 K to 333.15 K, segmented in 10 K intervals.

3.2.2. Dynamic Viscosity

Nanofluid viscosity (1) was determined using an oscillation rheometer, typically employed
to measure elastic properties of low viscosity fluids. Due to the increased number of required set
parameters, rheology is a less effective technique than viscometry. Additionally, oscillatory torque
and phase are influenced by the inertia triggered by the operating rheometer (Franck, 2003). For
the determination of the nanofluid viscosity, the oscillatory shear velocities were varied from 0 to
600 s™, at a constant temperature.

3.2.3. Density and Specific Heat Capacity

Both properties were theoretically calculated using similar correlations, in which separate
material properties are employed as a function of the respective volume fraction of each in the
particle/fluid mixture.

pnf = (d) X p)np + (¢ X p)bf (Eq 19)
Cpnp = (@ X Cplyp + (@ X cp)py (Eq. 20)

3.2.4. Results

Table 12 summarizes the experimental results obtained for the discussed thermophysical
parameters of each employed operating fluid, at 300 K.

Table 12 — Experimental Thermophysical Properties of Tested Fluids at 300 K (Silva 2010)

0.25 vol. % CNT/DIW

Property Units DIW nanofluid
Density (p) kg/m3 997 1197
Specific heat capacity (c,) J/kg K 4179 4384
Dynamic viscosity (p) N s/m? 0.000855 0.00135
Thermal Conductivity (k) W/mK 0.605 0.626
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3.3. Convective Heat Transfer Measurement

3.3.1. Setup and Procedure

The experimental circuit for the measurement of forced convective heat transfer is
composed of a test area, a peristaltic pump, a tubular indirect contact heat exchanger, a fluid
storage vessel and data acquiring equipment. The operating fluid is pumped out of the storage
container and transported, through silicone tubes, to the test area. After flowing through the test
tube, the fluid proceeds to the heat exchanger, where it is cooled by indirect heat interaction with
Kyro 30 refrigerating fluid, before returning to the vessel, thus concluding a cycle. A visual
representation of the process can be observed in Figure 4.

Heating Tape Test Tube

Data Acquisition

Peristaltic
Pump

1 Refrigeration Fluid

Fluid Storage I

Vessel

Heat Exchanger

Figure 4 — Experimental circuit schematic for forced convective heat transfer studies (adapted from
Silva, 2010).

The test section consists of a 1200 mm-long circular stainless steel (grade 316) tube, with
interior and exterior diameters of 6 and 8 mm, respectively, operating as a heat exchanger between
the tube inner surface and the operating fluid. The tube is heated using rubber heating tape, the
power input controlled by a potentiometer. A constant wall heat flux, and consequent isothermal
characteristics on the tube surface, is ensured by the minimization of heat losses, achieved by
wrapping aluminium foil around the tube and posterior polyethylene foam coating for maximized
thermal isolation.

This straightforward setup allows the temperature measurement of the operating fluid at
the tube inlet and outlet, as well as the exterior tube surface temperature at intermediate positions
along its longitudinal axis. To this purpose, seven k-type thermocouples, positioned on the
mentioned positions, were used to obtain temperature measurements of rationally spaced
locations, as described in Table 13. Both fluid temperature measurement thermocouples, at tube
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inlet and outlet, were approximately positioned along the fluid flow axis (tube centre). In order to
enable a fully developed fluid flow at the first measurement point, a 110 mm pre-segment is
provided, calculated using the hydrodynamic entry length expressions for laminar and turbulent
flows. Further setup information can be viewed in the thesis conducted by Silva (2010).

Table 13 — Thermocouple Positions along the Test Tube (Silva, 2010)

Measurement Measurement Axial Tube Position D
) X
Point Target [mm]

Tin Fluid 0 0
To 210 33
T 420 70
T2 Tube Surface 610 102
T3 810 135
Ta 1000 167
Tout Fluid 1200 200

3.3.2. Setup Calibration

In order to validate the experimental results, multiple calibration procedures were
employed. The setup was validated using the obtained experimental results for DIW, with its well
established properties, then relating them to the corresponding theoretical results, calculated via
mathematical formulation.

The adiabatic properties of the tube’s thermal isolation were theoretically evaluated by the
application of a thermal energy balance, using fluid temperature variation, between tube inlet and
outlet, as governing property. This temperature variation was also experimentally monitored and
the error between experimental and theoretical data quantified, at different flow conditions. At low
Re (Re<1500) the results displayed higher discrepancies, leading the author to detect a problem
associated to the peristaltic pump. This component manifested inaptness in maintaining continuous
fluid flows, enabling flow oscillations that jeopardize a steady passage through the consecutive
tube regions. Another pump limitation was its incapacity to sustain fully developed turbulent flows.
This intrinsic difficulty ultimately limited experiments to laminar flows only, with Re ranging from
1236 to 2060.

Measurement repeatability was guaranteed following five distinct fluid passages, executed
during five different days, through the tube using similar entry conditions for each. As for
component calibration, the thermocouples were attuned using a fixed-point cell and appropriate
data-acquiring software, the associated error found to be just below 2% or £0.2 K.

3.3.2.1. Mathematical Formulation

The convective heat transfer performance of operating fluids is typically characterized by h,
a property that cannot be directly measured. However, it can be indirectly obtained through the use
of theoretical correlations of experimentally measurable properties, such as the temperature. For a
uniaxial fluid flow through a tube, the experimental heat transfer coefficient (h.,,), at a given

position in the uniaxial direction (x), was calculated as a function of the heat transfer rate, between
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fluid and tube (¢"'), and the difference between axial mean fluid temperature (T;) and tube surface
temperature (Ts) in each position (x), as follows in Equation 21.

n

q

hew @) = 10 T )

(Eq. 21)

The heat transfer rate to the fluid is the quotient between the incoming power (g) and the
heat transfer area between fluid and tube (4), this last term the inner tube surface area. The total
heat transfer depends on fluid mass flow () and specific heat capacity (cp), as well as its
temperature variation within the tube, experimentally quantified by the difference between tube inlet
(Tf,in) and outlet (Ty ) fluid temperatures. The heat transfer area depends on the tube inner
diameter (D) and length (L), as described in Eq. 22.

m X ¢p X (Trout — Tr,in)

q _
A TXD XL (Ba. 22)

n

In order to establish a comparison between experimental and theoretical heat transfer
properties at the intermediate points of the tube, the following theoretical formula for fluid mean
temperature (T;) in any point along a uniaxial flow was employed (Eq. 23). The formula establishes
a temperature dependence on the flow perimeter (P), as well as fluid mass flow (1), specific heat
capacity (cp), heat transfer rate (q'') and uniaxial position (x).

n

q

T; =T
f(x) f,m+m X Cp

x x (Eqg. 23)

To complete the experimental model validation, the experimental Nusselt number (Nu,,,),
for any position along the tube axis, was obtained via Eq. 24, dependent on h,,,, D and fluid
thermal conductivity (k).

hyp(x) X D

Nuexp x) = kf

(Eq. 24)

As described in the literature review, experimental models for forced convective heat
transfer studies are validated using the Shah equation (Eg. 12), for laminar flows, and the Gnielski
or Dittus-Boelter equations (Eq. 13 and 14, respectively), for turbulent flows. All three formulas
express a theoretical Nu, dependent on both Re and Pr, obtained through Eq. 25 and 26. Due to
the aforementioned pump incapacity to supply turbulent flows, only the Shah equation was
considered for experimental model validation.

4 X

R——m Eq. 25
e_T[X‘uXD(q' )

Cp X
pr = P u

(Eq. 26)
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Chapter 4

Numerical Model

4.1. Initial Considerations

In order to develop the numerical model, using CFD simulation software, the experimental
data obtained by Silva (2010), summarized in the previous chapter, was used. Consequently, a
valid numerical model should yield similar heat transfer results to that of the experimental model,
when tested under similar setup parameters. The main purpose of numerical model development is
to allow a precise prediction of the forced convective heat transfer performance for the
experimental nanofluid, particularly in the intermediate positions of the tube.

Experimentally, the fluid temperature at these positions (T_f) was calculated via Eq. 23, from
which the positional h.,, and, consequently, Nu.,, were determined. A successful numerical
approach will allow a precise positional fluid temperature reading, thus increasing heat transfer
result accuracy.

At the outset, a total of three numerical nanofluid models were to be developed using both
the single-phase and the two-phase fluid approaches suggested by Xuan and Roetzel (2000), i.e.,
the nanofluid assumed a single-phase fluid and the nanofluid considered a solid-liquid dual-phase
mixture. However, the two-phase approach involves a significant increase in required parameters,
most of which lack any corresponding experimental data. In addition, there is no established
nanoparticle behaviour model within the base fluid, so having to assume that nanoparticles behave
in accordance to any given theoretical model implies a loss of accuracy. Therefore, to keep such
uncontrollable parameters at a minimum, the single-phase approach was selected. This choice
also allows for a certain degree of software independence, important for the present proposal
where software adequacy to such small sized particles is unclear.

Unlike typical numerical approaches, that employ uniform domain meshes, the developed
mesh for the current setup required particular refinement at the interface between the fluid surface
and the inner tube surface where the highest temperature gradients are expected to occur. As with
any numerical investigation, a mesh independence study was mandatory.

4.2. Model Development

The numerical model was established using Ansys® CFX 13 fluid flow analysis software,
consisting of a CAD modelled test tube, presenting the same geometry as the one used for the
experimental study. As with the experimental procedure, the tube functions as an indirect-contact
tubular heat exchanger between heating tape and fluid.

4.2.1. Geometry and Mesh Generation

4.2.1.1. Geometry Setup

To facilitate domain definition, for subsequent manipulation, a three part CAD model was
created: one, the fluid domain (L=1200 mm, D=6 mm), and the remaining two, symmetrical parts of
the tube (designated tubes 1 and 2). A visualization of the assembly is available in Figure 5. The
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two-part tube configuration also safeguards the necessity of a user-imposed symmetry boundary
condition, reducing computational processing requirements in demanding cases. The tube inlet
was positioned at the axis origin, while the uniaxial flow direction was elected to be the positive
direction of the x axis.

Figure 5 — Isometric view of the test tube geometry

4.2.1.2. Mesh Setup

Each of the domains employs a CFD simulation mesh method that uses tetrahedron type
elements, these selected to be patch conforming, which enables 3D inflation at a desired boundary.
Another feature of these meshes is the automatic smoothness and element growth control,
promoting slick transitions and size variations, the latter manipulated by a specified growth factor.
The alternative patch independent meshes, though better suited to boundary condition imposition,
lack any type of local refinement capacity, rendering them less desirable to this setup.

4.2.1.2.1. Mesh Requirements

For controlled domain accuracy, the meshing process involves individual body and face
element sizing manipulation. The separate-part element size management allows for local mesh
refinements at particular regions of interest, particularly suitable for the current numerical approach.
Additionally, the face element sizing process enhances the numerical simulation at the critical
interface between the fluid surface and the inner tube surface. Naturally, smaller sized elements of
the fluid domain at the material interface lead to the higher accuracy of the numerical model.

In addition to the smaller element size on the fluid domain surface, inflation layer meshing
can be applied at the same boundary. This multilayer refinement further enhances the mesh at the
fluid surface, thus increasing model accuracy in the complex near-wall region by using higher
resolution elements where heat transfer from tube to fluid is expected to be at its highest, with large
temperature gradients over small distances in perpendicular directions to that of the fluid flow. The
total thickness control inflation option, where the number of layers, successive layer growth rate
and maximum boundary thickness are set values, generates layers of equal heights.
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4.2.1.2.2. Mesh Independence

The mesh quality is defined by its number of elements, each refinement offering higher
quality and precision, but also increasing computational workloads. Mesh independence, i.e., the
optimal point between mesh quality and pc workload, can be established when two successive
refinements lead to equivalent results, the first of the two being the ideal mesh configuration.

In order to predict an adequate range of element sizes for value convergence testing,
various theoretical formulas can be applied, but these become over-complex for separate part
mesh assemblies, as well as local refinement procedures. Therefore, a coarse mesh was created
and successive refinements developed, and simulated under the same input parameters for DIW,
until a confident degree of independence was guaranteed. Due to the varying temperatures at both
defined model domains, the fluid temperature at the outlet (T,), in close proximity with the inner
tube surface, and the tube outlet temperature (T, o) at 0.01 mm from the inner surface were the
governing variables for the independence test. These measurement points were purposely
selected to allow for a fully developed thermal interface between the developed fluid flow and the
tube surface, as well as the outlet constituting a critical region. The element sizes of each of the
three created meshes are described in Table 14 (organized from cruder to finer meshes).

Table 14 — Mesh Independence: Element Size Proposals

Model Model Mesh 1 Mesh 2 Mesh 3
Domain Part [mm] [mm] [mm]
, Body 5 1 0.5
Fluid
Surface 0.05 0.01 0.005
Tubel 5 1 0.5
Tube Tube2 5 1 05
Number of

1631982 2520747 4229153
Elements

Additionally, the applied inflation at the fluid domain surface also undertook successive
refinements for each of the proposed meshes. Obviously, such a critical region demands minimal
discretization errors. Therefore, the combined thickness of all layers was consecutively reduced to
0.15 mm and the number of layers successively increased to 12, as can be observed in Table 15.

Table 15 — Mesh Independence: Mesh Inflation Proposals

Parameter Mesh 1 Mesh 2 Mesh 3

Number of
Layers 8 10 12
Growth Rate 1.2 1.1 1
Maximum
Thickness 1.5 0.15 0.1
[mm]

The DIW simulation input parameters for independence testing, common to each of the
tested meshes, as well as further mesh testing features, are presented in Appendix A.
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The optimal mesh configuration was obtained between Mesh 2 and Mesh 3, when the
difference between the consecutive mesh temperatures is negligible, recognizable tendencies in
Figure 6. The temperature variations between these meshes are approximately 0.003 K, for the
fluid temperature (To,), and 0.001 K, for the tube temperature (T,, o), hence mesh independence

can be assumed.
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Figure 6 — Mesh independence: Temperatures at outlet for tested meshes

Due to the reduced computer workload without the loss of precision, Mesh 2 was elected to
be employed for the present model, all residual targets reached before 80 iterations, as can be
visualized in Appendix A. The following figures (Figure 7, 8 and 9) establish a visual representation
of the generated part meshes.
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Figure 7 — Isometric view of the fluid domain mesh at the outlet region
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Figure 8 — Isometric view of the tube domain mesh in the outlet region
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Figure 9 — View of the inflated boundary mesh layers at tube inlet

4.2.2. Material Definition

Each of the defined materials, including the single-phase CNT/DIW nanofluid, is
established as a pure substance. During material definition, five fundamental input parameters
were required to be specified, these summarized in Table 16. As can be observed, most of the fluid
parameters are experimental results, an important advantage of the numerical approach using the
single-phase nanofluid. The exception is the material molar mass; the pure substance molar
masses correspond to the Periodic Table values, while the molar mass of the single-phase
nanofluid results from Eq. 27, taking into account the volume fractions and pure substance masses
of the dual-phase mixture:

M= (¢ X M)np + (¢ X M)bf (Eq.27)

The experimental tube domain material is stainless steel, grade 316 (UNS S31600 or
EN1.4401), an austenitic steel with high corrosion resistance, but reduced k when compared to
common steels (Atlas, 2011).

Table 16 — Material Input Parameters

Material Input Parameter Units Value Source
Molar mass (M) g/mol 18.015 Periodic table
Density (p) kg/m3 997
DIW Heat capacity (cp) J/kg K 4179
Thermal conductivity (k) W/mK 0.605 Table 12
Dynamic viscosity () N s/m? 0.000855
M g/mol 17.999 Eq. 27
p kg/m3 1197
CNT/DIW ce J/kg K 4384
nanofluid K W/mK 0.626 Table 12
M N s/m? 0.00135
M kg/kmol 55.85 CFX library
Stainless Steel p kg/m3 8000
316 cp J/kg K 500 Atlas (2011)
k W/mK 16.3
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4.2.3. Boundary Conditions

In order to enable an adequate approximation to the fluid flow and heat transfer
characteristics supplied by the remaining experimental apparatus, several assumptions were
considered and a total of three boundary conditions were applied: one for the tube domain and two
for the fluid domain. Additionally, a fluid-solid contact interface was used to account for the heat
transfer between domains.

4.2.3.1. Model Assumptions

Before boundary conditions could be set, further suppositions regarding the system
operating conditions were required to be made. Due to the fewer required specifications, all
numerical simulations were conducted under a steady-state flow regime, assuming flow continuity.
In comparison to a transient flow analysis, the disadvantage of an apparent precision loss is
surpassed by the necessity to keep experimentally undetermined parameters at a minimum. In
addition to the aforementioned single-phase fluid feature, the operating fluid was assumed
incompressible. Additionally, all numerical simulations employed the K-€ turbulence model.

The thermophysical properties of the stainless steel tube were assumed to be independent
of the temperature. The same consideration was applied to the fluid properties, in this case less
influential due to the expected temperature variations being confined to proximal values to that at
which these were experimentally determined (T = 300 K).

The heat supplied by the heating tape was considered to be evenly distributed along the
tube surface. Additionally, heat interaction between the tape outer surface and the surrounding
environment was neglected, the same with the tube’s inlet and outlet faces, thus denoting a fully
insulated setup.

4.2.3.2. Tube Domain

In the experimental study the tube was heated, at a quasi-constant heat rate, using heating
tape. For the numerical model, the role performed by the heating tape is provided by a constant
wall heat flux boundary condition, where the heat flux along the external tube surface is set to be
the corresponding value experimentally used. As observed in the literature review, this is a
compulsory boundary condition for numerical studies involving fluid flows within heated tubes,
allowing the tube to act as a heat exchanger between the heating instrument and the operating
fluid. With exception to the heat transfer surface between domains, the non-heated regions of tube,
including the tube part junction surfaces and the inlet and outlet tube faces, were set to be
adiabatic, thus guaranteeing an absence of unrealistic heat losses across these regions.

4.2.3.2. Fluid Domain

The two fluid boundary conditions are defined at the tube inlet and outlet. At the inlet, the
domain flow direction (perpendicular to the boundary condition) and mass flow rate are specified.
Additionally, the initial temperature and velocity (u), calculated using the following equation, of the
entering fluid are set.

™ (Eq.28
pr(Q- )
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In order for the model to account for local fluid recirculation, especially important for
turbulent flows, a null relative pressure boundary condition is defined at the outlet.

4.2.3.3. Tube/Fluid Interface

The bulk of the heat quantity exchanged between both domains occurs at the interface
between fluid wall and inner tube surface. In addition to the described refined mesh features, a
domain interface with conservative contact heat flux was defined.

4.2.4. Temperature Prediction Situation

As described in the previous chapter, the experimental tube temperature measurements
were obtained using thermocouples positioned on the outer tube surface at each point of the tube,
specified in Table 13. The experimental tube surface temperatures were measured at the outer
tube surface, while the fluid temperature measurements were taken at inlet and outlet, in the
vicinity of the flow axis, whereas the intermediate position fluid temperatures were evaluated using
Eq. 23. Numerically, the fluid temperatures can be directly obtained from the processed results.
Therefore, numerical temperature predictions at two distinct domain positions are required:

e T (x): The fluid temperature reading along the central axis of the fluid flow;

e Ts(x): The tube external surface temperature measurement (4 mm from the fluid flow
axis).

4.3. Model Validation

4.3.1. Proposed Simulations

The experimental results were validated via five independent experimental measurements
for each Re, at each of the seven points of the test tube specified in Table 13. Re (Eqg. 25) was
controlled by fluid mass flow manipulation, this under peristaltic pumping power adjustment. For all
the conducted experiments the heating power of the tape, wrapped around the tube and regulated
by a potentiometer, was maintained at 108 W. (Silva, 2010)

For numerical model validation, the selected input values, for each Re, were the average of
the five experimental temperature measurements of the fluid, at the inlet (T;;,), as well as the
respective fluid velocities (u;,). The constant wall heat flux value (q.,,'"), performing the role of the
heating tape, employed at the outer tube surface (4.,;), was calculated via the application of Eq.
22, i.e.

b q q 108

_ - - = 3581.021 2
A T XD XL Tx0008x1z - >o8L021W/m

Aew

Experimentally, heat transfer results were obtained for both DIW and the CNT/DIW
nanofluid at three distinct Re. Therefore, the numerical model was validated by performing
numerical simulations for each set of conditions, adding up to a total of six simulations. Table 17
designates each numerical simulation and displays its relevant input parameters.
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Table 17 — Proposed Validation Simulations and Relevant Parameters

Simulation Fluid m K Re Trin tin

[Kg/s]  [Ns/m? (K] [m/s]
VAL1 0.004982 1236.51 296.85 0.1767
VAL2 DIW 0.006648 0.000855 1649.75 299.75 0.2358
VAL3 0.008304 2061.05 300.45 0.2947
VAL4 0.007860 1235.51 297.15 0.2322
VALS CNT/DIW 0.010494 0.001350 1649.55 297.25 0.3101
VALG6 0.013110 2060.33 297.05 0.3872

4.3.2. Validation Results

4.3.2.1. Temperature

Despite following a similar positional trend to that of the experimental measurements the
numerical results display temperature under-prediction, for both fluid and tube domains. Possible
mechanisms that may lead to these discrepancies will be discussed later. All involved
temperatures, as well as temperature distribution representations, are tabled in Appendix B.

4.3.2.1.1. Tube Domain

The numerical surface temperatures positionally increase with the flow direction,
demonstrating a general consistency with the experimental results. As with common heat
exchangers, the effects of advection are highest in the fluid entry region, therefore the surface
temperature would be expected to be at its lowest here. However, the numerical values exhibit a
linear variation with the tube position, contrarily to the experimental temperatures, as can be
observed in the Figure 10.
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Figure 10 — Comparison of the experimental (Exp) and numerical (Num) average tube surface
temperatures at each position.
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Another immediate observation is the lower tube surface temperature when operating with
the nanofluid, indicating a superior heat transfer performance over DIW alone. At first glance, this
enhancement between fluids is superior for the numerical model; however the numerical data
assumes the same initial tube temperature for all simulations, whereas for the experimental study
this is not necessarily the case. The following figures (Fig. 11 and 12) compare the numerical tube
surface temperature for both operating fluids, at the same Re. The apparent advantage of nanofluid
employment is most visible from approximately x/D=33 onward (from left to right).
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Figure 12 — Numerical tube surface temperatures for CNT/DIW nanofluid at Re=1236.

4.3.2.1.2. Fluid Domain

4.3.2.1.2.1. Intermediate Positions

As previously referred, the experimental setup only allowed for thermocouple placement at
the inlet and outlet, the intermediate fluid temperatures being calculated theoretically using Eq. 23.
When compared to the experimental data, the numerical results demonstrate a similar trend to that
of the tube surface temperature variation with respective position. However, the experimental trend
is more linear and discrepancies for the fluid domain are smaller, observable in Figure 13. Despite
this, both sets of data exhibit higher average temperatures of DIW than the matching nanofluid
temperatures.
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Figure 13 — Comparison of the experimental (Exp) and numerical (Num) average fluid
temperatures at each position.

4.3.2.1.2.2. Outlet Temperatures

At the outlet, experimental and numerical temperatures generally display good agreement,
result proximity increasing with increasing Re. As can be observed in the following table, the
numerical data exhibits an under-predicting trend when matched to the experimental results.

Table 18 — Comparison of Experimental and Numerical Fluid Temperatures at Outlet

Simulation Fluid Re Tin Touttzp  ToutNum
(K] (K] (K]
VAL1 1236.51 296.85 308.15 301.90
VAL2 DIW 1649.75 299.75 303.65 303.52
VAL3 2061.05 300.45 302.65 303.46
VAL4 1235.51 297.15 305.65 300.20
VALS CNT/DIW 1649.55 297.25 300.55 299.53
VALG6 2060.33 297.05 299.85 298.87

Figure 14 enables the temperature distribution visualization of the nanofluid at the tube
outlet. Despite the tiny gradients, one can observe that the maximum temperatures are quite
expectedly reached at the tube/fluid interface, whereas the minimum fluid temperature is typically in
the flow axis region (tube centre).
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Figure 14 — Fluid temperature distribution at outlet for CNT/DIW nanofluid at Re=2060.

4.3.2.1.3. Temperature Divergence Mechanisms

Ideally, experimental and numerical results would be identical. However, the numerical
model displays temperature under-predictions in both domains, most significantly in the tube
domain. The primary culprit for the observed temperature discrepancies is the steady-state nature
of the numerical analysis.

Experimentally, the fluid and the heating tape interact, via the tube, for different time
intervals, ranging from 45 minutes to over 3 hours, with minute-to-minute temperature
measurements that are consequently averaged. The prolonged time intervals involved enable vast
guantities of heat to be transferred to fluid and tube domains, result of the continuous power supply
of 108 W.

On the other hand, the numerical analysis is time independent, the power transferred to the
tube is not accumulative. The defined heat flux (q.,") is transferred to the system in one drive,
which accounts for the significant discrepancies reported for the tube surface temperatures. This
notion is supported by the respective heat quantities entering the fluid, listed in Table 19.
Obviously, a higher approximation between experimental and numerical data would be gained if
the numerical model were to perform a transient analysis.

Other possible inconsistency mechanisms could derive from the experimental setup, such
as local heat losses or irregular heat supplies at different tube locations. Also, there is no robust
indication that the experimental setup is fully insulated. As for the experimental fluid temperatures,
the two measurement thermocouples were roughly positioned near the flow axis, without any sort
of visual aid. Naked-eye positioning for such a small diameter tube does have the potential to
cause thermocouple misplacement or the non-alignment between inlet and outlet thermocouple
measurement tips, leading to erroneous evaluations. Additionally, the intermediate fluid
temperatures, calculated using Eq. 23, display over-prediction when compared to the numerical
values taken along the flow axis. Again, this can be credited to the steady-state analysis returning
decreased numerical heat fluxes entering the fluid without the extended timescale. However, from
Eq. 23 one can also deduce that it lacks to account for heat transfer saturation, allowing the
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average fluid temperature to increase infinitely for infinitely growing tube length, thus increasing the
uncertainty associated to experimental h and Nu calculations.

Table 19 — Comparison of Experimental and Numerical Power and Heat Quantities Entering the

Fluid
Simulation F|U|d Re Qin,Exp Q in,Epr Qin,Num Q in,NuZm
(W] [W/m?] (W] [W/m?]
VAL1 1236.51 244.151 10794.19 105.202 4651.102
VAL2 DIW 1649.75 104.995 4641.929 104.766 4631.806
VAL3 2061.05 95.133 4205.926 104.419 4616.495
VAL4 1235.51 290.839 12858.27 105.167 4649.519
VALS CNT/DIW 1649.55 152.734 6752.55 104.755 4631.323
VAL6 2060.33 165.150 7301.45 104.431 4616.987

4.3.2.2. Convective Heat Transfer Coefficient

Experimental and numerical coefficients were calculated via Eq. 21, the numerical results
calculated using the fluid temperature readings from the flow axis, rather than the mean positional
temperature (Tf), calculated via Eq. 23, applied for experimental data treatment. Due to the total
absence of heat losses, one would expect the numerical model to yield increased coefficients when
compared to the experimental results. Additionally, typical heat exchanger behaviour predicts
higher convective heat transfer in the fluid entry region, decreasing with trajectory length. Of the
operating fluids, one can foresee coefficient enhancements of the nanofluid over DIW, as the
experimental investigation, and most studies in the literature review, demonstrate. Another,
practically, consensual conclusion from the literature review is the typical increase in heat transfer
performance with increasing Re.

In general, the numerical model yields superior values of h to that of the matching
experimental data. Due to the aforementioned full thermal insulation of the numerical setup, this
was expected. However, both sets exhibit different coefficient variations at different tube positions.
The numerical values are highest in the tube entry region and slightly decrease with tube length,
except at x/D=135, where a slender increase in h is observed for both fluids, hardly visible in the
following figure of average coefficients. Experimentally, the fluids display more abrupt variations,
the highest coefficients viewed at x/D=70 and x/D=167, as is represented in Figure 15. This
difference is most likely due to the steady-state flow defined for the numerical model.
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Figure 15 — Comparison of the experimental (Exp) and numerical (Num) average heat transfer
coefficients at each position.

One of the main differences between the experimental and numerical results is the
coefficient variation with varying Re, the models displaying opposite trends. The numerical model
predicts increasing fluid heat transfer performances accompanying increasing Re, thus following
the tendency reported in the majority of the experimental studies covered in Chapter 2, quite
particularly the studies using MWCNT nanofluids conducted by Amrollahi et al. (2010) and Ding et
al. (2006). This is also in agreement with the standard theoretical behaviour of common operating
fluids circulating through heat exchangers.

On the other hand, the experimental results demonstrate a clear decrease in the heat
transfer capabilities of both fluids with increasing Re, under mass flow rate increase, supporting the
conclusion presented by Garg et al. (2009). A comparison between the data returned by each of
the models is established in Figure 16. One may speculate over several mechanisms that
contribute to this unexpected tendency, but there are two immediate candidates: the physical setup
and the timescale setup.

The witnessed experimental decrease could be credited to an insufficient tube length, not
enabling the fluid flow to fully develop before reaching the outlet. In such a case, the higher the
mass flow rate the less thermodynamically developed the fluid flow, hence the decreasing heat
transfer performances with increasing Re.

The observed tendency may also be caused by the varying experimental time intervals
over long ranges. For shorter periods, one would expect an inferior global heat flux transmitted to
the system which, as can be deduced from Eq. 21, will yield decreased coefficients. The
experimental heat fluxes to the fluid, listed in Table 19, generally decrease with increasing mass
flow rates. Lotfi et al. (2012) reached a similar conclusion after investigating nanofluid performance
for different heating powers, finding that increased heating powers lead to improved fluid heat
transfer performance.
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Figure 16 — Comparison of the experimental (Exp) and numerical (Num) average heat transfer
coefficients as function of Re.

Perhaps the most significant of the observable trends in the previous figure is the superior
heat transfer performance displayed by the nanofluid. This result is substantial, especially if one
recalls the tiny nanoparticle concentration used, which bodes well for nanofluid applicability in the
most demanding environments. The average enhancement of h of the nanofluid over DIW, as
function of Re, is displayed Figure 17. Experimental and numerical data evolve in contradictory
fashion, the numerical enhancement decreasing linearly at an extremely reduced rate. Despite the
discrepancies, one can confidently conclude that nanofluid employment does indeed improve the
overall efficiency of heat exchangers.
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Figure 17 — Average heat transfer coefficient enhancements as function of Re.

In a positional analysis, similar trend divergences between experimental and numerical
data can be observed in Figure 18. Numerically, the average enhancement is minimal in the tube
entry region, varying subtly to its maximum at x/D=135. Again, this can be credited to the steady-
state flow approach used for the numerical model. The variation of the experimental enhancements
is more pronounced, result of the transient dynamical fluid behaviour, the maximum improvement
being observed at x/D=167.
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Figure 18 — Average heat transfer coefficient enhancements as function of position.
4.3.2.3. Nusselt Number

The Nusselt number is experimentally and numerically evaluated using Eqg. 24. Due to the
limitation of the peristaltic pump in guaranteeing turbulent flows, only laminar flows were tested
during the validated experimental study, meaning that the inherent theoretical results for Nu
originate from the formulation presented by Shah (Eq. 12). During the data processing, the
experimental author mistakenly employed the conductivity of saturated water (k=0.613 W/m K)
instead of the value of DIW, leading to slight under-predictions in Nu and Pr (Eg. 26) calculations.
In the present study, corrections were made to Pr in order to calculate corrected theoretical results.

Essentially, Nu quantifies the contribution of advection over diffusion in the global fluid heat
transfer. Heat transfer via advection is typically highest in the fluid entry region, where convection is
at its maximum, effects of diffusion commonly most notorious in regions following full thermal
boundary layer development. This tendency can be observed for the numerical and theoretical
results displayed in Figure 19, as well as with most convective heat transfer investigations reported
in the literature. As with the average values of h, the average experimental Nu unusually peaks at
x/D=167, i.e., where the effect of an increased k, property of diffusive heat transfer, decreases Nu
due to its maximized contribution. The lack of dynamic heat transfer, result of the imposed steady-
state regime, is clear for the numerical data with its ever-present linearity. Despite exhibiting the
most realistic of the trends, the Shah theoretical equation is found to generally over-predict the fluid
heat transfer performances, perhaps due to having been formulated for larger diameter tubes, as
proposed by Silva (2010).
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Figure 19 — Comparison of the experimental (Exp), theoretical (Shah) and numerical (Num)
average Nusselt numbers as function of position.

As for the influence of Re, Nu follows a similar tendency to that of h, which implies
divergent behaviours between models. While the experimental average Nu decreases with
increasing Re, the numerical counterpart increases with the addition of turbulence to the flow. The
tendency displayed by the numerical model is supported by the corresponding theoretical results,
yielded by the Shah equation. This trend resemblance, also reported by Ding et al. (2006), can be
observed in the Figure 20.

All models display improved heat transfer characteristics of the CNT/DIW nanofluid over
that of the base fluid alone. The largest of these enhancements is the experimental value at
Re=2060, which corresponds to an improvement of just over 60%. The numerical and theoretical
enhancements exhibit an almost independence of Re, at least this can be affirmed for values
ranging from 1236 to 2060. The numerical Nu enhancement demonstrates a slowly decreasing
behaviour, whereas the enhancement of Nu using the Shah equation is almost constant at 16.9%.
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Figure 20 — Comparison of experimental (Exp), numerical (Num) and theoretical (Shah) average
Nusselt numbers as function of Re.
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Chapter 5

Heat Transfer Mechanism Analysis

5.1. Summary

Once an adequate validation is accomplished, the numerical model can be submitted to
parametric testing with the intent of investigating the effect of possible mechanisms on the heat
transfer enhancements of the CNT/DIW nanofluid over DIW. At this stage the disadvantage of
employing the single-phase colloid approach for the nanofluid, proposed by Xuan and Roetzel
(2000), becomes most confining. Evaluations of significant parameters associated to the
nanotubes, which could be verified using a two-phase numerical model, cannot be performed. The
investigation into the heat transfer contribution of particle properties such as aspect ratio, length or
diameter could ultimately lead to a confident understanding of the roles played by Brownian motion
or particle agglomeration in the withessed heat transfer enhancements of nanofluids. However,
there is still a lack of sufficient nanoparticle behavioural data to currently enable any accurate dual-
phase predictions, as discussed previously. Nonetheless, the single-phase model still allows the
parametric study of several of the possible enhancement mechanisms, debated in the literature
review.

5.2. Fluid Parameters

5.2.1. Flow Rate

As covered in the literature review, it is well known that an increase in heat transfer
performance can be achieved by turbulence induction in the operating fluid. A straightforward, but
not necessarily the most efficient, manner of increasing Re is to intensify the fluid mass flow, quite
especially for laminar flows. Typically, this leads to augmented fluid heat transfer capabilities, but
does come at the cost of an increased necessary pumping power, which negatively contributes to
energy rationalization. Obviously this form of turbulence generation should be avoided; however
some heat transfer applications are far too demanding to allow for alternative, cost-friendly
solutions. Therefore, nanofluid behaviour under turbulent flows merits an influence analysis.

In order to achieve a numerical estimate of the influence of the mass flow rate on the
performance of the nanofluid, a total of eight simulations (FR1 to FR8) are proposed. To
parametrically establish an estimate of the enhancement of the flow rate, a set of input parameters
remain constant throughout the proposed studies. These, displayed in Table 20, originate from the
closest approximation of the numerical model to the experimental heat transfer results, found to be
at Re=1236 (corresponding to VAL1 and VAL4 simulations from the previous chapter).

The purpose of the proposed simulations, listed in Table 21, is not only to assess the
influence of turbulence to the heat transfer, but also to evaluate fluid behaviour at lower Re laminar
flows than those already investigated. If the same nanofluid heat transfer enhancement levels
witnessed at higher Re were to remain unchanged at Re<1000, this would deem nanofluid
application beneficial in what concerns sustainability in heat transfer systems, the result of an
efficient heat transfer with minimal energy requirements.
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Table 20 — Fixed Parameters for Flow Rate Influence Simulations

Parameter Units Value
Dynamic viscosity () N's/m? 0.000855 (DIW); 0.00135 (NF)
Fluid inlet temperature (T;;,) K 297
Specific heat capacity (cp) J/kgK 4179 (DIW); 4384 (NF)
Thermal conductivity (k) W/mK 0.605 (DIW); 0.626 (NF)
Total heat flux (qc,"") W/m? 3581.021

Table 21 — Flow Rate Influence: Simulation Proposals

. . . m Uin
Simulation Fluid [Kg/s] Re (m/s]
FR1 0.00302 750 0.1071
FR2 0.02014 5000 0.7146
FR3 DIW 0.03022 7500 1.072
FR4 0.04029 10000 1.429
FR5 0.00477 750 0.1410
FR6 0.03181 5000 0.9400
FR7 CNT/DIW 0.04771 7500 1.410
FR8 0.06362 10000 1.880

5.2.1.1. Laminar Flows

At Re=750 (simulations FR1 and FR5), both fluids expectedly display a decrease in their
heat transfer performance, maintaining a similar diminishing tendency, with decreasing Re, to the
observed during model validation. However, as can be perceived in Figure 21, results indicate the
highest value of h is no longer in the tube entry region, but at its lowest. The best enhancement in
the heat transfer of the nanofluid over DIW is registered at x/D=135, peaking at 22.84 %. When
compared to the enhancements obtained during model validation (displayed in Fig. 17), the
average enhancement maintains the increasing tendency with decreasing Re, supporting the
experimental observation of Garg et al. (2009) but contradicting the experimental tendencies
reported by Silva (2010), as covered in the previous chapter, and Wen and Ding (2004a).

The higher heat transfer enhancement of the nanofluid over DIW at lower Re, indicated by
the numerical results, suggests that the most advantageous application of nanofluids is at low Re
laminar flows. This notion is also backed by the lower nanofluid pressure drop for such flows,
proximate to that of the base fluid alone, when compared to the magnitudes of pressure loss for
turbulent flows, these soon to be addressed.
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Figure 21 — Positional heat transfer coefficient (left) and respective nanofluid enhancement over
DIW (right), at Re=750

Contrary to the observed trend for the validation proposals, Nu displays a diverging trend
when matched to the corresponding theoretical predictions calculated using the Shah correlation,
which expectedly demonstrate higher heat transfer performances in the tube entry section (Figure
22). A noteworthy variation of the theoretical Nu occurs for DIW from x/D=135 onwards, result of
the application of the alternative branch of the Shah equation for these positions, when:
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Figure 22 — Comparison of the theoretical (Shah) and numerical (Num) Nusselt numbers as
function of position, at Re=750.

5.2.1.2. Turbulent Flows

Fundamentally, the purpose of creating turbulence in the flow is to enhance the fluid heat
transfer performance. Turbulence can be applied to a fluid via active techniques, such as fluid
mass flow increases or induced vibration, or passive techniques, such as the addition of fins or
baffles. As referred in the literature review, active techniques require the addition of power to the
heat exchanging systems, be it due to mechanical stimulation devices or increased pumping
power. Despite significantly improving the output of heat transfer systems, such practices should
be avoided in a long-term sustainability perspective. However, several exigent heat transfer
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applications demand significant quantities of heat dissipation which can only be achieved via
turbulence maximization. Therefore, the study of nanofluid heat transfer behaviour under turbulent
flows will be of interest for potential application in more challenging scenarios.

In order to gain an adequate understanding of fluid performance under turbulent flows,
simulations were carried out for three distinct turbulent flows, as presented in Table 21 (simulations
FR2 to FR4, for DIW, and FR5 to FR8, for the nanofluid). The resulting average positional h can be
observed in Figure 23 (left), where the expected heat transfer improvements, in comparison to the
analysed laminar flows (Fig. 15 and 21), can be easily confirmed. Pak and Cho (1998) and
Amrohalli et al. (2010) reported similar findings following experimental testing of nanofluids for
laminar and turbulent flows.

Figure 23 also exhibits the positional heat transfer enhancements of the nanofluid over
DIW for the turbulent flows. In this case, the enhancement in the entry region is half that of the
following tube positions, contradicting the experimental results of Nguyen et al. (2007). This can be
credited to the high fluid velocities, with increasing Re, not allowing a fully developed flow until
reaching x/D=70. Additionally, the already remarked tendency of a decreasing enhancement of h
with increasing Re continues for turbulent flows, the average value peaking at 17.23%, at x/D=102.
The linear, tiny enhancement decrease with increasing Re (15.69 % at Re=5000 and 14.33 % at
Re=10000) supports the outcomes of Foutukian and Esfahany (2010), as well as the claims of Liu
and Liao (2010), the latter concluding that the enhancements of h are minimally dependent on Re.
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Figure 23 — Average positional heat transfer coefficient (left) and respective nanofluid
enhancement over DIW (right), for turbulent flows.

As for Nu, the numerical tendency revealed in the validation results maintains itself,
growing linearly with Re, perceptible in Figure 24. For turbulent flows the most common theoretical
correlations used in data validation are the Gnielinski (Eq. 13) and Dittus-Boelter (Eq. 14)
correlations, both position independent, unlike the Shah correlation for laminar flows. As can be
observed in Fig. 24, the numerical data demonstrates good agreement with the Gnielinski equation,
displaying a slight over-prediction that decreases with increasing Re. On the other hand the Dittus-
Boelter prediction significantly over-predicts the numerical Nu, despite revealing a similar growth
trend.
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Figure 24 — Comparison of the theoretical (Gnielinski and Dittus-Boelter, D-B) and numerical (Num)
average Nusselt numbers as function of Re, for turbulent flows.

An important factor in heat exchanger technology is the undesired fluid pressure drop,
quite especially for turbulent flows. Typically, the pressure drop significantly increases with
increasing Re, which is the motive for turbulence addition to any given flow requiring increased
pumping power. In order to improve exchanger efficiency, this parameter should be minimized.
Figure 25 compares the pressure drops, between inlet and outlet of both operating fluids as
function of Re. As can be observed, the results indicate that the application of nanofluids will
always lead to higher pressure drops, which grow exponentially with increasing turbulence. These
could be attributed to the higher viscosity of the nanofluid, the same conclusion reported by He et
al. (2007), who also claimed that the difference in the pressure drop of nanofluids and DIW is
minimal for laminar flows, which indeed occurs for the present numerical model, at Re=750. In a
rational energy management perspective, results indicate that the advantage of nanofluid
employment over DIW decreases in turbulent flows, despite the significant heat transfer gains.
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Figure 25 — Comparison of the pressure drops of DIW and the nanofluid, as function of Re.

5.2.2. Thermophysical Properties

The following parametric tests investigate the contribution of nanofluid thermophysical
properties to the heat transfer enhancement, under a single-phase approach for five different CNT
volume fractions: 0.5, 1, 1.5, 2 and 2.5 vol. %. As referred the single-phase approach cannot
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account for volume fraction variations, the fluid is defined as a pure substance. In order to obtain a
confident approach that enables such an analysis with a confident degree of precision, individual
thermophysical properties required to be varied accordingly to the corresponding volume fraction.
Different CNT concentrations obviously lead to different nanofluid thermophysical properties, such
as fluid density (p), thermal conductivity (k), specific heat capacity (cp) and dynamic viscosity (u).
To this effect, the employed input fluid parameters for numerical testing should be carefully
selected, otherwise the obtained heat transfer results will lack any sort of precision. Therefore, for
each of the investigated volume fractions, realistic thermophysical properties need to be defined,
these displayed in Table 22.

5.2.2.1. Specific Heat Capacity, Density and Molar Mass

Most investigators studying the heat transfer mechanisms of nanofluids assume a minimal
influence of p and ¢, to the enhancement of h, conceding primary focus on p and k. Among the
available literature, there are no trustworthy experimental or theoretical predictions for the influence
of both of these thermophysical properties to the convective heat transfer of nanofluids. Therefore,
for each desired volume fraction, p and ¢, are calculated via the same rationale as the employed
for the experimental density and heat capacity (Eq. 19 and 20, respectively). Naturally, this method
does lack accuracy, but ultimately enables a reasonable approximation to what should be the true
values of those considered the least significant of the thermophysical properties to the heat transfer
enhancement. In addition, the numerical material definition requires the definition of the molar
mass of the nanofluid. The same rationale, already employed for model validation (Eq. 27), is
applied in obtaining this parameter for each of the CNT volume fractions.

5.2.2.2. Thermal Conductivity

A rather debated, non-consensual possible influential convective heat transfer mechanism
is the fluid conductivity. Some authors have described the influence of k as being minimal when
compared to alternative mechanisms, somewhat reducing the significance of the greater number of
studies reported in the literature review. Other authors believe that k is the key parameter
responsible for the heat transfer enhancement of nanofluids, dedicating exhaustive investigations
to its quantification. In either case, the role performed by k is expected to be more significant to that
of p orcp. Therefore, the individual values of k cannot be calculated under the same rationale as
the previous properties, requiring a more accurate approach. There are two possible alternatives to
the aforementioned rationale, each offering improved precision for k.

Firstly, one may employ any of the several theoretical predictions for nanofluids, covered in
Chapter 2. However, most of the correlations exclusively conceived for nanofluids are for spherical
nanoparticles, rather than CNTs. In addition, Lamas et al. (2012b) found that those applicable to
CNT nanofluids were inadequate in predicting k, a conclusion supported by a clear lack of model
convergence yielded under statistical analysis. Typical model shortcomings include a lack of
adequate quantification of the influence of percolation network formation or Brownian motion of the
CNTs within the base fluids (Lamas et al., 2012b).

The second possibility is the adoption of experimental measurements of k for the required
volume fractions. Preceding the experimental investigation of Silva (2010), for a 0.25 vol. % CNT
nanofluid, Ponmozhi (2009) and Ponmozhi et al. (2010) conducted experimental measurements
(using the THW method) for nanofluids with different CNT concentrations, which include those
employed for the current parametric study. Therefore, to enable a decent approximation to the
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impact of k on the convective heat transfer, the data obtained by Ponmozhi (2009) at a temperature
of 303.15 K, was selected.

5.2.2.3. Dynamic Viscosity

The variation of pu cannot be accurately predicted under the rationale used in Eq. 19, 20
and 27. The considerable dependence of the convective heat transfer on nanofluid viscosity was
reported by Mare et al. (2011) following their experimental study of nanofluid application to a PHE.
Therefore, an alternative approach is again required. Analogously to the nanofluid conductivity,
Ponmozhi (2009) experimentally determined p for different volume fractions at the Department of
Mechanical Engineering of the University of Aveiro. As with the conductivity, the measurement
method used is the same as the employed by Silva a year later, u obtained with a rheometer. The
results were posteriorly compared to some of the available theoretical predictions, the author
finding that these significantly under-predicted the experimental results. The designated viscosities
for the different volume fractions of the parametric study are those experimentally measured by
Ponmozhi (2009) at 298.15 K.

5.2.2.4. Summary of Input Parameters

Table 22 displays the used thermophysical properties for the proposed volume fractions of
the CNT/DIW mixture and the variables required to be numerically defined for each of the
simulations, all undertaken with the same fluid inlet temperature (300 K). As can be deduced from
the observation of the last two columns, all proposed simulations are devised to be run at
Re=1236. Additionally, the constant wall heat flux boundary condition for all simulations was set to
be the same as the heat flux used for model validation, i.e., 3581.021 W/m?.

Table 22 — Fluid Thermophysical Property Influence: Simulation Input Parameters

CNT Volume .
. u cp p k M m Uin

Fraction 2 3

woLo)  NS/m'] U/kgK] [kg/m®] W/mK] [g/mol] [kg/s] [m/s]
0.5 0.00165 4589 1397 0.887 17.985 0.1522 0.243
1 0.00176 4999 1797 0.891 17.954 0.2996 0.202
1.5 0.00181 5409 2197 0.894 17.925 0.5942 0.169
2 0.00185 5819 2597 0.894 17.895 0.8888 0.147
2.5 0.00191 6229 2997 0.921 17.865 1.183 0.131

5.2.2.5. Heat Transfer Results

5.2.2.5.1. Convective Heat Transfer Coefficient

According to the numerical results, increases in CNT volume fraction are accompanied by
increases in h of the nanofluid, a trend that can be observed in Figure 26. The same conclusion is
reached by most authors of the studies reported in the literature review. Additionally, the numerical
data exhibits a linear increase of h for the lower CNT volume fractions, followed by exponential
growth behaviour, from 2 vol. % onward. The highest numerical prediction of h occurs at x/D=135
for a CNT volume fraction of 2.5 vol. %, peaking at 1171 W/m?K.
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Figure 26 — Positional heat transfer coefficient for different CNT volume fractions, at Re=1236.

Figure 27 (left) displays the average values of h as a function of CNT volume fraction,
where the aforementioned tendency is quite noticeable. The enhancement of the different
CNT/DIW nanofluids over DIW alone is presented in Fig. 27 (right), which includes the witnessed
enhancement for the nanofluid used for numerical model validation (CNT concentration of
0.25vol. %). As can be observed, the enhancement increases with increasing particle
concentrations, the maximum occurring at 2.5 vol. %, at almost 86%.
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Figure 27 — Average heat transfer coefficient (left) and respective enhancement over DIW (right) as
function of CNT volume fraction, at Re=1236.

5.2.2.5.2. Nusselt Number

The positional average Nu for all tested volume fractions is presented in Figure 28 (left),
where a comparison between numerical and theoretical results (under the Shah prediction) is also
established. When compared to the model validation data, displayed in Fig. 19, the highest
numerical rates of advection over diffusion are no longer found in the tube entry region (as the
theoretical prediction indicates), but at x/D=135. Additionally, the average numerical values are
unexpectedly lower than the matching validation results (Fig. 20), only reaching similar quantities
for the highest CNT volume fraction, which can be credited to the differences between the
experimental data of Ponmozhi (2009) and Silva (2010). This can be observed in Figure 28 (right),
where both sets of data display increases of Nu for increasing nanoparticle concentrations. Once
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again, the Shah correlation over-predicts the numerical results, the difference between model data
decreasing with increasing CNT volume fractions
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Figure 28 — Average numerical (Num) and theoretical (Shah) Nusselt numbers as function of
position (left) and CNT volume fraction (right), at Re=1236.

5.3. Tube Dimensions

With the aim of investigating the legitimacy of the experimental setup, the study of the heat
transfer behaviour of the fluids operating in alternatively dimensioned tubes can be significantly
insightful. In order to assess the influence of the test tube dimensions, two approaches can be
taken:

e An increase in length, to enable the verification of an experimental fully developed
thermodynamic flow within the tube;

o A decrease in diameter, to establish a concept of the heat transfer capabilities of the fluids
in reduced channel flow.

5.3.1. Length

In theory, if at L=1200 mm, the flow is thermodynamically fully developed, the fluid heat
transfer behaviour is bound to repeat itself for L=1500 mm. Therefore, if the numerical model can
yield the same results as obtained for the matching model validation simulations, the flow can be
considered completely developed. To evaluate this, new model geometry was created and a mesh
independence study undertaken (Appendix C). The numerical heat transfer data was gathered for
both fluids, the longer tube length implying a recalculation of the heat flux due to the increase in
surface area, as can be observed in Table 23. The remaining input parameters are those disposed
in Table 20.

Table 23 — Proposed Simulations for L=1500 mm

n

. lati Ui 9dew
Simulation Fluid [W/m?]
Lengthl DIW
2864.78

Length2 CNT/DIW
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The comparison between the positional h for the different tube lengths can be viewed in
Figure 29, the data regarding L=1200 mm referring to the model validation simulations proposed in
Table 17 (VAL1 and VAL4). As can be observed, these demonstrate good agreement, the data
concerning the longer length slightly inferior. This is most likely due to the lower tube surface
temperatures that result from an increased surface distribution of the same 108 W supplied by the
heating tape. Judging by this close proximity in the heat transfer behaviour for the longer length,
one may state that the experimental tube length enables the fluid flow to fully thermally develop
before reaching the outlet.
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Figure 29 — Comparison of positional heat transfer coefficients for different tube lengths, at
Re=1236.

The close data proximity between the tube lengths continues with Nu, as presented in
Figure 30. Again, this indicates that the fluid flow is fully developed when reaching the outlet of the
experimentally used shorter tube, leading to the conclusion that the current tube length is
adequate. However, one must recall that the steady-state flow nature of the numerical model does
interfere with data accuracy, as the linearity of the preceding figure indeed suggests.
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Figure 30 — Comparison of numerical and theoretical (Shah) positional Nusselt numbers for
different tube lengths, at Re=1236.

5.3.2. Diameter

As was reported in the literature review, the current trend for heat exchangers is
miniaturization allied to the employment of heat transfer enhancement methods, preferably passive
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techniques. Of these, great interest has been deposited in the concept of increasing heat transfer
surfaces by diameter reduction: where there is one larger channel, improved heat transfer
capabilities can be obtained for various smaller channels acting in parallel, thus sparing material
costs, space occupancies and required pumping power while maintaining, or even improving, heat
transfer performances. In an attempt to understand the nanofluid heat transfer behaviour for a
reduced diameter of the tube, two simulations were performed for an inner tube diameter (D) of
2 mm, one for each fluid, as proposed in Table 24. Again, the unspecified input parameters
correspond to those displayed in Table 20.

Table 24 — Proposed Simulations for D=2 mm and Relevant Parameters

. . . m Uin ch”
Simulation Fluid
[Kg/s] [m/s] (W/m?]
Diam1 DIW 0.00166 0.000221
9549.256
Diam2 CNT/DIW 0.00262 0.000290

As can be observed in Figure 39, the magnitude of h for the smaller tube diameter is far
superior to the average h resulting from model validation (Fig. 15). Obviously, the higher heat flux
entering the fluid has a significant contribution to these results, consequence of the standard
heating tape power (108 W) over a smaller surface. Nonetheless, the gathered results are
extremely encouraging in a perspective of nanofluid employment in smaller channels, the nanofluid
revealing a maximum enhancement of h, of just under 21 %, over DIW in the tube entry region
(surpassing the corresponding enhancement observed during model validation, approximately
19 %).
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Figure 31 — Comparison of positional heat transfer coefficients for a tube diameter of 2 mm, at
Re=1236.

Figure 32 displays the numerical and theoretical predictions of Nu for the smaller tube
diameter, both showing reasonable agreement. When compared to the average values of Nu for
model validation, displayed in Fig. 19, the current values are slightly smaller. However, this heat
transfer data corresponds to half the tube diameter, a combination of smaller diameter tubes will
naturally provide superior heat transfer capabilities, with less device volume occupancy
requirements.
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Figure 32 — Comparison of humerical and theoretical (Shah) positional Nusselt numbers for a tube
diameter of 2 mm, at Re=1236.
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Chapter 6
Conclusions

6.1. Nanofluids for Heat Exchangers

6.1.1. Review

Under the current energy climate, the implementations of measures that simultaneously aid
resource preservation and environmental protection have gained significant global priority. The
continuous fossil fuel price increases and the recent severity intensification of natural events are
testament to mankind’'s dangerous proximity to the point of no return, as far as long-term
sustainability and environmental conservation are concerned. Over the past few decades,
scientists and engineers have proposed all kinds of successfully employed improvements in all
sorts of industrial areas, but more progress still needs to be made. Any industrial process requiring
thermal management typically employs heat exchangers in the corresponding system. As was
observed in the literature review, a wide variety of different heat exchanger types and technologies
are currently employed in the pursuit of maximum efficiency of heat transfer methods. In a
perspective of passively increasing thermal performances, the colloidal dispersion of solid
nanoparticles in common base fluids (nanofluids) has recently been proposed. Experimental
studies have demonstrated that, compared to the base fluids alone, these display significant heat
transfer enhancements, extremely promising in a thermal system sustainability point of view.

6.1.2. Heat Transfer Mechanisms of Nanofluids

In order to predict thermal behaviour for industrial application, a precise understanding of
nanofluid thermophysical properties is essential. To that effect, a large amount of studies have
been reported in the literature, most emphasized on spherical particle nanofluids. The majority of
investigative work in this area has been centred on the quantification of the enhancement of k via
two approaches: experimental measurement or theoretical formulation. The most consensual
feature of these studies is that the addition of nanoparticles does increase kg of common fluids
and that tubular particle nanofluids exhibit the highest enhancements. However, the mechanisms
responsible for such anomalous behaviour remain unknown and theoretical models can only match
experimental data for reduced property ranges.

Significantly less attention has been conceded to investigating the convective heat transfer
of nanofluids and possible enhancement factors, essential in enabling the practical application of
nanofluids in heat exchangers. Of the limited available studies, most report superior enhancements
of h to that of k of the same nanofluids, being a strong indicator of the influence of other
parameters in the witnessed enhancements. Virtually all experimental results of convective heat
transfer, typically studying nanofluid flow through circular tubes, agree that the particle volume
fraction is influential to the thermal performance increases. However, higher particle concentrations
contribute to higher pressure drop of the fluid flow, which bears the inconvenience of increased
pumping requirements. Another noted trend, though not as consensual, is the dependence on the
fluid flow state, most authors reporting convective heat transfer increases as function of growing
Re. Several authors also found that the thermal enhancement occurred in the tube entry region,
proposing the low boundary layer thickness as a possible culprit. Most of the experiment model
validations, as well as theoretical studies, apply the single-phase approach in nanofluid behaviour
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predictions. The approach treats the solid particle suspension in a liquid as a single-phase fluid,
enabling the employment of classic correlations for convective heat transfer. Despite the reduced
application due to a higher complexity, authors using the alternative two-phase approach have
boasted better agreement with the experimental data. Still, no consensual model has been defined;
the mechanisms responsible, as well as their levels of influence are yet to be known. Investigative
attempts to test the thermal performance of alternative heat exchanger types can be found in the
literature, but these are still quite unique and lack proper validation.

Numerical studies of nanofluid heat transfer performances are the scarcest amongst the
available literature, most conducted to evaluate forced convection in circular tubes, as with the
majority of experimental investigations. Here, the influence of the definition of boundary conditions
and the theoretical assumptions selected is significant. Most studies employ the constant wall heat
flux condition and are theoretically based on modifications of classical correlations for laminar and
turbulent flow, whenever applicable. With regard to the mentioned anomalous nanofluid behaviour,
exhibited in the tube entrances, some authors have employed finer meshes in the region, creating
a non-uniformity of overall tube elements. The current thesis proposed a similar study of forced
convection, based on data extracted from the experimental research conducted by Silva (2010)
and also the experimental measurements obtained by Ponmozhi (2009).

6.2. Numerical Data

6.2.1. Model Performance

Judging by the obtained results, the current numerical model can be deemed reasonably
effective for a prototype. The performed validation returned fairly proximate results to that of the
experimental data, especially if one is to take into account the employed steady-state flow and
single-phase nanofluid assumptions. When heat transfer performance divergences between the
two models were found, the numerical data was in better agreement with the majority of the
corresponding tendencies reported in the literature review.

When submitted to parametric tests, in Chapter 5, the executed simulations resulted in
generally expected trends, again with similar findings to those claimed by other authors, following
experimental investigations. As referred, the single-phase fluid approach restricts individual
parameter influence analysis, disadvantageous in comparison to a possible dual-phase model.

As for the software processing behaviour, the performed simulations ran smoothly, typically

converging between 80 and 100 iterations (defined to terminate at a residual value of 1x107
between consecutive iterations), at an average processing time of approximately 2 hours each. In
general, the employed software demonstrated reasonable adequacy to the study of nanofluid flows,
which was expected for a straightforward single-phase nanofluid configuration.

6.2.2. Model Results

In general, the numerical heat transfer results follow the experimental observations,
reported by Silva (2010), allowing the conclusion that nanofluid application is more advantageous
than the common heat transfer fluids, with withessed enhancements throughout the conducted
investigations. Due to the steady-state analysis, the numerical enhancements of h generally reveal
less significance than the experimentally observed, demonstrating a linear tendency with small
fluctuations. The numerical value of h was found to increase with increases in Re maintaining its
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enhancement over the base fluid, revealing general agreement with the conclusions of most
investigators. However, one may assuredly conclude that nanofluids indeed have superior heat
transfer capabilities, with great potential to improve typical heat exchanger efficiency.

Usually, the global heat transfer is equivalent to the sum of the contributions of advection
and diffusion, these characterized by convective and conductive heat transfers, respectively. Nu is
commonly applied to heat transfer fluid problems, a useful parameter in evaluating the contribution
of convection over conduction to the transfer process. Accordingly, the typical theoretical
correlation used for experimental data validation of heat transfer under laminar flows, the Shah
prediction, quantifies this parameter. Both theoretical and numerical predictions indicate higher
heat transfer due to convection in the tube entry region, also being where Nu of the nanofluid finds
its peak enhancement over DIW. However, the Shah prediction was found to over-predict the
convective heat transfer when compared to both numerical and experimental data, which could be
credited to the correlation having been conceived for larger diameter conduits.

When submitted to turbulent flows, the numerical model yields superior values of h and of
Nu, as most researchers also concluded in the available literature, however the enhancement of h
over DIW was found to decrease when compared to the witnessed enhancement for laminar flows.
Of the common theoretical predictions of Nu for these flows, the humerical Nu was found to be in
good agreement with the Gnielinski correlation, the proximity increasing at higher Re, whereas the
Dittus-Boelter displayed significant over-predictions. An increase in Re is accompanied by
undesired fluid pressure drops, which was numerically found to be the most disadvantageous
feature of the studied nanofluid in relation to DIW. As well as the higher pressure drop of the
nanofluid, the developed model also indicates that it evolves exponentially with Re, contrarily to the
trend revealed by DIW, under the same conditions, growing in a more linear fashion.

6.2.3. Heat Transfer Mechanisms

Under parametric testing, an estimate of the influence of the CNT volume fraction to the
heat transfer was undertaken. To enable a confident approach, the nanofluid thermophysical
properties for the varying nanoparticle concentration were required to be as precise as possible.
While the expected less influential properties could be calculated under the rationale employed in
Eqg. 18, 19 and 27, as with the experimental study conducted by Silva (2010), the significant
properties demanded more accurate estimates. Therefore, the applied fluid conductivities and
viscosities corresponded to the experimental measurements carried out by Ponmozhi (2009). The
obtained numerical results indicate an increase in the heat transfer capabilities of the tested
nanofluids for increasing CNT volume fractions.

6.3. Future Model Developments

Since the experimental investigations conducted by Ponmozhi (2009) and Silva (2010),
several improvements have been applied to the experimental nanofluid preparation and
measurement facility. The unanticipated experimental tendencies, reported in Chapter 4, especially
regarding the positions of maximum advection or the decrease of Nu with increasing Re, steered to
the conclusion that a few setup adjustments were required.

The colloidal stability of the DIW-based nanofluid was found to significantly improve when
mixed with ethylene glycol (EG), leading the current working base fluids to typically include EG
volume fractions of 30 or 60%. In addition, the CNT settling features are now evaluated using
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Fourier transform infrared spectroscopy (FTIR), where infrared radiation is transmitted through the
nanofluid sample creating an infrared spectrum that represents the peaks of molecular absorption
and transmission. This technique is more accurate than ultraviolet-visible spectrophotometry in
determining the quality or consistency of fluid samples, therefore improving the nanofluid quality
control prior to experimental testing. (Lamas et al., 2012a)

As for the convective heat transfer experimental test facility, additional thermocouples have
been placed for fluid temperature measurement in the same relative positions to that of the ones
positioned on the outer tube surface. This is obviously far more accurate than the previous
procedure of theoretically calculating the average value of each of the intermediate positioned fluid
temperatures using Eq. 23. Additional improvements could include the addition of fluid pressure
measurement instruments (for experimental pressure drop measurements) and the substitution of
the current pump for one that can also supply steady turbulent flows. The full insulation of the test
tube and heating tape should be periodically checked, particularly to ensure that the tube surface
thermocouple readings are not influenced by the temperature of the heating tape. The accuracy of
the heat transfer results could also improve if the experiments were to be conducted at similar
timescales, allowing the system to absorb similar quantities of heat for each study.

The aforementioned progresses lead to more accurate fluid properties which may, in
future, also benefit the precision of the numerical model. The current numerical model is still in an
early development stage, one may claim still at a macro scale. Future researchers should be aware
that several improvements must follow until it can be deemed a powerful nanofluid heat transfer
prediction tool, i.e., capable of micro scale analysis. Of these, the two most significant are the fluid
material definitions and the nature of the fluid flow analysis.

The single-phase fluid assumption leaves the current model lacking in heat transfer
mechanism analysis, quite especially at a molecular level. The next upgrade in material definition
should involve a dual-phase approach, which is bound to improve the global precision of the
numerical results. Additionally, the model will allow for parametric testing of important parameters
such as CNT volume fraction, length, aspect ratio and diameter. However, in order to achieve this,
further insight into nanoparticle behaviour, within the base fluid, is required. There is also no
indication whether the CFD software can adequately predict the heat transfer performance of base
fluids containing nano-scaled particles at low concentrations. The scarcity of CFD studies, reported
in the literature review, allied to the relative novelty of nanofluids; do highlight the possibility of
software shortcomings when facing colloidal suspensions in base fluids.

The other significant step for future modellers involves the nature of the flow analysis,
increased model precision demanding a transient study. The linearity demonstrated by the
numerical results is a direct consequence of the current steady-state flow analysis, which is time-
independent. Obviously, a transient investigation will lead to a higher accuracy of the numerical
heat transfer properties. The downside to this procedure is the added number of required input
parameters and the increased processing time, with possible increases in iterative convergence
errors.

At present, the nanofluid investigation group is working to achieve accurate distributions of
nanofluid viscosity and thermal conductivity with varying temperatures. The recent acquisition of a
viscometer will enable a more precise measurement of fluid viscosity distributions. Once
established, the resulting data can also be numerically defined, allowing for improved model
accuracy.
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All of the proposed model innovations share the common requisite of further experimental
nanofluid testing. One of the main conclusions derived from the literature review is that the
scientific community could well do with further investigation into the convective aspect of the heat
transfer. Perhaps too much effort has been expended in determining the thermal conductivity, quite
especially if one takes into account its possible minor role in the convective heat transfer
enhancements. After all, the thorough understanding of the convective behaviour is unavoidable in
enabling realistic nanofluid applications.
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Appendix A - Model Development

A1l - Model Geometry
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Figure Al — Front view of the stainless steel test tube
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Figure A2 — Side view of the two-part test tube (tube inlet)
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Figure A3 — Front view of the fluid domain

A2 - Mesh Independence

Table Al — Fixed Parameters of DIW for Mesh Independence Testing

Parameter Units Value
Flow rate () Kg/s 0.006448
Dynamic viscosity (L) N s/m? 0.000855
Fluid inlet temperature (T;,) K 300
Fluid inlet velocity (u;,) m/s 0.2947
Total heat flux (q,'") W/m? 4774.747

Fluid domain timescale

Solid domain timescale

=~ Advection time

Automatic
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Figure A4 — Mesh independence test: heat transfer iterative convergence.

Appendix B - Model Validation Results

B1 - DIW
Table B1 —Validation Results for DIW
Simulation Thonum — Ts, num Poum Pexo Nunum Nuexp NUgpan
[m] (K] (K] (W/m?K]  [W/m?K]
0 296.85
0.2 297.64 304.88 642.15 501.27 6.37 491 11.77
0.42 298.54 305.99 625.06 597.78 6.20 5.85 9.19
VAL1 0.61 29936  306.82 623.97 514.73 6.19 5.04 8.12
0.81 300.22 307.63 627.93 447.85 6.23 4.38 7.39
1 301.04 308.49 624.22 534.62 6.19 5.23 6.88
1.2 301.90
0 299.75
0.2 300.33 305.83 841.69 281.38 8.35 2.75 12.96
0.42 301.01 306.84 793.39 305.75 7.87 2.99 10.12
VAL2 061 30162 30746 79244 250.67 7.86 245 8.94
0.81 302.26 308.08 796.66 206.55 7.90 2.02 8.13
1 302.88 308.72 792.58 249.88 7.86 2.04 7.58
1.2 303.52
0 300.45
0.2 300.90 305.36 1036.25 278.31 10.28 2.72 13.96
0.42 301.44 306.25 960.37 307.08 9.52 3.01 10.90
VAL3 0.61 301.93 306.74 959.57 246.40 9.51 2.41 9.49
0.81 302.45 307.24 963.98 201.19 9.56 1.97 8.63
1 302.94 307.75 959.97 245.78 9.52 2.40 8.05
1.2 303.46
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Figure B1 — Model validation: heat transfer iterative convergence for DIW simulations (from top
left to bottom: VAL1 to VAL3).
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Figure B2 — DIW pressure along tube for simulation VALL1.
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Figure B3 — DIW pressure along the tube for simulation VAL2.
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Figure B4 — DIW pressure along the tube for simulation VAL3.

B2 - CNT/DIW Nanofluid

Table B2 —Validation Results for CNT/DIW Nanofluid

Simulation X T, num Ts, num Rnum Rexp NU,um NUexp NUghan
[m (K] [K]  [W/m?K] [W/m?K] o
0 297.15
0.2 297.63 303.91 740.25 673.44 7.34 6.45 13.77
0.42 298.17 304.36 751.26 716.50 7.45 6.87 10.75
VAL4 0.61 298.67 304.86 750.16 606.25 7.44 5.81 9.49
0.81 298.19 305.35 755.04 551.79 7.49 5.29 8.63
1 299.68 305.88 750.28 715.78 7.44 6.86 8.05
1.2 300.20
0 297.25
0.2 297.60 302.37 970.11 385.88 9.62 3.70 15.16
0.42 298.01 302.88 950.60 412.45 9.43 3.95 11.84
VALS 0.61 29838 30325  949.62 327.50 9.42 3.14 10.45
0.81 298.77 303.62 95491 290.04 9.47 2.78 9.51
1 299.14 304.01 949.82 379.87 9.42 3.64 8.87
1.2 299.53
0 297.05
0.2 297.32 301.19 1192.71 447.36 11.83 4.29 16.33
0.42 297.65 301.67 1147.36 474.30 11.38 4,55 12.75
VALG 0.61 297.94 301.97 1146.79 381.49 11.37 3.66 11.26
0.81 298.26 302.26 1152.23 332.48 11.43 3.19 10.24
1 298.56 302.58 1147.08 467.88 11.38 4.48 9.55
1.2 298.87
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Figure B5 — Model validation: heat transfer iterative convergence for CNT/DIW nanofluid
simulations (from top left to bottom: VAL4 to VALSG).
& o v S
p,_bc l.;l«“/'\ ?‘Qﬁb :g\,‘.b -&Q.
CNT/DIW nanofluid Pressure [Pa]
z
e
0 0.200 0.400 (m) \a %
0.100 0.300

Figure B6 — CNT/DIW nanofluid pressure along the tube for simulation VAL4.
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Figure B7 — CNT/DIW nanofluid pressure along the tube for simulation VALS.
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Figure B8 — CNT/DIW nanofluid pressure along the tube for simulation VALG.

Appendix C - Parametric Study

C1-

Tube Length

Table C1 — Mesh Independence for L=1500 mm: Element Size Proposals

MOd?' Model Mesh 1 Mesh 2 Mesh 3
Domain Part [mm] [mm] [mm]
, Body 5 1 05
Fluid
Surface 0.05 0.01 0.005
Tubel 5 1 05
Tube Tube2 5 1 05
Number of 1306472 2118359 4270546

Elements

Table C2 — Mesh Independence for L=1500 mm: Mesh Inflation Proposals

Parameter Mesh 1 Mesh 2 Mesh 3
Number of
Layers 8 10 12
Growth Rate 12 11 1
Maximum
Thickness 15 0.15 0.1
[mm]

Table C3 - Fixed Parameters of DIW for Mesh Independence Testing for L=1500 mm

Parameter Units Value
Flow rate () Kg/s 0.006448
Dynamic viscosity () N s/m? 0.000855
Fluid inlet temperature (T;;,) K 300
Fluid inlet velocity (u;;,) m/s 0.1767
Total heat flux (q.,"") W/m? 2864.789
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Figure C1 — Mesh independence for L=1500 mm: Temperatures at outlet for tested
meshes

C2 - Tube Diameter

Table C4 — Mesh Independence for D=2 mm: Element Size Proposals

Modgl Model Mesh 1 Mesh 2 Mesh 3
Domain Part [mm] [mm] [mm]
. Body 5 1 0.5
Fluid
Surface 0.05 0.01 0.005
Tubel 5 1 0.5
Tube Tube2 5 1 0.5
Number of

423322 704003 883865
Elements

Table C5 — Mesh Independence for D=2 mm: Mesh Inflation Proposals

Parameter Mesh 1 Mesh 2 Mesh 3

Number of
Layers 8 10 12
Growth Rate 1.2 1.1 1
Maximum
Thickness 15 0.15 0.1
[mm]

Table C6 — Fixed Parameters of DIW for Mesh Independence Testing for D=2 mm

Parameter Units Value
Flow rate () Kg/s 0.00166
Dynamic viscosity (L) N s/m? 0.000855
Fluid inlet temperature (T;;,) K 297
Fluid inlet velocity (u;;,) m/s 0.000221
Total heat flux (g, W/m? 9549.296
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Figure C2 — Mesh independence for D=2 mm: Temperatures at outlet for tested meshes
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