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LIST OF SYMBOLS AND ABBREVIATIONS

LIST OF SYMBOLS AND ABBREVIATIONS
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Constant-pressure specific heat, J/kgK
Inner diameter, m

Friction factor

Skin friction coefficient

Graetz number

Heat transfer coefficient, W/m?2K
Thermal conductivity, W /mK
Length, m

radial axis, m

Radius of the pipe, m
Hydrodynamic entry length, m
Thermal entry length, m

Mass flow rate, kg /s

Nusselt number

Pressure, Pa

Prandtl number

Heat transfer rate, W

Surface heat flux, W /m?
Reynolds number

Temperature, K

Distance from inlet, m
Non-dimensional axial distance
Velocity vector (u,v)

Shear stress, Pa

Pumping power, W

Volume flow rate, m3/s

Abbreviations

Exp

Experimental

CFD  Computational Fluid Dynamics

PEI

Performance Efficiency Index

Greek letters

B Constant

p Density, kg/m3
1) Nanoparticle volume fraction
U Viscosity, kg/ms
Subscripts

nf Nanofluid

mnf  Mono nanofluid
hnf  Hybrid nanofluid
np Nanoparticle

bf Base fluid

b Bulk

in Inlet

out  Outlet

m Mean

avg  Average

w Wall




1. INTRODUCTION

Efforts to improve the heat transfer properties of coolants have been ongoing for decades.
Advances in materials science and manufacturing technologies have allowed researchers to
investigate the suspension of nanoscale particles in coolants, leading to the emergence of
nanofluids. Choi et al. [1] are pioneers of this technique and their work has shown significant
improvements in the thermal conductivity of the working fluid. The thermal conductivity of the
working fluid is of paramount importance in the design of heat transfer devices. However, cooling
capabilities were limited due to the low thermal conductivity of conventional working fluids used
in heat transfer. Convective heat transfer occurs at the surface of particles. Therefore, the large
surface area of nanoparticles has been shown to be suitable for increasing heat transfer capabilities.
Particles with nanometre size enhance the thermal conductivity of the fluid rather than restricting
the flow paths. Das et al. [2] conducted experiments to investigate how nanoparticles affect the
thermal conductivity of nanofluids. They found a threefold improvement in the thermal
conductivity of the working fluids.

The thermophysical properties of fluids can be significantly altered by the introduction of
nanoparticles into the working fluid [3]. For example, the thermal entry length can change
depending on whether the thermal conductivity of the nanofluid is higher or lower than that of the
starting working fluid. The thermal entry length may be shorter due to more efficient heat transfer
if the thermal conductivity is higher than that of the starting working fluid. Conversely, if the
thermal conductivity is poor, heat transfer may be less efficient, resulting in a longer thermal entry
length [4]. The incorporation of nanoparticles can further modify the velocity and temperature
profiles near the pipe wall, further affecting the thermal entry length. Therefore, the specific
properties of the nanofluid must be carefully considered when predicting the thermal entry length.

Authors studying the impact of using nanoparticles for heat transfer enhancement consider both
laminar and turbulent flow conditions, depending on their research objectives. Laminar flows are
often preferred for simplified modelling and theoretical analysis, allowing for a fundamental
understanding of heat transfer mechanisms. However, many researchers also investigate turbulent
flows, which are more representative of practical engineering applications, to provide a
comprehensive understanding of nanofluid effects across different flow conditions.

Yang and his co-workers [5] conducted experiments on the laminar flow of water-based
graphite fluid and observed an improvement in convective heat transfer. Their results showed that
the heat transfer coefficient showed an increasing trend with Reynolds number and nanoparticle
concentration, while a decrease was observed with decreasing fluid temperature.



With exceptional thermal properties, Al203-based nanofluids have a wide range of applications
in heat exchangers, cooling systems, electronics, and automotive industries. Among the various
nanofluids, Al203-based nanofluids have received considerable attention and applications in solar
collectors. Non-metallic nanofluids have shown a higher potential to improve the efficiency of
solar collectors compared to metal-based nanofluids [6]. Mahian et al. [7] evaluated the
performance of a mini-channel solar collector by incorporating various metal and metal oxide
nanoparticles. The results showed that Al2O3 exhibited the highest heat transfer coefficient among
the nanoparticles investigated, ahead of Cu, SiO2 and TiO2. Hwang et al. [8] investigated the fully
developed laminar flow of Al2Os-water nanofluid in a uniformly heated circular tube. The results
revealed that employing Al2Os-water nanofluids with a concentration of 0.3 vol% resulted in an
8% enhancement in the heat transfer coefficient, surpassing the performance of a pure fluid.

In [9], it was demonstrated that Al2Os-water nanofluids outperform multi wall carbon nanotubes
(MWCNT)-water nanofluids in terms of heat transfer, primarily due to the relatively lower
viscosity of Al.Os-water nanofluids. Alim et al. [10] investigated the impact of suspended
nanoparticles (specifically, Al2O3 dispersed in water) at different volume fractions ranging from
1% to 4% on heat transfer enhancement in an absorbing medium within a flat plate solar collector.
The study demonstrated a substantial improvement in convective heat transfer with the inclusion
of nanoparticles in the base fluid. Yousefi et al. [11] examined the impact of using Al2Os-water
nanofluid as the working fluid on the efficiency of a flat-plate solar collector. The results revealed
that compared to using water alone as the working medium, incorporating nanofluids resulted in a
significant 28.3% improvement in efficiency when using a concentration of 0.2 wt% nanoparticles
in the base fluid.

Engine oils are widely used as thermal fluids in many heat transfer applications where high
temperatures present a challenge and water-based nanofluids prove inadequate, such as in the car
industry [12]. Dispersing nanoparticles into engine oils can enhance both the cooling and
lubrication performance to an even greater extent [13]. Many considerations must be taken into
account when choosing an engine oil for heat transfer purposes because engine oils differ in terms
of thermal conductivity, viscosity, temperature conditions, pour point, and so on. The use of engine
oils with lower viscosity in engines, for instance, results in reduced pressure loss, whereas
increased thermal conductivity results in improved heat transfer performance. Employing the
appropriate engine oil could result in improved engine performance. However, relatively few
studies have been carried out in this area [14-17].

Studies have revealed that hybrid nanofluids exhibit higher heat transfer efficiency compared
to traditional fluids that contain only one type of nanoparticle [18]. As per published research, the
use of a hybrid nanofluid can be substituted by a mono nanofluid as it enhances the rate of heat
transfer [19,20]. More experimental study, however, is required to solve several issues associated
to hybrid nanofluids, including skin friction coefficient increase, instability, and cost of
preparation [18]. The improved performance was linked to a larger Nusselt number, which may
be boosted by using hybrid nanofluids [21,22]. Unfortunately, no universal results have been
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reached on which nanofluids, mono or hybrid, provide the best performance [23]. The impact of
the concentration of nanoparticles on the dynamic viscosity of Al2Oz-o0il was investigated by
Hemmat et al. [24]. Their findings revealed that viscosity shows an increasing trend
with increasing nanoparticle volume fraction. Another study [25] investigated the CuO-oil
nanofluid at different nanoparticle weight fractions ranging from 0.2% to 2%. The findings
indicated that the samples exhibited Newtonian behavior in the examined concentration range.
Farbod et al. [26] investigated the CuO-oil nanofluid at a broad range of nanoparticle weight
concentrations from 0.2% to 6%. They found that the nanofluid displayed Newtonian behavior.
Asadi et al. [12] studied the use of MWCNT:AI20s-oil hybrid nanofluid as a heat transfer fluid.
Their results showed some positive effects on heat transfer performance in an internal laminar
flow. In other investigations [27,28], the Nusselt number of a Cu:Al2Os-water hybrid nanofluid
was found to be significantly greater than that of an Al.Os-water mono nanofluid.

Kumar et al. [29] compared the thermal performance and friction for turbulent flow of Al20s-
water nanofluid and Al203:CuO-water hybrid nanofluid. It was concluded that the hybrid
nanofluid showed higher thermal performance values compared to Al2Os-water. Furthermore,
experimental and numerical results were obtained for different concentrations of fly ash nanofluid
[30,31] and fly ash:Cu hybrid water-based nanofluid turbulent flows. For a 2% volume fraction
concentration, a very significant increase in performance efficiency.

The hydrodynamic and thermal entry lengths of a pipe flow are the distances required for the
flow velocity to reach fully developed region and the temperature profile to become uniform.
These entry lengths play a pivotal role in understanding flow and heat transfer characteristics. For
design engineers, specifically, their determination is crucial as it reveals the relationship between
the velocity profile, heat transfer coefficients and axial position. In addition to the critical
investigation of the effect of nanoparticle volume fraction on hydrodynamic and thermal entry
lengths, the selection of alumina (Al203) nanofluids is driven by their widespread relevance and
applicability in various industrial and engineering contexts. Alumina nanoparticles are known for
their stability, thermal conductivity, and chemical inertness, making them a prominent choice for
enhancing heat transfer in diverse systems. The focus on Al203 nanofluids not only addresses
fundamental questions about flow and heat transfer but also aligns with the practical significance
of alumina nanoparticles in potential technological applications, for instance, heat exchangers, oil
engines, solar collectors, and so forth, ensuring the broader implications of my research findings.

These measurements help to determine whether the dependencies exist (in developing flow) or
independence is observed (in fully developed flow) [32,33]. Hao Ma et al. [34] investigated
laminar nanofluid flow and heat transfer through micro-tubes in the entry region. The study
considered microtubes with constant wall temperature and constant heat flux boundary conditions
using a multiphase Euler-Lagrangian method. The effects of various factors such as Peclet number
(between 175 and 3500), nanoparticle volume density (between 0.1% and 1.0%) and nanoparticle
diameter (between 40 and 130 nm) on the thermal characteristics of Al.Os-water nanofluid flow
were analysed. Their findings indicated that both the Reynolds number's impact on the friction
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factor and the influence of axial heat conduction on the Nusselt number need to be considered in
the entry region.

The hydrodynamic entry length X, represents the length necessary for the centerline velocity
to reach 99% of its fully developed value [35]. Several experimental and theoretical results X, =

f(Re) D;,, as a function of Reynolds number for the base fluid flow and the inner diameter D;,, of
a horizontal pipe, have been published in [36]. Atkinson et al. [37] employed numerical methods
to derive an expression for the laminar hydrodynamic entry length in horizontal circular pipes as

Xy, = (0.59 + 0.056 Re) Dy, 1 < Re < 1000. (1.1)

Durst et al. [38] investigated the development length of laminar pipe flow applying the finite
volume method as

1
Xpy = [0.61916+(0.0567Re)¢]1¢ Dy, , 0.1 < Re < 2300. (1.2)

Joshi et al. [39] conducted numerical simulations of laminar pipe flows of a Newtonian flow
with no-slip condition to understand the effect of inlet conditions on entry lengths, they suggested
the correlation as

Xy = (—0.0437 + 0.0553 Re + 0.413 exp(—0.1 Re))D;,, 0.001 < Re < 2300.  (1.3)

Heat applied to a pipe's surface causes neighboring fluid particles to equilibrate, resulting in a
temperature difference between the surface and the pipe's central axis. This variation induces radial
convectional heat transfer, forming a thermal boundary layer that expands along the pipe's length
until it merges at the center. The thermal inlet length in laminar flow is the distance along which
heating is required to bring the Nusselt number to close to 105% of the theoretical fully developed
value of 4.36 under constant heat flux boundary condition [40].

Nguyen [41] investigated laminar pipe flow with a constant heat flux boundary condition using
finite difference method to introduce the following relationship for the thermal entry length

Xen = (05163 +222) Dy, 20 < Re < 1000. (14)

1.1. MONO AND HYBRID NANOFLUIDS

Nanofluids, with their unique ability to enhance heat transfer characteristics, have been classified
into two primary types: mono and hybrid nanofluids. Each type offers distinct advantages and
considerations, influencing their selection based on specific application requirements and desired
thermal attributes.



MONO NANOFLUIDS

Mono nanofluids are comprised of a single type of nanoparticle uniformly dispersed within a base
fluid, such as water or oil. These nanofluids exhibit enhanced thermophysical properties compared
to their base fluids due to the presence of nanoparticles, which can include materials like metal
oxides, carbon nanotubes, or metallic nanoparticles. The addition of nanoparticles alters the
thermal conductivity, viscosity, and other properties of the base fluid, making mono nanofluids
promising candidates for various applications such as heat transfer enhancement in thermal
systems, lubrication, and cooling in electronics. Their homogeneous nature simplifies
manufacturing processes and ensures consistent performance, offering potential benefits in diverse
industrial and scientific fields.

HYBRID NANOFLUIDS

In contrast, hybrid nanofluids incorporate a mix of different nanoparticle types within the base
fluid, creating a synergistic effect. This complex composition offers a combination of the
individual benefits of each nanoparticle type, providing an enhanced and tailored thermal
performance. The synergy achieved in hybrid nanofluids results in unique thermal properties not
attainable with mono nanofluids. By combining nanoparticles with diverse thermal conductivities,
shapes, and sizes, hybrid nanofluids can exhibit improved heat transfer efficiency over a broader
range of conditions. Hybrid nanofluids find applications in situations where a more versatile and
adaptive heat transfer solution is needed. For instance, in solar thermal systems, where the heat
transfer fluid must operate under varying temperature and radiation conditions, hybrid nanofluids
can offer superior performance due to their diverse nanoparticle composition.

SELECTION CRITERIA

The choice between mono and hybrid nanofluids is not arbitrary; it depends on the specific
demands of the intended application. Several factors influence this decision:

1. Application Requirements:

e Mono nanofluids are favored when a straightforward enhancement in heat transfer
is sufficient for the application.

e Hybrid nanofluids are chosen when a more adaptive thermal performance is
needed, especially in applications with variable operating conditions.

2. Desired Thermal Attributes:

e If a consistent and easily controllable thermal behavior is required, mono
nanofluids may be the preferred choice.

o For applications demanding enhanced heat transfer over a wider range of
conditions, hybrid nanofluids offer a more versatile solution.



3. Manufacturing Considerations:

e The simplicity of formulation favors mono nanofluids in scenarios where ease of
production and stability are critical.

e Hybrid nanofluids, with their more complex composition, may require additional
manufacturing considerations but can provide superior performance tailored to
specific needs.

In conclusion, the choice between mono and hybrid nanofluids involves a careful consideration
of application requirements and desired thermal attributes. While mono nanofluids offer simplicity
and predictability, hybrid nanofluids provide a more sophisticated solution with the potential for
superior performance in diverse operating conditions. As research in nanofluid technology
advances, a deeper understanding of these variations will undoubtedly lead to more targeted and
effective applications, pushing the boundaries of heat transfer efficiency across industries.

1.2. TYPES OF NANOPARTICLES

Nanoparticles introduce a realm of possibilities with their diverse characteristics. Beyond the
material composition, the size, shape, and diameter of nanoparticles, coupled with the volume
fraction, wield a profound influence on nanofluid performance in the realm of heat transfer. This
comprehensive exploration delves into the intricate interplay between these factors, shedding light
on the fascinating dimensions that shape nanofluid behavior.

METALLIC NANOPARTICLES: COPPER, ALUMINUM

Metallic nanoparticles, such as copper and aluminum, are revered for their exceptional thermal
conductivity. These materials, when introduced into nanofluids, bring about a remarkable
enhancement in heat transfer capabilities. The efficient conduction of heat through metallic
nanoparticles makes them pivotal in applications where thermal management is paramount.

OXIDE-BASED STABILITY: ALUMINA AND SILICA

Oxide-based nanoparticles, like alumina and silica, offer stability and versatility. Beyond their
stability in suspension, these nanoparticles exhibit versatile properties that extend their
applications from electronics cooling to advanced manufacturing processes. Their unique
characteristics contribute to the overall thermal behavior of nanofluids.

CARBONACEOUS NANOPARTICLES: GRAPHENE AND CARBON NANOTUBES

Carbon-based nanoparticles, represented by graphene and carbon nanotubes, bring a blend of
lightweight strength and high thermal conductivity. These materials, known for their exceptional
mechanical properties, find applications in nanofluids where both robustness and heat transfer
efficiency are critical.
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Spherical Symmetry: Maximum Dispersion

Spherical nanoparticles, characterized by their symmetrical shape, frequently attract attention in
the creation of nanofluid compositions. Their well-defined shape facilitates improved dispersion
within the base fluid, preventing agglomeration and ensuring a homogeneous mixture. Beyond
dispersion, spherical nanoparticles exhibit enhanced thermal conductivity, making them a popular
choice for applications demanding predictable and consistent heat transfer performance.

Non-Spherical Nanoparticles: Rods, Platelets, and Thermal Uniqueness

While spherical nanoparticles dominate certain applications, non-spherical counterparts introduce
a variety of thermal characteristics. Rod-like or platelet-shaped nanoparticles, for instance, may
influence fluid flow patterns and heat transfer mechanisms in distinctive ways. This non-
uniformity in shape gives rise to unique thermal behaviors, allowing for tailored solutions in
specific applications.

The Diameter: Small versus Large

Nanoparticle diameter emerges as a critical factor in the heat transfer equation. Smaller
nanoparticles, with their increased surface area per unit volume, maximize interactions with the
base fluid, promoting efficient convective heat transfer. Conversely, larger nanoparticles may
present challenges related to dispersion and fluid flow, requiring a delicate balance between
diameter and thermal advantages.

1.3. TYPES OF BASE FLUIDS

In the dynamic realm of nanofluid formulation, the choice of a base fluid stands as a critical
decision, exerting a profound influence on the overall performance of the nanocomposite fluid.
While water-based nanofluids have dominated research due to their exceptional thermal properties,
the landscape expands further into oil-based nanofluids and beyond. This exploration delves into
the considerations, advantages, and challenges associated with different base fluids, underscoring
the importance of using nanofluids to the specific thermal, chemical, and environmental demands
of diverse applications.

Water-Based Nanofluids

Water, with its high thermal conductivity and specific heat capacity, has become the quintessential
base fluid for nanofluids. The outstanding thermal properties of water make it an ideal candidate
for applications where efficient heat transfer is paramount.
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e Applications

Water-based nanofluids find widespread use in various industries, ranging from electronics
cooling to solar thermal systems. Their ability to efficiently dissipate heat makes them
indispensable in scenarios where maintaining optimal temperatures is crucial for performance and
longevity.

e Challenges

Despite their exceptional properties, water-based nanofluids pose challenges related to stability
and potential particle agglomeration. Researchers continually explore strategies to enhance
stability and mitigate these challenges for practical applications.

Oil-Based Nanofluids

In scenarios where water is unsuitable due to its electrical conductivity or chemical interactions,
oil-based nanofluids present a viable alternative. The dielectric properties of oil make it suitable
for applications where electrical insulation is a priority.

e Enhanced Stability

Oil-based nanofluids often exhibit improved stability compared to their water-based
counterparts. This stability can be advantageous in applications where prolonged shelf life and
consistent performance are essential.

e Limitations

However, oil-based nanofluids may face challenges related to lower thermal conductivity
compared to water-based counterparts. The choice between water and oil as a base fluid depends
on the specific trade-offs acceptable for the intended application.

Using Nanofluids to Application Requirements

The choice of a base fluid is intricately tied to the specific thermal, chemical, and environmental
demands of the intended application. Using nanofluids to meet these requirements involves a good
understanding of the advantages and limitations of each base fluid option.

Considerations in Base Fluid Selection:

1. Thermal Conductivity Requirements: Assessing the required thermal conductivity for
efficient heat transfer.

2. Chemical Compatibility: Ensuring compatibility between the base fluid and nanoparticles
to prevent undesirable reactions.
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3. Environmental Impact: Evaluating the environmental impact of the base fluid, especially
in applications where sustainability is a concern.

Innovations in Base Fluid Selection

As nanofluid research progresses, the quest for optimal base fluids continues. Emerging
technologies, such as the integration of smart fluids and bio-based fluids, promise to revolutionize
the landscape of nanofluids, offering tailored solutions for diverse applications.

In conclusion, the selection of a base fluid for nanofluids is a multifaceted decision that requires
a careful balance of thermal properties, stability, and compatibility. Water and oil, as traditional
choices, have paved the way for diverse applications. Still, the exploration of novel base fluids
opens doors to innovations that can redefine the capabilities of nanofluids in addressing complex
heat transfer challenges across various industries. As researchers continue to unravel the
complexities and possibilities, the future holds exciting prospects for the evolution of base fluids
in nanofluid technology.

1.4. APPLICATIONS OF NANOFLUIDS

Nanofluids, colloidal suspensions of nanoparticles in a base fluid, have emerged as a
transformative technology with the potential to revolutionize heat transfer across various
industries. The integration of nanoparticles into conventional fluids imparts unique thermal
properties, paving the way for enhanced heat transfer performance. This exploration delves into
the diverse applications of nanofluids, showcasing their ability to address complex thermal
challenges and optimize heat exchange processes.

Electronics Cooling: Maintaining Optimal Temperatures

In the realm of electronics, managing heat dissipation is crucial for maintaining the performance
and reliability of electronic components. Nanofluids offer a cutting-edge solution by efficiently
conducting and dissipating heat. Water-based nanofluids, often containing metallic nanoparticles
like copper, prove to be particularly effective in cooling electronic devices. Their high thermal
conductivity and stability aid in preventing overheating, contributing to the longevity and
efficiency of electronic systems.

Automotive Engines: Enhancing Thermal Management

The automotive industry has embraced nanofluids as a means to optimize thermal management
in engines. Nanofluids, with their improved heat transfer capabilities, enable more efficient
cooling of engine components. This enhanced thermal management contributes to increased fuel
efficiency, reduced emissions, and improved overall engine performance. The versatility of
nanofluids allows using formulations to meet the specific demands of different engine types and
operating conditions.
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Solar Thermal Systems: Boosting Energy Harvesting

Nanofluids play a pivotal role in solar thermal systems, where efficient heat transfer is essential
for maximizing energy harvesting. Nanofluids, often utilizing oxide-based nanoparticles, exhibit
enhanced thermal conductivity and can operate at elevated temperatures. This makes them well-
suited for applications like solar collectors, where they facilitate the absorption and transfer of
solar energy, contributing to improved overall system efficiency.

Biomedical Applications: Precision in Thermal Therapy

In the field of medicine, nanofluids are harnessed for precise thermal control in biomedical
applications. Magnetic nanoparticles, such as iron oxide, are introduced into nanofluids for
applications like hyperthermia—a therapeutic technique that involves heating targeted tissues. The
precise control over temperature afforded by nanofluids ensures effective treatment while
minimizing damage to surrounding healthy tissues.

HVAC Systems: Optimizing Heating, Ventilation, and Air Conditioning

Nanofluids have found their way into Heating, Ventilation, and Air Conditioning (HVAC)
systems, where efficient heat transfer is fundamental. By incorporating nanofluids, HVAC systems
can achieve improved thermal performance, resulting in enhanced energy efficiency and reduced
operating costs. The ability to customize nanofluid formulations based on the specific
requirements of HVAC systems demonstrates the versatility and adaptability of nanofluid
technology.

Advanced Manufacturing Processes: Precision Cooling and Heating

In manufacturing processes, nanofluids contribute to precision cooling and heating, ensuring
optimal conditions for various industrial applications. Whether in metalworking, plastics
processing, or other manufacturing operations, nanofluids facilitate controlled and efficient heat
transfer. The ability to tailor nanofluid properties to match the specific thermal demands of diverse
manufacturing processes underscores their potential in advancing industrial technologies.

Challenges

While hybrid nanofluids are generally known to exhibit improved heat transfer capabilities, there
are still some challenges. First of all, there is a lack of agreement among the theoretical models in
predicting the specific behaviour of hybrid nanofluids. Moreover, there is a misinterpretation
among the scholars. Finally, various approaches provide various results for the same hybrid
nanofluid and nanoparticle volume fraction during the preparation step [18]. While the application
of nanofluids for enhancing heat transfer performance is promising, challenges remain. Issues
related to stability, cost, and potential environmental impacts necessitate ongoing research and
development. Addressing these challenges will be crucial in realizing the full potential of
nanofluids across industries. Looking ahead, the future of nanofluids in heat transfer applications
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holds exciting possibilities. Continued research into novel nanoparticle formulations, improved
manufacturing processes, and a deeper understanding of the underlying mechanisms will unlock
new frontiers. As nanofluid technology evolves, its integration into various sectors promises to
redefine standards in heat transfer efficiency, opening doors to innovative solutions for the
challenges of tomorrow.

1.5. THE AIM OF THIS THESIS

The aim of this thesis is to investigate and analyse the heat transfer enhancement characteristics of
various nanofluids in laminar flow configurations within horizontal pipes. This research
endeavours to contribute to the understanding of convective heat transfer phenomena in nanofluid
systems.

The first objective is to examine the influence of different nanoparticle types and concentrations
on heat transfer enhancement. Through numerical simulations, the study evaluates nanofluids
comprised of Al203, CuO, MWCNT, TiO, and Ag nanoparticles dispersed in base fluids such as
engine oil and water. The analysis encompasses a range of volume fractions, investigating their
Impact on convective heat transfer coefficients and Nusselt numbers under steady-state conditions.

Additionally, this research aims to explore the relationship between flow rates, nanoparticle
concentrations, and thermal boundary conditions on heat transfer performance. By employing
computational fluid dynamics techniques, the study investigates the hydrodynamic behaviour of
nanofluids, velocity distributions, wall shear stress, and skin friction coefficients. Furthermore, the
investigation extends to obtain the thermal boundary layer profiles along the pipe length, providing
insights into the intricate interactions between fluid flow and heat transfer.

Another crucial aspect of this thesis is the assessment of temperature-dependent thermophysical
properties in nanofluid simulations. By comparing the accuracy of simulation results obtained
using both constant and temperature-dependent properties, this research endeavours to enhance
the predictive capability of numerical models in capturing the complex thermohydraulic behaviour
of nanofluids.

Furthermore, this thesis aims to establish correlations for the hydrodynamic entry length and
thermal entry length, offering valuable insights into the flow characteristics of nanofluids. Through
comprehensive analyses, including the examination of Performance Efficiency Index (PEI), this
research seeks to optimize the design and operation of systems utilizing nanofluids for enhanced
heat transfer performance.

Overall, this thesis aspires to contribute to the advancement of knowledge in the field of
nanofluid heat transfer, providing valuable insights into the optimization of nanofluid-based
systems for various engineering applications.
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1.6. FUTURE PLAN

Future studies may explore the effects of other parameters, such as the shape of nanostructures, to
assess their impact on heat transfer performance [42]. Furthermore, future research should examine
different mixture ratios of nanoparticles in hybrid nanofluids. It is essential to emphasize that a
considerable number of numerical studies do not take into account the non-Newtonian behaviour
exhibited by nanofluids. Consequently, there is a need for additional research to explore the non-
Newtonian properties associated with the flow of nanofluids [43]. Moreover, expanding the scope
of investigation to include turbulent flow regimes within horizontal pipes could provide a
comprehensive understanding of nanofluid behaviour across a wider range of operating conditions.
Additionally, experimental validation of the numerical simulations would strengthen the reliability
and applicability of the findings. Exploring the effects of additional parameters such as surface
roughness, pipe diameter, and aspect ratio on heat transfer enhancement could offer deeper insights
into the optimization of nanofluid systems. Moreover, investigating novel nanoparticle
combinations and base fluids could unveil potential advancements in heat transfer performance.
Integration of advanced machine learning techniques for data analysis and prediction could
enhance the predictive capabilities of the models, facilitating the design of more efficient
nanofluid-based heat transfer systems. Overall, future research endeavours should aim to address
these aspects to further advance the field and foster practical applications in various engineering
domains.
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2. THERMOPHYSICAL PROPERTIES

The heat transfer efficiency in a nanofluid is significantly influenced by factors such as its
viscosity, thermal conductivity, density, and specific heat [44]. In the following discussion, the
thermophysical properties of different nanofluids will be presented, like Al2Os-water, Al20s-
engine oil, CuO-engine oil, CUO:MWCNT-oil, CuO-water, TiO2-water, and Ag-water. Each
nanofluid has unique characteristics such as thermal conductivity and viscosity, essential for
various engineering applications.

2.1. AL.Os-WATER NANOFLUID

To compare and analyze the influence of temperature-dependence on the numerical results, the
thermophysical properties of Al.Os-water nanofluids are considered to be constant or temperature-
dependent.

2.1.1. CONSTANT THERMOPHYSICAL PROPERTIES
Properties of alumina Al2Os at 298.15K are presented in Table 2.1 [45].

Table 2.1 Density, heat capacity, and thermal conductivity of alumina and water.

Property Al;O; water
p (kg/m®) 3650 998.3
Cp (J/kgK) 765 4182
k (W/mK) 40 0.6

The thermophysical properties of the nanofluid flow are calculated at the average bulk
temperature, 1.e. Tnf(avg) = (Tnf(out) + Tnf(m))/z.

To predict the density and heat capacity of the nanofluid, the following correlations are
employed [46]

Pnf = PPnp + (1 — @)ppy, (2.1)
_ (Ppnpcpnp"‘(l_(!’)pbfcpbf
Cop = pa , (2.2)
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where ¢ denotes the nanoparticle volume fraction. The dynamic viscosity of the nanofluid is
predicted using the Klazly-Bognar viscosity model [47]

tns = Upr(1 4+ 9.4974¢ + 77.811¢% + 0.9514¢3). (2.3)

The thermal conductivity of the nanofluid is calculated using the modified Maxwell equation
as given [48]

knp+2kp+2(knp—kpr) (1+B)° ¢ (2.4)

fng = Kof | St 2k —Gomy ) 7 F) 7

with § = 0.1.

2.1.2. TEMPERATURE-DEPENDENT THERMOPHYSICAL PROPERTIES

The thermophysical properties of water, as the base fluid, are considered as a function of
temperature presented in [49], when T is given in Kelvin:

(T-277.1363)2(T+15.7914)

— 103 _
pbf(T) =10 5.089292 102(T—205.0204)" (2'5)

Cpbf(T) = —1.41414 107* T3 + 0.1444662 T? — 48.73648329 T + 9616.873445, (2.6)
kpp(T) = —=1.315 107> T? + 9.734 1073 T — 1.1245, (2.7)

ubf(T) =1.718410"7T? —1.208 1074 T + 2.165 1072. (2.8)

These relationships are used in relationships (2.1)-(2.4) to calculate the density, heat capacity,
thermal conductivity, and dynamic viscosity of the nanofluid in case of temperature-depend
thermophysical properties. Note that these relationships are valid in the temperature range 274-
352K, which covers the temperature range used in my simulations.

2.2. CUO-WATER NANOFLUID (constant properties)

The density and heat capacity of the nanofluid are calculated using equations (2.1)-(2.2). The
viscosity of nanofluid p,,f is obtained from below equation, which is called Brinkman equation as
follows [50,51]

_ _ Hbr
‘unf - (1-¢)25 ! (29)

where ;¢ is the viscosity of the base fluid (water), and ¢ refers to nanoparticle volume fraction.

The thermal conductivity of nanofluid k,,f is given as follows [52]

_ knp+2kbf—2<p(kbf—knp)
knf - kbf knp+2kbf+(p(kbf—knp)’ (210)

where k¢ is the thermal conductivity of base fluid, and k,,, is the thermal conductivity of the
nanoparticles.

Thermophysical properties for pure water and nanoparticles are given in Table 2.2.
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Table 2.2. Thermophysical properties for pure water and CuO nanoparticles [53].

Property CuO Pure water
p (kg/m) 6500 998.2
Cp (J/kgK) 535.6 4182
k (W/mK) 20 0.6
 (Ns/m?) - 0.001003

Thermophysical properties for CuO-water nanofluid at different values of ¢ are presented in
Table 2.3.

Table 2.3. Thermophysical properties for CuO-water at different values of ¢.

CuO-water
Property
o =1% ® =2% o =3% o =4%
oo (kg/m®) 1053.218 1108.236 1163.254 1218.272
Cont (J/kg K) 3956.96 3754.26 3570.74 3403.79
Knt (W/m K) 0.6166 0.6335 0.6508 0.6683
unt (Ns/m?) 0.00102852 | 0.001054959 | 0.00108236 | 0.001110767

2.3. TIO-WATER NANOFLUID AND AG-WATER NANOFLUID
(CONSTANT PROPERTIES)

Density, heat capacity, and thermal conductivity of TiO2 and Ag nanoparticles at 298.15K are
presented in Table 2.4,

Table 2.4. Density, heat capacity, and thermal conductivity of the nanoparticles [54,55].

Property TiO; Ag
p (kg/m®) 4170 10500
Cp (J/kgK) 711 235
k (W/mK) 11.8 429

Thermophysical properties of TiO2-water Nanofluid and Ag-water Nanofluid are taken
temperature-dependent as [46,49]

pnf(T) = PPnp + (1 - (P)pbf(T) ) (2-11)
_ (PpnpCpnp‘l'(l_(p)pbf(T)Cpbf(T)
Cpn f(T) = D) , (2.12)

where ¢ is the nanoparticle volume fraction, which can vary between 0 and 1. T is given in Kelvin.
The viscosity of the nanofluids is calculated by Klazly-Bognar viscosity model as [47]

Uns (T) = pipr (T)(1 + 9.4974¢ + 77.811¢% + 0.9514¢3). (2.13)
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The thermal conductivity of the nanofluids are calculated as [48]

Knp+2kp p(T)+2(enp—kp £(T)(1+B)3 ¢
Knp+2kpf(T)=(knp=kpr(T)(1+5)%¢ |

nr (1) = ey (D) | (2.14)

where = 0.1 is a constant to consider the effect of nanolayer thickness on the thermal
conductivity of the nanofluid. Thermophysical properties of the base fluid (water) as a function of
temperature are calculated by relationships (2.5)-(2.8).

2.4. CUO:MWCNT-OIL NANOFLUID (constant properties)

In Table 2.5, the characteristics of the engine oil as a base fluid at a temperature of 45 degrees
Celsius, Copper Oxide (CuO), and Multi-Walled Carbon Nanotubes (MWCNT) are displayed.

Table 2.5. Thermophysical properties of the engine oil (base fluid) at T=45°C, CuO, and MWCNT.

Property CuO [56] MWCNT [56] Engine Oil [57]
p (kg/m?) 6400 2100 848.5
Cp (J/kgK) 531.02 735 1975
k (W/mK) 76.5 3000 0.1215
p (Ns/m?) - - 0.02442832

2.4.1. DENSITY: MONO AND HYBRID NANOFLUID

The equation provided by Pak and Cho [58] was utilized to accurately estimate the density of mono
nanofluids as given by

Pmnf = PrpPrp + (1= Onp)Pbr » (2.15)

where ¢,,,, denotes volume fraction of nanoparticle for mono nanofluid. Takabi [59] modified the
rule of mixing and provided the following equation for hybrid nanofluids as follows

Phnf = Pnp1Pnp1 T Pnp2Pnp2 + (1 - q’hnp)pbf ’ (2.16)

where ¢,,1 and ¢,,, denote the nanoparticle volume fractions of the first and the second
nanopartilce, respectively. ,,,,, represents the total nanoparticle volume fraction which is ¢;,,,, =
Onp1 T Pnp2- Using correlations (2.15) and (2.16), the changes in density with nanoparticle

volume fraction for CuO-oil, MWCNT-oil, and CuO:MWCNT-oil nanofluids are depicted in Fig.
2.1. The density for all nanofluids shows an increasing trend with increasing the nanoparticle
volume fraction. It should be noted that the increase in density for CuO-oil nanofluid is greater
compared to that observed in other nanofluids.
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Fig. 2.1. The relative density variation with volume fraction for different nanofluids at T=45°C.
24.2. SPECIFIC HEAT CAPACITY: MONO AND HYBRID NANOFLUID

The first calculation of the specific heat capacity for a mono nanofluid was conducted by Pak et
al. [58], who applied the mixture rule while assuming thermal balance between the nanoparticles
and the base fluid. The formula is given as

(PnppanPnp+(1_‘Pnp)beCbe

Cpons = - (2.17)
Takabi et al. [59] presented the specific heat capacity for a hybrid nanofluid as
_ ‘Pnp,lpnp,lanpyl+(Pnp,2pnp,2CPnp'z"'(l_‘Phnp)beCbe
Copns = P : (2.18)

Applying correlations (2.17) and (2.18), the heat capacity for CuO-oil, MWCNT-oil, and
CuO:MWCNT-oil nanofluids is depicted in Fig. 2.2. The heat capacity of nanofluids shows a
decreasing behavior with increasing the nanoparticle volume fraction. The reduction in density for
CuO-oil nanofluid is greater than that observed in the other three nanofluids.
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Fig. 2.2. The relative heat capacity variation with volume fraction for different nanofluids at T = 45°C.
2.4.3. THERMAL CONDUCTIVITY: MONO AND HYBRID NANOFLUID

The modified Hamilton and Crosser model [60] is employed to determine the thermal conductivity
of mono nanofluid as expressed

Knp+2kpr—2@np(Kpf—knp)
) . < - . 2.19
mnf bf knp+2kbf+<.0np(kbf_knp) ( )

For hybrid nanofluid the modified Hamilton and Crosser model [59] is applied as given

$np,1knp1+@np,2knp,2
L p‘/’hnp L L +Zkbf"‘z(‘pnp,lknp,l"‘Q"n;o,z’(11Lz),2)_2§(’h1117kbf

khnf - kbf Pnp,1knp,1+Pnp,2knp,2
Phnp

(2.20)

t Zkbf_(‘Pnp,lknp,l +Pnp,2 knp,z)"“Phnpkbf
Using equations (2.19) and (2.20), the thermal conductivity for CuO-oil, MWCNT-oil, and

CuO:MWCNT-oil nanofluids is depicted in Fig. 2.3. It is noteworthy that the thermal conductivity
augmentation in MWCNT-oil nanofluid exceeds that observed in the other nanofluids.
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Fig. 2.3. The relative thermal conductivity variation with volume fractions for different nanofluids at T =
45°C.
2.4.4. DYNAMIC VISCOSITY: MONO AND HYBRID NANOFLUID

The addition of nanoparticles to a fluid results in an increase in its viscosity [44]. Indeed,
introducing nanofluids to based fluids, even at very low concentrations, increases the nanofluid’s
viscosity. The key explanation for this rise is that when the volume fraction grows, the chance of
the nanofluids' cluster developing increases. The presence of nanoclusters impedes the movement
of fluid layers, and consequently intensifies the nanofluid’s viscosity. The Batchelor model is
employed to calculate the viscosity of mono nanofluid [61] as follows

Homns = Hop (1 + 2505, + 6.2¢0,,2) . (2.21)

Accordingly, to determine the dynamic viscosity of hybrid nanofluid, the Batchelor model [59]
can also be used as

g = tpp(1 + 2.5@nnp + 6.20pmp°) - (2.22)

Note that these two correlations for dynamic viscosity depend only on the nanoparticle volume
fraction. Therefore, different nanofluids with the same nanoparticle volume fraction reveal the
same amount of dynamic viscosity.
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3. GEOMETRY, MESH GENERATION, AND CFD PROCEDURE

In simulating nanofluid flow within a pipe using Computational Fluid Dynamics (CFD), the
process involves several key steps. First, the geometry of the pipe system is defined, detailing its
dimensions and layout. Then, a computational mesh is generated to discretize the domain, with a
focus on refining near walls to capture boundary layer effects accurately. The CFD procedure
includes setting up the problem by defining boundary conditions and selecting appropriate
mathematical models and numerical methods. The solver is configured accordingly, and the
simulation is run to solve the governing equations iteratively. Post-processing techniques are then
applied to analyse and visualize the results, providing insights into velocity profiles and
temperature distributions within the pipe. Through this process, CFD facilitates the study of
nanofluid behaviour in pipes, aiding various engineering applications.

3.1. GEOMETRY AND MESH GENERATION

In case of Al,Oz-water nanofluid: The nanofluid flows through a circular horizontal pipe of a
length L=1m and diameter D;,=7 mm (see Fig. 3.1) with uniform inlet temperature and velocity
distributions are experimentally investigated by Esmaeilzadeh et al. [62]. The same geometry is
created using Design Modeler and a three-dimensional flow case is chosen to match the
experimental set-up. Adjacent to the pipe wall, the applied cells are thinner. The cells close to the
walls are also adequately dense because the temperature gradients are higher than those in other
areas. Figure 3.2 shows the creation of a boundary layer mesh for optimizing the fluid flow features
by thin components adjacent to the pipe wall.

. ! N
2

) t

Fig. 3.1. Three-dimensional geometry of the circular horizontal pipe.
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Fig. 3.2. (a) Mesh geometry across the pipe cross section (b) Mesh boundary layer adjacent to the
wall.

To analyse mesh grid independence, the average values for the Nusselt number and friction
factor, for the pure water at Re=799.53 for a wide range of mesh sizes are investigated. Based on
a comprehensive examination of the solution independence of a mesh, it is observed that the mesh
with 830,415 elements can produce the most accurate results (see Fig. 3.3) and it is used in the
simulations.
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Fig. 3.3. Mesh independence test (average Nusselt number and the average friction factor).

In case of CuO-water nanofluid: Figure 3.4 demonstrates the geometry and the computational
domain schematically. The channel's diameter and length have been set at 0.1m and 2m,
respectively. With a temperature of 275K and a velocity given by Reynolds numbers equal to 1000
(Re=1000), the flow at the inlet has been assumed to be hydrodynamically steady. The lower wall
receives a constant heat flux of 200 W/m? from downside, while the upper wall is set to be adiabatic
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from up. The geometry is created by using DesignModeler of official Ansys Fluent, and the two-

dimensional flow problem in single-phase was selected.

Upper wall (adiabatic) T1.=2m

- A
Inlet ————» By D=0.1m

o i

Constant heat flux  qw=200 W/m*

Fig. 3.4. The schematic diagram of the computational domain.

»

——» outlet
 —

Mesh Generation: Non-uniform quadrilateral grid system is employed for meshing the domain

generated by Meshing of official Ansys Fluent as shown in Fig. 3.5.

Fig. 3.5. Mesh generation for the model.

Because the accuracy of finite volume technique is strongly related to the quality of the
discretization utilized, the grid independence test is performed to confirm that the given solution
is mesh independent. As a result, a precise mesh sensitivity investigation was conducted in order
to reduce the numerical impacts imposed by mesh size. The mesh sensitivity was examined for
four meshes, and the test compared the average Nusselt number on the bottom wall for each mesh.
The results are shown in Table 3.1. The Nusselt number for mesh 3 with 12400 cells was
determined to be adequate for ensuring the accuracy of the solution as well as the grid's

independence.
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Table 3.1. Mesh independency investigation.

Mesh | Number of cells | Average Nusselt number
1 2400 23.88086
2 6390 24.15811
3 12400 24.25852
4 20250 24.30758

In case of CuO: MWCNT-oil nanofluid: The nanofluid flows inside a three-dimensional pipe
with the length of L=1.3m, and inner diameter of Din=7 mm (see Fig. 3.1) as it was investigated in
the experimental study conducted by Heris et al. [57]. Utilizing Design Modeler, the geometry is
created, and the three-dimensional flow case is selected in accordance with the experimental set-

up.

To ensure grid independency, three sets of grids are evaluated, as presented in Table 3.2. The
average Nusselt number for 0.5%CuO-oil nanofluid at Reynolds number Re=750 is calculated. As
a conclusion, grid No.3 is considered to be the optimal mesh number which is used in the
subsequent simulations.

Table 3.2. Grid independency investigation.

Grid No. Number of | Average Nusselt Average Nusselt Variation with
Elements Number (CFD) | Number (EXP) [57] | Experimental Results %
1 150,800 44.8 43.2 3.7
2 260,600 46.5 45.7 1.7
3 309,400 47.3 47.3 0

3.2. CFD PROCEDURE

Computational fluid dynamics (CFD) is a common tool for studying fluid flow and heat transfer
phenomena. The numerical simulation uses a single-phase model to solve the nanofluid flow
problem. This model is the simplest one for simulating a nanofluid flow. The following
assumptions are employed in this approach:

1. The nanoparticles and the base fluid are assumed to be mixed precisely and the whole mixture
is regarded homogeneous. In addition, the fluid phase and solid particles are supposed to be in
thermal equilibrium and to flow at the same velocity.

2. Fluid flow that is steady, Newtonian, and incompressible is considered with no thermal or
mechanical energy generation.

3. Changes in kinetic and potential energy are considered negligible.

4. No-slip boundary condition is also considered on the walls.
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5. The latent energy, which is associated with phase change between the inflow and outflow
conditions, is neglected.

The temperature-dependent thermophysical properties of the nanofluid with different
nanoparticle volume fractions are introduced by a user-defined function (UDF) by writing a source
code in C language and imported into ANSY'S fluent. Using the single-phase model, the continuity,
momentum, and energy equations are as follows [63]

div(pnsV) = 0, (3.1)
div(pnVV) = —VP + V2V, (3.2)
div (pufV Cp,y T) = div(knfVT) (3.3)

where V and P are the velocity vector and pressure of the flow along the pipe, respectively, p,,
Uns, and k¢ are the density, dynamic viscosity, and thermal conductivity.

The discretization method is defined as the approach of approximating the differential equations
by a set of algebraic equations for the variables at some set of discrete locations in space and time.
The governing equations can be discretized using three main methods as finite difference method,
finite volume method, and the finite element method (FVM). The CFD code which has been used
in this work using ANSY'S Fluent is based on the finite volume method. This method has been
very successful in solving fluid flow problems. A finite volume is a numerical approach for solving
partial differential equations. These partial differential equations are calculated by the conserved
variables averaged values in the control volume.

The finite volume method is used to discretize the governing differential equations, and the
semi-implicit technique for pressure-linked equations (SIMPLE) algorithm is used to solve the
velocity-pressure coupling. CFD simulations are applied on nanofluid flow utilizing ANSYS
FLUENT to solve the governing equations of the flow. The convection and diffusion terms in the
governing equations were discretized using a second-order upwind scheme. The convergence
criteria of the solutions monitored by a residual monitor of 10°®.
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4. NANOFLUID FLOW PROPERTIES

In this chapter, the properties of nanofluid flow will be discussed. The fundamental equations used
to analyse the heat transfer and hydrodynamic behaviour of different nanofluid flows are
presented. These equations cover parameters such as heat transfer coefficient, Nusselt number, a
newly defined Reynolds number specific to nanofluids, pumping power, performance efficiency
index, wall shear stress, and friction factor. Additionally, various definitions are provided for
different scenarios and boundary conditions.

4.1. FORMULAS USED

The nanofluid flows through a circular horizontal pipe of a length L and diameter D;,, (see Fig.
3.1) with uniform inlet temperature and velocity distributions are experimentally investigated by
Esmaeilzadeh et al. [62]. The same geometry is created using Design Modeler and a three-
dimensional flow case is chosen to match the experimental set-up. The flow direction is parallel
to the pipe axis and the pipe wall is considered to be completely smooth. The energy transported
by the nanofluid flow inside the pipe, which is the heat generated by the DC power supply in the
reference experimental paper, is calculated by [57]

Anf = mnfcpnf (Tnf(out) B Tnf(in))' (4.1)

where 71, ¢ is the mass flow rate, T;, ) and T, are outlet and inlet temperatures, Cpnf is the

f(out f(in)

specific heat capacity.
Heat transfer rate can be expressed by surface heat flux using the below equation as
ny = CI;q'fAs' (4.2)

where g, and A; are the surface heat flux and the surface area of the pipe wall, respectively. The
heat flux is defined as

Gy = ~knr (55) (4.3)

where r represents the radial axis, while R denotes the radius of the pipe.

4.1.1. HEAT TRANSFER

The average convective heat transfer coefficient of the nanofluid flow along the pipe length is
defined as

1L
hnf(avg) = ZJ.O h'nf(x)dx ) (44)
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where h,r(x) is the local heat transfer coefficient at any axial distance from the pipe inlet
determined by

_ Gy
Py () = Ts()~Thpp(2)’ (45)

and T (x) is the pipe wall temperature along the pipe length and Tbnf(x) is the bulk temperature

at any axial distance using the principles of conservation of energy as

n
qnf”Din

TnfCp nf

T () = g ) + (4.6)
The average Nusselt number of the nanofluid flow along the entire length of the pipe is defined
as

1L
NUnf o0 = = Jo Nupp(x) dx (4.7)

where Nu,, ¢ (x) is the local Nusselt number of the nanofluid flow at any given axial distance from
the pipe inlet as

hnf(x)Din
knf )

Nuy,f(x) = (4.8)

4.1.2. REYNOLDS NUMBER OF THE NANOFLUID

Since the single-phase approach is considered, the average velocity for the base fluid and the
nanofluid is the same. Using (2.1) and (2.3), the relationship between the Reynolds number (Re =
p VD /u) of the nanofluid and the Reynolds number of the base fluid is expressed as

_ Pnf Ubf
Renf = Rebf (,D_bfll_nf> (49)

The significance of the newly introduced equation lies in its unique contribution to evaluating
the impact of nanoparticles on the fundamental dimensionless number, the Reynolds number.

4.1.3. PUMPING POWER

In nanofluid flow within pipes, pumping power is crucial for ensuring efficient system operation
and minimizing energy consumption. Nanoparticles added to base fluids alter rheological
properties, affecting flow resistance and thus the required pumping power. Understanding this
relationship is essential for optimizing system performance. Nanofluids, with their enhanced
thermal conductivity, offer promising opportunities for improved heat transfer in various
applications. Managing pumping power effectively enables the realization of nanofluid
technology's full potential, facilitating more efficient and sustainable thermal management
solutions across industries. The pumping power required to pump the nanofluid into the pipe is
calculated as follows [34]
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where an is the volume flow rate of nanofluid in the pipe, and AP, is the pressure drop along the
pipe.

4.1.4. PERFORMANCE EFFICIENCY INDEX (PEI)

The performance efficiency index is a measure used to evaluate the effectiveness of incorporating
nanoparticles into base fluids. By considering factors like heat transfer enhancement and pressure
drop ratios, the performance efficiency index quantifies the overall impact of adding nanoparticles.
It considers the increased thermal conductivity and heat transfer coefficient due to nanoparticles,
as well as the potential rise in pressure drop caused by their presence. A performance efficiency
index greater than one is generally indicative of reasonable efficiency when utilizing nanofluids
and base fluids. The performance efficiency index is given by [49]

-1/3
PE] = ~inf (fif) , (4.12)
Nupr \Sfpr

where f,,r and f;,r represent the friction factors for the nanofluid and the base fluid, respectively.

4.1.5. WALL SHEAR STRESS AND FRICTION FACTOR

In nanofluid flow within pipes, wall shear stress, friction factor, and skin friction coefficient are
crucial parameters governing fluid dynamics and energy losses. As nanoparticles are introduced
into the base fluid, they alter the flow behavior, impacting the distribution of shear stress along the
pipe wall. The friction factor and skin friction coefficient quantify the resistance encountered by
the fluid as it flows through the pipe, reflecting the energy dissipation due to viscous effects.
Accurate characterization of these parameters is essential for optimizing system design and
predicting pressure drop in nanofluid-based systems, thereby facilitating efficient heat transfer and
fluid transport applications.

The wall shear stress of the nanofluid flow along the pipe is defined as
]
Ty = iy (50) - (4.12)

The friction factor for the hydrodynamically fully developed region of the pipe is given by [35]

8Twnf

fnf =

=— (4.13)
PrsVas (avg)

where an(avg is the average nanofluid flow velocity in the pipe.

)

The theoretical friction factor for the hydrodynamically fully developed laminar flow is given
by [64]

64

for == (4.14)

The skin friction coefficient is defined as
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= T""—”f2 . (4.15)
nf Pannf(avg)

4.1.6. a INDEX CRITERION DEFINITION

In the case of laminar flow, the evaluation of heat transfer efficiency can be measured by parameter
a as the ratio of the relative increase in nanofluid’s viscosity to the relative enhancement in
nanofluid’s thermal conductivity as given [65]

a=<”if—1)/<’lf—1). (4.16)

ﬂbf kbf

For heat transfer purposes, using nanofluids instead of base fluids is advantageous if a <4 [65].

4.1.7. THERMAL BOUNDARY LAYER THICKNESS

Due to the variation in temperature between the inner wall of the pipe and the bulk fluid flowing
inside the pipe, convective heat transfer takes place, forming a thermal boundary layer. Thus, the
impact of heat transfer extends further into the center of the pipe and the thermal boundary layer
grows. The thermal boundary layer thickness §;(x) at any given axial distance ‘x’ from the pipe

entrance is defined as the value of radius ‘r’ at which the following relationship is met [66]

8p(x) = ZOTCND _ g9 (4.17)

T () —Tyn (%)
where T'(x,r) is the nanofluid local temperature inside the pipe space.

The average thickness of thermal boundary layer along the pipe length can be calculated as

8 =+ [ 8, (x)dx . (4.18)

L

4.2. THE BOUNDARY CONDITIONS

For the case of Al,Os-water nanofluid: Numerical simulations were performed on the
hydrodynamic and heat transfer characteristics of the three-dimensional flow of Al.Oz-water
nanofluid for horizontal circular tube flow. The flow is incompressible, steady-state, with a
constant and uniform heat flux along the tube surface under boundary conditions. The nanofluid
Is considered with both constant and temperature-dependent thermophysical properties with
volume fractions between 0.1% and 5%. The simulations were carried out using the single-phase
Newtonian model with Reynolds numbers between 310 and 1950. The Nusselt number and the
heat transfer coefficient in the tube are investigated simultaneously in the developing and
hydrodynamically developed regions. A crucial factor in predicting flow and heat transfer
characteristics of Al2Os-water nanofluids is to accurately determine the effect of nanoparticle
volume fraction on the hydrodynamic and thermal entry lengths. The hydrodynamical and thermal
characteristics of Al2Os-water nanofluid laminar pipe flow using Computational Fluid Dynamics
(CFD) method are investigated. The impact of adding nanoparticles to the base fluid on Nusselt

number, heat transfer coefficient, the thermal and hydrodynamic entry length is examined at
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different Reynolds numbers. According to my knowledge, no analytical or numerical expressions
have been identified to represent the development length for nanofluid flows. Based on the
simulation results, two correlations have been suggested for the calculation of the hydrodynamic
and thermal entry length for Al2Os-water nanofluid laminar pipe flow. A constant and uniform
surface heat flux g,y = q,r/mD;, L is applied on the wall as 9000 W /m?2. The inlet temperature

of the nanofluid flow is kept at constant Tnf(in) = 298.15K. At the inlet section: X = 0, u = Uy,

and T = Ty,, are used as inlet velocity and temperature conditions. At the outlet section: A fully
developed condition is assumed at the outlet, and all derivatives are taken as zero. i.e., X = L,
ou ov ow aT = : . ; g —_ 1) — —

il A U A (u, v, w). On the pipe wall: no-slip conditions,u = v =w = 0, and

constant heat fux (9000W m™?) are imposed.

For the case of CuO-water nanofluid: The velocity distribution and heat transfer
improvement in a two-dimensional channel filled with a Cuo—water nanofluid is numerically
studied. The nanofluid flow is assumed laminar and single-phase with Newtonian behaviour. Pure
water is considered as the base fluid, and Cuo—water nanofluid with four different volume fractions
of CuO nanoparticles are examined. The effects of nanoparticle volume fraction on the heat
transfer, velocity profile, wall shear stress, skin friction coefficient, and Nusselt number along the
channel have been examined. A constant heat source—sink is considered to cover the entire length
of the bottom wall of the channel while the upper wall is assumed thermally insulated. The
channel's diameter and length have been set at 0.1m and 2m, respectively. With a temperature of
275K and a velocity given by Reynolds numbers equal to 1000 (Re=1000), the flow at the inlet
has been assumed to be hydrodynamically steady. The lower wall receives a constant heat flux of
200 W/m? from downside, while the upper wall is set to be adiabatic from up (see Fig. 3.4).

For the case of CuO:MWCNT-Oil hybrid nanofluid: There have been limited studies on the
improvement of heat transfer resulting from hybrid oil nanofluids. The three-dimensional steady-
state flow of CuO and MWCNT nanoparticles in engine oil within a horizontal pipe is performed.
The simulations are investigated for various volume fractions of the nanoparticles while
maintaining a constant heat flux boundary condition on the pipe wall. The purpose of the research
is to compare the impact of concentrations of CuO and MWCNT nanoparticles mixed at different
ratios on convective heat transfer. The effect of changing the volume fractions of nanoparticles
(CuO and MWCNT) on the convective heat transfer coefficient and the Nusselt number is analysed
in the simulations at Reynolds number Re=750. The numerical studies were carried out with
uniform temperature and velocity profiles at the inlet of the horizontal pipeline. The direction of
the flow was defined normal to the boundary. The inner surface of the pipe wall was assumed to
be perfectly smooth with zero roughness height. The surface heat flux is taken as 208756 W /m?
in the calculations. The mean temperature of the engine oil as a base fluid inside the test section
increased from 303.15 K to 333.15 K because of constant heat flux. Reynolds number is 750. All
thermophysical properties of the engine oil are evaluated at the average temperature, Ty, =

318.5 K. The impact of nanoparticle volume fractions as well as nanoparticle volume ratios on
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convection heat transfer overall performance is studied. To this aim, it is worthwhile to consider
several parameters including heat transfer coefficient, Nusselt number, thermal boundary layer
thickness, temperature profile, and velocity profile along the pipe. The thermal boundary layer
profiles along the pipe for the examined nanofluids are plotted accurately. The results from the
comparison of thermal boundary layer thickness, temperature, and velocity profiles for all
nanofluids are shown in graphical form. A scale analysis is also conducted to identify the
correlation between the thermal boundary layer thickness and heat transfer coefficient.

Comparative Analysis of Water-Based Nanofluids: AL.O3, CuO, TiO2, and Ag: Numerical
simulations on the 3D steady-state laminar flow of different water-based nanofluids in a horizontal
pipe are conducted using the single-phase model considering temperature-dependent
thermophysical properties. The simulations are performed to compare the heat transfer
performance and hydrodynamic behaviour for nanofluids including Al20s, CuO, TiO2, and Ag
nanoparticles under constant heat flux boundary condition on the pipe wall. Nanoparticle volume
fractions ranging from 0.5% to 3% were examined at Reynolds numbers ranging from 310 to 1950.
Key parameters such as Nusselt number, heat transfer coefficient, pressure drop, and pumping
power were analysed. Single-phase CFD approach for solving the flow of nanofluid problem is
employed. The flow is assumed to be steady, Newtonian, and incompressible. The nanofluid flows
through a circular horizontal pipe of a length L=1m and diameter Din=7 mm with a constant and
uniform inlet temperature and velocity distribution as experimentally investigated by
Esmaeilzadeh [62]. The constant and uniform surface heat flux is applied on the wall as
9000 W /m?. The inlet flow temperature is constant T;, = 298.15K. The geometry is created
using Design Modeler and a three-dimensional flow case is chosen to match the experimental set-
up. The convergence criteria of the solutions were considered by a residual value of 10%. To
analyse grid independency, the local heat transfer coefficient for water and Al.Osz-water nanofluid
at Re=1300 for a wide range of mesh sizes are investigated and compared with the experimental
results [62]. The mesh with 830415 elements has been selected and will be used in further
simulations.
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5. RESULTS AND DISCUSSION

This chapter focuses on analysing and validating simulation results for different nanofluids. It
examines various factors such as constant versus temperature-dependent thermophysical
properties, hydrodynamic and thermal entry lengths, heat transfer and hydrodynamic performance,
thermal boundary layer thickness, and the performance efficiency index (PEI). The aim is to
provide a comprehensive understanding of the simulated system's behaviour and performance
characteristics.

5.1. VALIDATION OF THE SIMULATION RESULTS

The Nusselt number for pure water (as the base fluid) along the pipe length for constant and
temperature-dependent thermophysical properties at Re=799.53 is compared with the
experimental results conducted by Esmaeilzadeh et al. [62] and the correlations suggested by Shah
[3] and Grigull [67] and Churchill and Ozoe [68] (see Fig. 5.1). The correlation of Shah and Grigull
for the developing region of the pipe flow with constant wall heat flux is given as

If x* < 5.1075

1.302

Nu(x*)=—7=-1, (5.1)
(x*)3

If 5.107° < x* < 1.5.1073

1.302

Nu(x*) =—=—-0.5 , (5.2)
(x*)3

If x* >15.1073

8.68 e 41¥
(103x*)0.506 !

Nu(x*) = 4.364 + (5.3)

x
Din Re Pr

where the non-dimensional axial distance is x* =

and Pr = uC,/k is the Prandtl number.

The correlation provided by Churchill and Ozoe [68] for the entry and fully developed regions
of the pipe flow for the base fluid with constant wall heat flux is given as
2

5=
3 [ 1 3 Z—ls
—= 10\ —=

Nu(x) = 5.364 <1 + (%);>_0[1 + 2‘;—8<1 + (szrw)%) 2 (1 + (%)7> 5 J —1, (5.4)

where Gz = m/4x™ is the Graetz number. The simulation results are compared with experimental
data obtained using temperature-dependent and constant thermophysical properties. The analysis
revealed that the simulations using temperature-dependent thermophysical properties are in a good
agreement with the experimental data, particularly for values of x/D above 40, with an average
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discrepancy of 2.39%. The simulations using constant thermophysical properties provided a higher
average discrepancy of 4.35%. These results suggest that the incorporation of temperature-
dependent thermophysical properties significantly improves the accuracy of simulations compared
to constant thermophysical properties.
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Fig. 5.1. Validation of the CFD results with experimental data for constant and temperature-dependent
thermophysical properties.

Note that the CFD results obtained using temperature-dependent thermophysical properties also
agreed well with the Churchill and Ozoe correlation (5.4), with an average error of 0.94%. On the
other hand, the CFD results using constant thermophysical properties exhibited good agreement
with the Shah and Grigull correlations (5.1)-(5.3), with an average error of 0.81%.

The proposed model is applied in the simulations in order to evaluate the heat transfer
performance of CuO:MWCNT-oil nanofluid in pipe flow. To do this, first it is necessary to assure
the validity of the model. In Fig. 5.2, the simulation results for local Nusselt number along the pipe
length for CuO-oil nanofluid with volume fractions of 0.1, 0.2, and 0.5% are compared with the
experimental results [57]. The average and maximum differences between the simulation results
and experimental data are 2.8% and 5.6%, respectively.
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Fig. 5.2. Comparison between simulation and experimental results for CuO-oil nanofluid at Re = 750.
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It confirms that the simulation of the present model can also predict the heat transfer
performance of CuO:MWCNT-oil nanofluid within the acceptable range of accuracy.

In order to validate the numerical solver, the simulation results of Nusselt number for the
nanofluid containing 0.4% CuO were compared to the findings of the experimental study
conducted by Heris et al. [57] (see Fig. 5.3). The results of the simulation exhibited a good
agreement with the experimental findings. Changes in the average Nusselt number against the
Reynolds number at different nanoparticle volume fractions are depicted in Fig. 5.4.
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Fig. 5.3. Comparison between the Nusselt number obtained from the CFD and experiment for pure oil
and CuO 0.4%-oil.
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Fig. 5.4. Average Nusselt number variation against Reynolds number for nanofluid in different
volume fractions.

It can be seen from Fig. 5.4, that the Nusselt number increased significantly as the nanoparticle
volume fraction and the Reynolds number increased. Figure 5.5 shows the variation of the local
heat transfer coefficient along the axial direction of the pipe for nanofluid at a Reynolds number
of about 750. The CFD results showed a good agreement with the experimental data.
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Fig. 5.5. Variation of local heat transfer coefficient along the axial direction of pipe for nanofluid at a
Re=750.

The friction factor of the nanofluids with different volume fractions has the same value. Note
that using a single-phase approach, the friction factor only depends on the Reynolds number. In
Fig. 5.6, the friction factor of water in the hydrodynamically fully developed region of a pipe was
evaluated for Reynolds numbers ranging from 310 to 1950. My analysis showed that the CFD
results gave a relatively small average deviation of 4.19% compared to the experimental data [62]
and CFD results showed good agreement with theoretical values, with an average deviation of
0.13%. These results suggest that the simulations can be effectively used to predict the friction
coefficient in single-phase laminar flow in a circular horizontal pipe.
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Fig. 5.6. Validation of the friction factor of water at different Reynolds numbers.
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5.2. CONSTANT VERSUS TEMPERATURE-DEPENDENT
THERMOPHYSICAL PROPERTIES

The accuracy of the simulations for the local heat transfer coefficient of the water and Al2Os-water

nanofluid was examined and the CFD results were obtained using constant and temperature-

dependent thermophysical properties, with nanoparticle volume fractions of 0.5% and 1%. These

results were compared with experimental data in Ref. [62] at Re=1300 (see Fig. 5.7).
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Fig. 5.7. Validation of the CFD results for h, s (x) for constant and temperature-dependent
thermophysical properties.

Figure 5.7 shows that the CFD results for h,,¢(x) at Re,,; = 1300 using temperature-dependent
thermophysical properties presented good agreement with the experimental data, with an average
error of 2.44%, but the constant thermophysical properties give a higher average error of 4.44%.
These results suggest that considering temperature-dependent thermophysical properties can
significantly improve the accuracy of simulations. It was also observed that an increase in
nanoparticle concentration was associated with an increase in the heat transfer coefficient,
regardless of whether the fluid properties were constant or variable.

Figure 5.8 demonstrates the local heat transfer coefficients along the pipe for nanofluid with
volume fraction of 0.5% and 1% at Reynolds number 799.53 for constant and temperature-
dependent thermophysical properties. The local heat transfer coefficients show an increasing trend
with increasing the nanoparticle concentration for both constant and temperature-dependent
thermophysical properties. The heat transfer coefficients decline with the axial distance because
the temperature gap between the fluid near the wall and the bulk fluid becomes greater along the
pipe length. Moreover, when considering temperature-dependent thermophysical properties, the
local heat transfer coefficients demonstrate higher values compared to constant properties.
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Fig. 5.8. Variation of h,,s(x) with ¢ and (x/D).

The average differences in heat transfer coefficients between temperature-dependent and
constant properties are 5.1%, 6%, and 8.44% for water, 0.5% Al203-water nanofluid, and 1%
Al20s-water nanofluid, respectively. Furthermore, as the axial distance (x/D) increases, the
discrepancy between heat transfer coefficients for temperature-dependent and constant properties
also increases. For example, for water, the difference is 2.1% at x/D=14.21 and 6.2% at
x/D=127.93. Similarly, for 0.5% Al20s-water nanofluid, the difference is 2.7% at x/D=14.21 and
7.3% at x/D=127.93, and for 1% Al20s-water nanofluid, the difference is 5.4% at x/D=14.21 and
9.8% at x/D=127.93.

Figure 5.9 illustrates the impact of the volume fraction on the local Nusselt number for water
and nanofluid with 0.5% and 1% volume fractions for constant and variable thermophysical
properties at Re,=1300. The temperature-dependent thermo-physical properties yield higher
results compared to constant properties. In the case of variable properties, the Nusselt numbers
exhibit an increase as the volume fraction increases, while the Nusselt numbers for constant
properties demonstrate a decrease with increasing volume fraction.
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Fig. 5.9. Comparison of the local Nusselt number of the nanofluid for constant and temperature-
dependent thermophysical properties.

In Fig. 5.10, the variations of the local Nusselt numbers with x/D are compared for constant and
temperature-dependent thermophysical properties, in particular for two different Reynolds
numbers: 799.53 and 1300. The results show that the increased volume fraction of nanoparticles
leads to an increase in the Nusselt number for variable properties and a decrease in constant
properties. Furthermore, the Nusselt number is generally higher for variable properties than for
constant properties. Figure 5.10 also indicates that the discrepancy between the Nusselt numbers
of variable properties and constant properties decreases at higher Re.
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Fig. 5.10. Comparison of the local Nusselt number of the nanofluid for constant and temperature-
dependent thermophysical properties.
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53. a INDEX CRITERION FOR CuO-0OIL, MWCNT-OIL, AND
CUuO:MWCNT-OIL

In Fig. 5.11, the results for a index criterion for nanofluids including CuO-oil, MWCNT-ail,

CuO:MWCNT-oil 1:1, and CuO:MWCNT-oil 1:2 are presented. These nanofluids can be

considered advantageous over base fluid because they have a index much less than four in the

range of nanoparticle volume fractions from 0 to 3%.
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Fig. 5.11. a index for different nanofluids.

5.4. HYDRODYNAMIC AND THERMAL ENTRY LENGTHS

The hydrodynamic and thermal entry lengths are the distances required for the flow velocity to
reach fully developed region and the temperature profile to become uniform. A crucial factor in
predicting flow and heat transfer characteristics is to accurately determine the effect of
nanoparticle volume fraction on the hydrodynamic and thermal entry lengths of nanofluids. The
equation of Reynolds number for the nanofluids (Eq.4.9) is particularly valuable in the
investigations, where the focus is on the understanding of nanofluid's behavior across a range of
Reynolds numbers (310 to 1950), and simultaneously considering the corresponding Reynolds
numbers of the base fluid (312 to 2247).

5.4.1. HYDRODYNAMIC ENTRY LENGTH FOR NANOFLUID FLOW

The CFD results on the hydrodynamic entry length for the Al2Os-water nanofluid using
temperature-dependent thermophysical properties are depicted in Fig. 5.12. It shows that the
hydrodynamic entry length for the nanofluids increases linearly with the Reynolds number of the
base fluid within the examined range and volume fractions between 0.1% and 5%. Results also
confirm that the hydrodynamic entry length decreases with increasing the nanoparticle volume
fraction due to the increasing viscosity.
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Fig. 5.12. Variation of the th(nf) with Re at different volume fractions.

Based on simulations, a novel correlation is suggested to determine the laminar hydrodynamic
entry length for the Al20s-water nanofluid for volume fractions ranging from 0.1% to 5% as

th(nf) = 0.0554 Renf Din:

0.0554 Rebf A((p, T) Din' (55)

_ 1+(a-1)¢p
A(qa, = 1+9.4974¢+77.811¢2+0.9514¢3’ (56)

with a(e,T) = Zﬂ 0.001 < ¢ <0.05, 310 < Re,; < 1950.
bf

For constant thermophysical properties (see Table 2.1), one can get

A(p) = 1+2.6562 @ (5.7)

1+9.4974¢0+77.811¢02+0.9514¢3"

Note that if the above correlation is used for calculating the hydrodynamic entry length for the
base fluid (¢ = 0), the above correlation reduces to th(bf) = 0.0554 Re,f, which agrees well

with the correlation suggested by Nguyen et al. [41].

5.4.2. THERMAL ENTRY LENGTH FOR NANOFLUID FLOW

In Fig. 5.13, the relationship between thermal entry length and Reynolds number is illustrated at
various volume fractions. The results demonstrate that both the Reynolds number and volume
fraction have a direct impact on the thermal entry length. As the Reynolds number increases, the
thermal entry length increases linearly for a given volume fraction. The thermal entry length also
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increases with increasing the volume fraction at a given Reynolds number. However, the effect of
the volume fraction is more significant at higher Re. This observation suggests that the addition of
nanoparticles to the base fluid results in the flow reaching thermally fully developed states at a
larger axial distance from the inlet. Consequently, the convective heat transfer within the pipe
intensifies along the entry section, significantly influencing the overall heat transfer rate.
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Fig. 5.13. Variation of the Xth(nf) with Re and ¢.

In Fig. 5.14, the relationship between the thermal entry length and volume fraction is depicted.
The range of Reynolds number is from 310 to 1950 and the range of volume fraction is from 0.1%
to 5%. The findings demonstrate a clear increase in the thermal entry length as volume fraction
increases. The addition of nanoparticles to the base fluid enhanced the heat transfer rate. The
increase in the thermal entry length is higher at higher Reynolds numbers.
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Based on the CFD results, | introduce a new correlation to calculate the laminar thermal entry

length of the Al2Os-water nanofluid flow in a horizontal pipe as
Xennpy =

4.823¢
(004‘3 — W) ReanrnfDin =
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where the nanofluid Prandtl number is defined as Pr,,; = unprnf/knf .
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The thermal entry length increases linearly with the Reynolds number at constant volume
fraction (see Fig. 5.13). The thermal entry length increases also linearly with the volume fraction
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at a constant Re (see Fig. 5.14). If ¢ = 0, the correlation can predict the thermal entry length for
water, which agrees with the Pagliarini’s correlation [32] for the thermal entry length of the base
fluid as X, , ., = 0.043 Rey s Pryy Dip.

5.5. HEAT TRANSFER PERFORMANCE

In this section, heat transfer performance for different nanofluids is analyzed and temperature
contours, temperature profiles, heat transfer coefficients, and Nusselt numbers are investigated and
compared.

5.5.1. TEMPERATURE CONTOUR

The temperature contour for CuO-water nanofluid containing 4% CuO along the whole 2D channel
is presented in Fig. 5.15. As it is illustrated, the nanofluid enters the channel at temperature equal
to inlet temperature (275K), and the temperature gradually increases as it moves forward along the
channel. Due to having a constant heat flux at the lower wall while the upper wall is thermally
insulated, the temperature of nanofluid at lower part of the channel specifically near to the lower
wall tends to rise. To precisely investigate the thermal behavior of nanofluid, three cross sections
along the channel (X=0.1, 0.5, and 2 m) are selected.

i 485 Cross Cross Cross
£ 443 section section section
401 X=0.1m X=0.5m X=2m

Fig. 5.15. Temperature contour for nanofluid containing 4% CuO along the pipe.

5.5.2. TEMPERATURE PROFILES

Numerical results for CuO-water nanofluid flow for the thermal boundary layers at different
locations along the 2D channel are presented. Figure 5.16 depicts the impact of nanoparticle
volume fraction on the temperature profile for CuO-water nanofluid flow at three different cross
sections (X=0.1, 0.5, and 2 m) along the channel. The Y-axis shows diameter of the channel while
the X-axis shows temperature. Thermal boundary layer thickness increases with an increase in the
parameter ¢ which is nanoparticle volume fraction. Comparison of the temperature profiles for
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different nanofluid concentrations shows that CuO-water at 4% has the thickest thermal boundary
layer. Therefore, it is observed that the nanoparticles change the flow and heat transfer
characteristics and causes an increase in the thermal boundary layer. Moreover, the graph shows
that the temperature near the lower wall at cross section X=0.1m is around 475K while it rises to
650K and 950K at cross sections X=0.5m and X=2m, respectively. This is due to existence of a
constant heat flux at the bottom wall along the channel when the nanofluid reaches the end of the
channel, it receives more heat from the lower wall. However, the increase of temperature near the
upper wall along the channel length is not as rapid as that of for the lower wall since the upper
wall is thermally insulated and is receiving heat only from the nanofluid flowing inside the
channel.
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Fig. 5.16. Temperature distribution at different cross sections for different nanoparticle volume
fractions

Temperature profiles for the base fluid (oil) and CuO-oil and CuO:MWCNT-oil nanofluids
with different nanoparticle volume fractions at three cross sectional areas along the pipe are
depicted in Figs. (5.17)-(5.19). T.B.L, which stands for thermal boundary layer, represents the
length of ‘r’ adjacent to the wall in which all the thermal boundary layers are being formed. As it
can be seen, temperature profile outgrows with increasing nanoparticle volume fraction suggesting
that heat penetrates further into the mainstream towards the center of the pipe. However,
temperature profiles for 2%CuO-oil nanofluid and 3%CuO-oil nanofluid outgrow temperature
profiles for 1%CuO:1%MWCNT-oil hybrid nanofluid and 1%CuO:2%MWCNT-oil hybrid
nanofluid, respectively, due to the fact that 2%CuO-oil nanofluid and 3%CuO-oil nanofluid have
lower Prandtl numbers (see Table 5.3), and consequently, heat can transfer further into the
mainstream.
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Fig. 5.17. Temperature profiles for the base fluid and nanofluids at x=0.02m.
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Fig. 5.18. Temperature profiles for the base fluid and nanofluids at x=0.65m.
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Fig. 5.19. Temperature profiles for the base fluid and nanofluids at x=1.3m.
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5.5.3. HEAT TRANSFER COEFFICIENT AND NUSSELT NUMBER

Simulation results for local Nusselt number along the pipe length for the base fluid and CuO-oil
and CuO:MWCNT-oil nanofluids with different nanoparticle volume fractions at Re=750 are
depicted in Fig. 5.20. As illustrated, Nusselt number is decreasing along the pipe length since the
temperature difference between the wall surface and nanofluid mean temperature is minimum at
the pipe inlet and increases along the pipe length. Moreover, the thermal boundary layer thickness
IS zero at the pipe entrance, and Nu is extremely large at x = 0. However, it decays rapidly as
the thermal boundary layer develops.
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----- 2% CuO-oil
250 | -+ = 3%Cu0-oil
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x (m)
Fig. 5.20. Local Nusselt number along the pipe for different nanofluids at Re = 750.

The local Nusselt number for CuO-oil nanofluid shows an increasing trend with increasing
nanoparticle volume fraction in the range of 0-3%. It proves that adding nanoparticles improved
the oil's ability to transfer heat from the wall to the bulk of the nanofluid. Adding 3% of CuO can
increase the average Nusselt number about 78%. Another important point is that
1%Cu0:1%MWCNT-oil has higher Nusselt numbers in comparison with 2%CuO-oil although
they have the same total nanoparticle volume fraction 2%. It can be concluded that adding
MWCNT into the base fluid has more impact on improving heat transfer performance than adding
CuO. The same conclusion can be drawn from the comparison between 3%CuO-oil and
1%Cu0:2%MWCNT-oil.

Simulation results for the average heat transfer coefficient for different nanofluids with different
volume fractions are presented in Table 5.1. The average heat transfer coefficient for nanofluids
displays a rising trend as the nanoparticle volume fraction increases within the range of 0-3%.
However, 1%CuO:1%MWCNT-oil has higher average heat transfer coefficient in comparison
with 2%CuO-oil showing that MWCNT has more pronounced impact on improving heat transfer
performance when compared to CuO. The comparison between 3% CuO-oil and 1% CuO:2%
MWCNT-oil yields the same conclusion.
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Table 5.1. Average heat transfer coefficient along the pipe for the base fluid and nanofluids at Re =

750.
Fluid Average Hezit Transfer Coefficient
h (W/m?K)
Engine oil (base fluid) 652.69
0.1%CuO-oil 746.36
0.2%Cu0O-oil 774.02
0.5%Cu0O-oil 833.16
1%CuO-oil 898.95
2%CuO-oil 1082.18
3%CuO-oil 1251.08
1%Cu0O:1%MWCNT-oil 1147.34
1%Cu0O:2%MWCNT-oil 1422.79

Figure 5.21 shows the influence of the CuO nanoparticle volume fraction on the Nusselt number
along the 2D channel's lower wall for CuO-water nanofluid flow. As it is shown, when the volume
fraction of CuO nanoparticles increases, the value of the Nusselt number along the bottom wall
increases. It shows that nanoparticle volume fraction has an impact on Nusselt number along the
channel. Nanofluid with 4% of nanoparticle concentration has the highest amount of Nusselt
number along the channel.

Nusselt number
(Nu)

0 0.5 1 15 2
X (m)

===Pure Water 1% CuO 2% CuQ e==39% CuQ e==49 CuO

Fig. 5.21. Nusselt number at different volume fractions along the lower wall of pipe.

Numerical simulations on the 3D steady-state laminar flow of different water-based nanofluids
in a horizontal pipe are conducted using the single-phase model considering temperature-
dependent thermophysical properties. The simulations are performed to compare the heat transfer
performance behavior for water-based nanofluids including Al20s, CuO, TiO2, and Ag
nanoparticles under constant heat flux boundary condition on the pipe wall. Nanoparticle volume
fractions ranging from 0.5% to 3% were examined at Reynolds numbers ranging from 310 to 1950.
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Key parameters such as Nusselt number and heat transfer coefficient were analyzed. Figure 5.22
depicts the changes of average heat transfer coefficient for different nanofluids. The results show
that Al2Oz-water and Ag-water have the highest and the lowest heat transfer coefficient,
respectively. Heat transfer coefficient increases with Reynolds number and volume fraction.
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Fig. 5.22. Variation of the average heat transfer coefficient for different nanofluids: (a) at different
Reynolds numbers, (b) at different volume fractions at Re=1050.

Figure 5.23 shows the changes of average Nusselt number for different nanofluids. The results
show that TiOz2-water and Ag-water have the highest and the lowest Nusselt number, respectively.
Nusselt number increases with increasing volume fraction for all nanofluids except for Ag-water
nanofluid. This is due to the fact that Prandtl number for Ag-water nanofluid decreases with
increasing volume fraction.
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Fig. 5.23. Variation of the Nusselt number for different nanofluids: (a) at volume fraction of 1% at
different Reynolds numbers, (b) at different volume fractions at Re=1050.

5.6. HYDRODYNAMIC PERFORMANCE

This section presents the hydrodynamic performance of different nanofluids. Through detailed
examination, it explores key factors such as Reynolds number, pressure drop, and pumping power,
and wall shear stress and skin friction coefficient. By investigating these parameters and
comparing the velocity contours and velocity profiles, it aims to provide insights into the fluid
flow behavior and efficiency within the system.

52



5.6.1. REYNOLDS NUMBER, PRESSURE DROP, AND PUMPING POWER

Figure 5.24 illustrates the variation of the Reynolds number of the Al2Os-water nanofluid flow
with volume fraction to obtain the same average heat transfer coefficient hnfavg =700 W/m?K.

The results show that the Reynolds number of the nanofluid flow decreases with increasing volume
fraction to keep the average heat transfer coefficient constant.
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Fig. 5.24 Reynolds number versus volume fraction.

Figure 5.25 depicts the variation of the required pumping power of the Al.Os-water nanofluid

flow with volume fraction to keep the average heat transfer coefficient constant at hnf(avg) =

700 W /m?K. It shows that the required pumping power decreases as the nanoparticle volume
fraction for the nanofluid increases. Therefore, to obtain the same average heat transfer coefficient,
lower pumping power is required compared to the base fluid.

Numerical simulations on the 3D steady-state laminar flow of different water-based nanofluids
in a horizontal pipe are conducted using the single-phase model considering temperature-
dependent thermophysical properties. The simulations are performed to compare the
hydrodynamic behaviour for water-based nanofluids including Al20s, CuO, TiO2, and Ag
nanoparticles under constant heat flux boundary condition on the pipe wall. Nanoparticle volume
fractions ranging from 0.5% to 3% were examined at Reynolds numbers ranging from 310 to 1950.
Key parameters such as pressure drop and pumping power were analysed. Figure 5.26
demonstrates the CFD results of the pumping power and the pressure drop for these water-based
nanofluids at different Reynolds numbers. Al2Os-water and Ag-water have the highest and the
lowest amount of pumping power and pressure drop, respectively.
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Fig. 5.26. Variation of the pressure drop (a) and the pumping power (b) and with Reynolds number for
different nanofluids at volume fraction of 1%.
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5.6.2. VELOCITY CONTOUR

The velocity contour for CuO-water nanofluid containing 4% CuO along the section of the 2D
channel which a fully developed regime was established is presented in Fig. 5.27. As it is
illustrated, the velocity of nanofluid is not influenced by the thermal conditions at lower and upper
walls, and it is only affected by the nanoparticle volume fraction. It is shown that the velocity near
the walls is equal to zero due to no slip condition between walls and nanofluid. The velocity
distribution along the channel is worthwhile to be studied. Therefore, two cross sections along the
channel (X=0.1 and 0.5 m) are selected.

0.002 Cross erss
0.001 section section
0.000 X=0.1m X=0.5m

Fig. 5.27. Velocity contour for nanofluid containing 4% CuO along the pipe.

5.6.3. VELOCITY PROFILES

The velocity distributions of CuO-water nanofluid for nanoparticle volume fractions ¢=1, 2, 3, and
4% of CuO with the inlet Reynold’s number Re=1000 at cross sections X=0.1m and X=0.5 m
along the 2D channel are shown in Figs. (5.28)-(5.29). The numerical simulations reveal that when
the volume fraction increases, the velocity of nanofluid increases. Therefore, the volume fraction
has an impact on the nanofluid's velocity, as shown by the results. It is shown that the maximum
velocity of nanofluid happens at nanoparticle volume fraction equal to 4%. It can be observed from
Fig. 5.28 that the velocity profile at cross section X=0.1 has not arrived the fully developed regime
yet; however, there is a fully developed regime at cross section X=0.5 in Fig. 5.29.
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Fig. 5.28 Velocity distribution for different nanoparticle volume fractions at cross section X=0.1 m.
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Fig. 5.29 Velocity distribution for different nanoparticle volume fractions at cross section X=0.5m

Velocity profiles for CuO-oil and CuO:MWCNT-oil nanofluids with different nanoparticle
volume fractions at three cross sectional areas along the pipe are depicted in Figs. (5.30)-(5.32).
As illustrated, the velocity profiles for CuO-oil nanofluids show a decline with increasing
nanoparticle concentration. It is due to the fact that at the same Reynolds numbers, the velocity
values are directly proportional to the kinematic viscosity values of the fluid. On the other hand,
as the nanoparticle volume fraction increases, the kinematic viscosity decreases for CuO-oil
nanofluid (see Table 5.2). Hence, it is expected that velocity values for CuO-oil nanofluids show
a decreasing trend with increasing nanoparticle volume fraction. However, 1%Cu0O:1%MWCNT-
oil hybrid nanofluid and 1%CuO:2%MWCNT-oil hybrid nanofluid have higher kinematic
viscosity values compared to 1%CuO-oil mono nanofluid, 2%CuO-oil mono nanofluid or 3%CuO-
oil mono nanofluid, which implies that 1%CuO:1%MWCNT-oil hybrid nanofluid and
1%Cu0:2%MWCNT-oil hybrid nanofluid have higher velocity values.
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Table 5.2. Kinematic viscosity for the base fluid and nanofluids at T=45°C.

Kinematic viscosity

Fluid (m2/sx10°)
Engine oil (base fluid) 28.79
0.1%CuO-oil 28.67
0.2%Cu0O-oil 28.56
0.5%Cu0O-oil 28.23
1%CuO-oil 27.71
2%CuO-oil 26.79
3%CuO-oil 26.00
1%Cu0O:1%MWCNT-oil 28.05
1%Cu0:2%MWCNT-oil 28.41
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Fig. 5.32. Velocity profiles for the base fluid and nanofluids at x=1.3m.

Note that the velocity profiles presented in Figs. (5.31) and (5.32) are identical since both
velocity profiles are located in the hydrodynamically (or velocity) fully developed region, where
velocity profiles stop changing as the axial distance ‘x’ increases.

5.6.4. WALL SHEAR STRESS AND SKIN FRICTION COEFFICIENT

The wall shear stress and skin friction coefficient are both of engineering importance and will be
shown and examined in detail. Figure 5.33 shows the influence of the CuO nanoparticle volume
fraction on the wall shear stress along the 2D channel's lower wall for the CuO-water nanofluid
flow. As it is shown, when the volume fraction of CuO nanoparticles increases, the value of the
wall shear stress along the bottom wall increases. It shows that nanoparticle volume fraction has
an impact on wall shear stress along the channel. Nanofluid with 4% nanoparticle concentration
has the highest amount of wall shear stress along the channel.
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Fig. 5.33. Wall shear stress at different volume fractions along the lower wall of the pipe.
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Figure 5.34 depicts the influence of the volume fraction on the skin friction coefficient along
the channel's lower wall. As it is shown, when the volume fraction of CuO nanoparticles increases,
the value of the skin friction coefficient along the bottom wall increases. It shows that nanoparticle
volume fraction has an impact on skin friction coefficient along the channel. Nanofluid with 4%
nanoparticle concentration has the highest amount of skin friction coefficient along the channel.
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Fig. 5.34. The skin friction coefficient at different volume fractions along the lower wall of pipe.

5.7. THERMAL BOUNDARY LAYER THICKNESS AND SCALE
ANALYSIS

Figure 5.35 displays the thermal boundary layer thickness &8, along the pipe for the base fluid (oil)
and CuO-oil and CuO:MWCNT-oil nanofluids with different volume fractions. As illustrated, the
thickness of the thermal boundary layer grows as the distance from the entrance of the pipe
increases. Another noteworthy observation is that the thickness of the thermal boundary layer for
CuO-oil nanofluid increases as the nanoparticle concentration increases. However,
1%Cu0:1%MWCNT-oil hybrid nanofluid and 1%CuQ:2%MWCNT-oil hybrid nanofluid have
smaller thermal boundary layer thickness in comparison with 2%CuO-oil nanofluid and 3%CuO-
oil nanofluid, respectively. The main reason is that 1%Cu0O:1%MWCNT-oil hybrid nanofluid and
1%Cu0:2%MWCNT-oil hybrid nanofluid have higher Prandtl number Pr, ; = ynfcpnf/knf (see

Table 5.3) and consequently, lower thermal diffusivity than 2%CuO-oil nanofluid and 3%CuO-oil
nanofluid, respectively, which results in less energy being transported by diffusion within the
thermal boundary layer region and having thinner thermal boundary layer thickness.

The values of average thermal boundary layer thickness for the base fluid and nanofluids with
different concentrations are presented in Table 5.3.
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Fig. 5.35. Thermal boundary layer along the pipe for the base fluid and nanofluids at Re=750.

Table 5.3. Prandtl number T=45°C and average thermal boundary layer thickness for the base fluid and

nanofluids.

Fluid Prandtl number, Pr 8, m
Engine oil (base fluid) 397.08 0.000475
0.1%CuO-oil 394.72 0.000476
0.2%CuO-oil 392.38 0.000477
0.5%Cu0O-oil 385.58 0.000479
1%CuO-oil 374.87 0.000482
2%CuO-oil 355.50 0.000487
3%CuO-oil 338.49 0.000492
1%Cu0:1%MWCNT-oil 368.04 0.000484
1%Cu0:2%MWCNT-oil 361.73 0.000485

Scaling, also known as scale analysis, is a viable and inexpensive approach that offers order-of-
magnitude estimations for quantities of concern using the fundamental concepts of engineering
fields such as heat transfer, which can make it simpler to comprehend what the numerical findings
are trying to tell us [69]. Scale analysis is performed to provide the degree of magnitude of the
boundary layer thickness and more importantly the heat transfer coefficient. There is a no-slip
condition at the surface, indicating that the fluid layer is attached to the pipe wall at r=R and it is
stationary. Hence, heat is initially transferred from the pipe wall to the body of fluid inside the
pipe by pure conduction. The local heat flux at any given axial pipe length ‘x’ may be obtained by

utilizing Fourier’s law on the fluid layer at the surface as

" aT (x,r)
== knf ar

(5.11)

r=R .
Combining equations (4.5) and (5.11), the new expression for the local heat transfer coefficient
at any given axial pipe length ‘x’ may be obtained as
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aT (x,r)

— o r=R
h(x) = ot (5.12)

The scale analysis of this equation yields

-~ knp(AT/8¢(x)) _ kny
h(x) AT 500" (5.13)

Putting scale relationships h(x) ~ h and §.(x) ~ &, into the above relationship (5.13) yields
B~ (5.14)
¢

This scaling analysis shows that the heat transfer coefficient is not just influenced by the
thickness of the thermal boundary layer, but also by the thermal conductivity of the nanofluid. For
instance, a rise in the thermal boundary layer thickness does not necessarily result in a decrease of
the heat transfer coefficient. This may be observed by comparing h and §,values presented in
Tables 5.1 and 5.3, where both exhibit an increasing trend with increasing volume fraction for the
CuO-oil nanofluid. Therefore, another decisive factor is thermal conductivity which increases with
increasing volume fraction for the CuO-oil nanofluid. Indeed, the ratio of knf/ci tells us the degree
of heat transfer coefficient’s magnitude. In Table 5.4, values of Kk,¢/§, calculated from the
simulation results for all examined nanofluids are demonstrated. The degree of magnitude of these
values is the same as the degree of magnitude of h values presented in Table 5.1. It reveals that
the simulation results for the average heat transfer coefficient and the results of scale analysis
calculated by relationship (5.14) are perfectly consistent.

Table 5.4. Scale analysis results knf/ci for the base fluid and nanofluids at Re=750.

Fluid fnp /O
(W/m?K)
Engine oil (base fluid) 252.37
0.1%Cu0O-oil 255.76
0.2%Cu0O-oil 256.16
0.5%Cu0O-oil 257.40
1%CuO-oil 259.57
2%CuO-oil 264.25
3%CuO-oil 269.30
1%Cu0O:1%MWCNT-oil 266.31
1%Cu0:2%MWCNT-oil 273.19

The scale analysis of the thickness of thermal boundary layer is performed for oil-based
nanofluids which possess high Prandtl numbers, as follows [4]

5, ~ Pr-Y/?2Re"1/2 | (5.15)
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The values of Pr=/2Re~/2 for all examined nanofluids are depicted in Table 5.5. The order
of magnitude of these values is the same as the order of magnitude of simulation results of &,
presented in Table 5.3. It confirms that the simulation results of the average thickness for the
thermal boundary layer perfectly agree with the scale analysis results calculated by relationship
(5.15).

Table 5.5. Scale analysis results Pr—/2Re~'/2 for the base fluid and nanofluids at Re=750.

Fluid Pr—1/2Re=1/2

Engine oil (base fluid) 0.001832
0.1%CuO-oil 0.001838
0.2%CuO-oil 0.001843
0.5%Cu0O-oil 0.001860
1%Cu0O-oil 0.001886
2%Cu0O-oil 0.001937
3%Cu0O-oil 0.001985

1%CuO:1%MWCNT-oil 0.001903
1%Cu0:2%MWCNT-oil 0.001920

Scale analysis was performed to provide the degree of magnitude of the boundary layer
thickness and more importantly the heat transfer coefficient for mono CuO-oil nanofluid and
hybrid CuO: MWCNT-oil nanofluid. It revealed that the simulation results for the boundary layer
thickness as well as the average heat transfer coefficient are perfectly consistent with the results
of scale analysis. CFD simulations showed that the thermal boundary layer thickness increases
with increasing nanoparticle volume fraction. However, 1%CuO:1%MWCNT-oil and
1%Cu0:2%MWCNT-oil showed lower thermal boundary layer thickness in comparison with their
corresponding  2%CuO-oil and 3%CuO-oil because 1%CuO:1%MWCNT-oil and
1%Cu0:2%MWCNT-0il have higher Prandtl numbers than 2%CuO-oil and 3%CuO-oil, and
lower thermal diffusivity, so they have thinner thermal boundary layer thickness, too.

5.8. PERFORMANCE EFFICIENCY INDEX (PEI)

In Fig. 5.36, the performance efficiency index is depicted for Al2Os-water nanofluid with volume
fractions ranging from 0.1% to 5% and Re between 650 and 1350. The graph reveals that the
performance index is advantageous for nanofluids with a volume fraction under 1%.
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Fig. 5.36. PEI versus Reynolds number.

Figure 5.37 depicts the relationship between the performance efficiency index for Al2Os-water
nanofluid and nanoparticle volume fraction within the range of 0.01% to 5% for two distinct inlet
velocities: 0.09 m/s and 0.25 m/s. The results reveal that the performance efficiency index remains
above one for volume fractions lower than 0.6%. The highest performance efficiency index is
observed at the nanoparticle volume fraction of 0.1% for Al2Os-water nanofluid.

The influence of the heat transfer enhancement is more significant for smaller volume fractions
(less than 0.1%) while for greater volume fractions the effect of the increasing friction factor is so
noticeable that the performance efficiency index (PEI) even starts to decrease with increasing
volume fraction more than 0.1%. This is due to the fact that the performance efficiency of
nanofluids depends upon the ratio of heat transfer enhancement and pressure drop. The
introduction of nanoparticles to the base fluid results in heightened thermal conductivity and
increased Heat Transfer Coefficient (HTC). However, the elevated density of nanoparticles
relative to the base fluid contributes to an augmented pressure drop. Consequently, the cumulative
impact of nanoparticle incorporation into the base fluid leads to a decrease in the overall
performance efficiency.
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6. NEW SCIENTIFIC RESULTS OF THE THESES
The main contributions from the research can be summarised as follows:

TH1. On the base of three-dimensional CFD simulations for Al.Osz-water nanofluid of volume
fractions ranging from 0.1% to 5% and using the notation

Pnf Hbf
Renf B Rebf (be an)

| determined the laminar hydrodynamic entry length as

th(nf) = 0.0554 Re, ¢ D;,= 0.0554 Repr A(@, T) Dy,

1+(a-1)e
1+9.4974¢0+77.811¢02+0.9514¢3’

A(p,T) =

with  a(e,T) = Pnp and also, the laminar thermal entry length of the nanofluid flow in a
Pbf

pipe as

4, 823(p

4.823
Xeniup) = (0.043 = 222) Re, Pr, Dy, = (0.043 - )A(<p, T)B(, T)ReyPrys Dy,

-9 +abg
B(p,T) =(1 + 9.4974¢ + 77.811¢% + 0.9514¢3) —1“”;51"1),3% :
14—
c+2—(c-1)B3¢

C
with b(p,T) = ™2 (o, T)=22 [P1],

Ppf

TH2. Experimental and theoretical investigations were published by Churchill-Ozoe [68],
(5.4), and Shah-Grigull and they gave correlations [3,67], (5.1-5.3), for Nu(x) of base fluids.
Moreover, experimental results were given by Esmaeilzadeh et al. [62] for Al-Os-water
nanofluids. | performed simulations for three-dimensional steady-state flow of Al.Os-water
nanofluid in a horizontal pipe with convective heat transfer on the wall when the
thermophysical properties of the nanofluid are either constant or temperature-dependent. |
showed that the numerical results agree well with Churchill-Ozoe correlation for temperature-
dependent case and the Shah-Grigull correlations for the constant variables. My CFD results
using temperature-dependent properties approximate Esmaeilzadeh’s experimental data, with
an average error of 2.44% for temperature-dependent case, but for the constant thermophysical
properties | got a higher average error of 4.44%. These results suggest that considering
temperature-dependent thermophysical properties can significantly improve the accuracy of
simulations [P1].
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THa3. Three-dimensional numerical simulations were conducted using Newtonian single-phase
model for CuO-oil nanofluid flow in a pipe with nanoparticle volume fractions ranging from
0.1 to 3%. The results of my analysis indicated that increasing the nanoparticle concentration
resulted in an increase in heat transfer. The incorporation of CuO nanoparticles in the base
fluid at a volume concentration of 0.1% resulted in a 14% increase in heat transfer. The
maximum improvement in heat transfer, which was 90%, was observed at the highest
nanoparticle concentration of 3% volume. Furthermore, a rising trend in the local heat transfer
coefficient was observed as the volume fraction of nanoparticles in the CuO-oil nanofluid
increased within the range of 0-3%. The thickness of the thermal boundary layer was observed
to increase with the nanoparticle concentration. This was due to the decrease in the Prandtl
number resulting from the addition of nanoparticles, which led to a higher thermal diffusivity.
Therefore, more energy was transported by diffusion within the thermal boundary layer region,
resulting in a thicker thermal boundary layer when nanoparticles were added [P3]. CuO-water
nanofluid flow within a horizontal 2D channel was also numerically investigated using CFD
simulation. The maximum velocity shows an increase with increasing volume fraction. It is
obtained that the temperature increased with increasing the volume fraction of CuO
everywhere along the channel. Moreover, it is observed that when the volume fraction
increases, the wall shear stress and skin friction coefficient, and Nusselt number along the
channel increase as well [P4, P5].

THA4. Three-dimensional numerical simulations were conducted using Newtonian single-phase
model for three different types of nanofluids including CuO-oil, CuO:MWCNT-oil 1:1, and
CuO:MWCNT-oil 1:2 with different nanoparticle volume fractions ranging from 0.1 to 3%.
Introduction of CuO nanoparticles in the base fluid as low as 0.1%vol can increase the heat
transfer by 14%, with the highest particle loading (3%vol) producing a 78% enhancement in
heat transfer. The heat transfer enhancement was more significant when applying hybrid
nanofluid CuO:MWCNT-oil. Scale analysis was performed to provide the degree of magnitude
of the boundary layer thickness and more importantly the heat transfer coefficient for mono
CuO-oil nanofluid and hybrid CuO:MWCNT-oil nanofluid. It revealed that the simulation
results for the boundary layer thickness as well as the average heat transfer coefficient are
perfectly consistent with the results of scale analysis. CFD simulations showed that the thermal
boundary layer thickness increases with increasing nanoparticle volume fraction. However,
1%Cu0:1%MWCNT-o0il and 1%Cu0:2%MWCNT-oil showed thinner thermal boundary
layer thickness in comparison with their corresponding 2%CuO-oil and 3%CuO-oil because
1%Cu0:1%MWCNT-oil and 1%Cu0:2%MWCNT-oil have higher Prandtl numbers (lower
thermal diffusivity) than 2%CuO-oil and 3%CuO-oil, respectively [P6].
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