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General introduction

In light of technological and industrial development, which are developing significantly
and continuously, heat transfer has become of great scientific and practical importance because it
is involved in many fields despite its presence in several forms (conduction, convection, and
radiation). Convection is the most targeted type because it has many forms (natural, forced, mixed
convection) and it is of vital importance in areas of application such as air conditioning and heating
in housing, refrigeration in thermophones, mechanical or electronic systems, fluid heating systems
that include solar collectors, drying of agricultural food products, and heat exchangers; this heat
transfer mode is related to fluids and gases.

Due to temperature variations caused by heat transfer between the wall and fluid; this last may
move as a result of changes in its density. Forced convection occurs when an external force, such
as fans or pumps, causes the fluid to move. In specialized engineering, the convective heat transfer
may be increased by tweaking the shape, adding fins, using surface roughness, and modifying the
physical characteristics of a fluid utilized in the cooling process researchers have given particular
attention to the fundamental issue of heat transfer by natural, forced, and mixed convection in a
cavity due to the prevalence of such challenges in several applications. Long-term usage of
electronic devices causes components to overheat, degrade, or even explode and catch fire.
Batteries, light-emitting diodes (LEDs), and microprocessors create heat during operation. In
addition to lost energy, overheating may degrade the effectiveness and longevity of the devices.
This made the necessity for increased fluid heat transmission, creating a new class of fluids known
as nanofluids, which are solutions comprising nanoparticles suspended in a base fluid that may be
employed in various industrial applications due to their qualities that increase thermal

performances.

Objective of study:

This thesis aims to study and to model the heat transfer inside a nanofluid-filled cavity in
order to cool the electronic components. Our study focused on explaining the effect of several
parameters on heat tranfer, such as nanoparticles type and their volume fraction, Aspect Ratios of
cavity, Richardson number, Grashof number, and the thermal amplitude. The numerical modeling
of heat transmission in nanofluid-filled cavity was examined by altering a number of the

aforementioned parameters with a sinusoidal temperature to identify the ideal size cavity and the



best nanofluid as a way to increase the heat transfer between the nanofluid (coolant) and the cavity

walls in order to maintain the temperature of the electronic components.

Structure of the thesis:
This thesis is structured in four chapters:

© The first chapter will present various previous research studies over the years that
examined convection heat transfer within cavities filled with different fluids and
boundary conditions.

© For the second chapter, the types of nanofluids and their preparation techniques
will be reported, as well as numerous models, which are created to calculate the
thermophysical properties of multiple nanofluids.

© The third chapter including the mathematical formulation of convective flow of
nanofluids. The fluid flow equations (continuity, momentum, and energy) and the
accompanying assumptions are presented. Also, this chapter describes the
numerical approach used for simulation (Finite Volume Method), the mesh choice,
and the thermophysical properties of nanoparticles and base fluids used in the
numerical simulation. The Ansys Workbench Fluent codes used in numerical
simulation calculations are briefly discussed at the end of the chapter.

® The fourth chapter includes the results of this study; firstly, the chapter had the
test of mesh, and secondly, validations of the developed code have been successfully
carried out, and then the case of mixed convection flow is investigated in a cavity
filled with several fluids to determine the current lines and isotherms, as well as the
Nisselt number for the different volume fraction of nanoparticles, Aspect Ratios,

Richardson number, Grashof number, and the temperature amplitude.

The thesis is finished by summarizing the broad conclusions drawn from the instances

examined and providing perspectives for the remaining work.
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CHAPTER I

Bibliographic review
I.1. Introduction

The main problem of heat transfer by natural, forced, and mixed convection in a cavity has
received significant attention from researchers because such problems are common in many
engineering applications such as cooling electronic components, drying, heat transfer in solar
ponds, etc. The necessity to improve heat transmission has led to the creation of a new class of
fluids known as nanofluids, which are solutions comprising nanoparticles suspended in a base fluid
that may be employed due to their qualities that increase thermal performances.

This chapter will present various previous research studies over the years that examined convection
heat transfer within cavities filled with different fluids and boundary conditions.

1.2. Bibliographic synthesis on mixed convection in a cavity

The lid-driven cavity problem reveals many details about fundamental fluid physics. It has
produced tremendous data and results because it is often used in numerical measurement. However,
many questions remain and need to be further investigated. Due to the importance of cavities in
many different industrial applications, the scenario of stability and transition in constrained systems

remains a significant concern.

The current development of nanoscience is due to the presentation of the specific properties
of matter with nanoscale dimensions. This has sparked new fields of study in a large number of
laboratories, and this has enabled the development of nanofluids with original properties in heat
transfer. The development of nanoparticles and their addition to pure fluids as nanofluids has
improved heat transfer if it is related to cooling or heating in many engineering fields. There are
many previous studies and different research work due to the different thermal conditions.

In this part, we provide theoretical and experimental studies of heat transfer by convection in
nanofluids from their discovery to this day. Also, researchers paid great attention to nanofluids in
the latter part of the twentieth century, which is illustrated in Figure 1.1 as the number of published

annual research is constantly increasing.



Publications on nanofluids over the past decade
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Figure 1.1: Publications on nanofluids over the past decade [1].

The topic of nanoparticles has been the focus of several studies and academic publications.
In their investigations on the thermal conductivity of different minerals and liquids. In their
research work on the thermal conductivity of various minerals and fluids, Choi & al. [2] introduced
the term "nanofluid" to describe the effect particle size and shape have on the conductivity of a
liquid-particle system. Later, in their publication Choi & al. asserted in their article [3] claimed that
the thermal conductivity of the liquid may be improved by up to 150%, even at a nanotube
concentration in the oil of less than 1% by volume. In different circumstances, Eastman & al. [4]
heat conductivity may be improved by using copper nanoparticles with a diameter of 10 nm; many
experimental and computational investigations have analyzed the impact of introducing
nanoparticles to conventional fluids on thermal conductivity [5-13] and convective heat transfer
[14-20]. Using nanofluids as a heat transfer fluid in heat exchangers by adding nanoparticles to the
base liquid increases the viscosity of the final mixture, which may prove the system natural
convection. In light of the prohibitive costs associated with conducting experiments, we have
focused our attention here on the convective heat transfer mechanism as reported by numerical
studies. When natural and forced convection are combined, a phenomenon known as "mixed
convection” results. This convection is characterized by a combination of wall movement and
buoyant force. Several different businesses, like as the food, glass, and electronics industries, rely

on this kind of mixed convection for their production processes (cooling electronic equipment)
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[21-31]. It has been conducting much research on fluid nanoparticles in recent years to help
understand all the mechanisms and special cases by the nanofluid to become more efficient heat
transfer and different geometrical and boundary conditions, as well as a moveable wall containing
nanofluid, have been used to investigate the mixed convection heat transfer occurring inside the
enclosures by various scientists have looked at how to increase convective heat transmission, but
their findings have varied in various forms in cavities using nanofluids such as square enclosure
[32, 33], and triangular cavity [34, 35]. The enclosures are filled with various working fluids to
research flow heat transfer and mixed convection fluid. Because of its increased thermophysical
characteristics, nanofluid has sparked much attention in recent years. Researchers have employed
many forms of nanofluids such as: FesO4 [36-39], Al>Os [40-42], Cu [43-46], TiO. [47-49], Ag
[50-52], CuO [53-55].

1.2.1. Square lid-driven cavity

Several researchers have carried out numerical investigations of mixed convection inside
cavities of various shapes, boundary conditions, and sizes of solid nanoparticles, as example:
A. Arefmanesh & al. [56] studied the effects of uncertainty in Al,Oz-water nanofluid effective
dynamic viscosity on laminar mixed convection fluid flow and heat transfer in a square cavity. The
enclosure right and left vertical walls and horizontal top wall are kept at (Tc). The horizontal wall
moves from left to right at a constant speed and a higher temperature than the rest of the walls. For
both viscosity models, the average Nisselt number of the hot wall rises as the volume fraction of
nanoparticles increases. Convective heat transmission around a heated square cylinder was studied
by Rosdzimin & al. [57] in an enclosed, lid-driven cavity; the inner square of the square cavity
was maintained at a higher temperature than the other square walls. According to the result, the
Reynolds and Richardson numbers have an impact on the Nisselt number. H. Nemati & al. [58]
studied mixed convection flows using nanofluids using the Lattice Boltzmann Method in a lid-
driven cavity; the nanofluid was comprised of water and Cu, CuO or Al,O3 nanoparticles filling
the cavity. As the Reynolds number rises, the solid concentration effect decreases. The effects of
Reynolds number and solid volume percentage on hydrodynamic and thermal properties are studied
for diverse nanofluids. Using changing thermal conductivity and viscosity, Sheikhzadeh & al. [59]

examined mixed convection in a nanofluid filled lid-driven enclosure. A water-based nanofluid
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containing Al203 nanoparticles was used to fill the container. Abdelkader & al. [60] investigated
mixed convection in a square cavity within a combination of several kinds of nanoparticles and
water. The cavity top and lower walls are thermally insulated, while the remaining walls are
movable and differentially heated, from the result the (Nuavg) number increases as the nanoparticle
volume fraction rise and the (Ri) number decreases. E. Bluyukut & al. [61] investigated the impact
of several nanofluid thermal conductivity models on mixed convection flow and heat transmission
in a lid-driven enclosure heated from the left vertical cooled from the top wall. Multiple triangular
cylinders are heated in a square cavity with a moving lid, Z. Boulahia & al. [62] examined the
issue of mixed convection of a nanofluid. The left and right walls are chilled at a constant
temperature (T¢), while the above and bottom walls are thermally insulated. In four different lid-
driven cases, M. Mastiani & al. [63] investigates the laminar mixed convection flow of Cu-water
nanofluid at the density maximum of water. In a lid-driven square cavity that contains nanofluids
and is simultaneously heated by two heat sources installed on the two vertical walls at a constant
heat flux, I. Zeghbid & al. [64] provide a numerical study of two-dimensional laminar mixed
convection. On the movable wall of the cavity and the bottom wall, respectively, the local cold
temperature (Tc) is maintained. Nanofluid heat transfer in a lid-driven porous medium square
enclosure with numerous pairs of heat sources and sinks has been numerically modelled by
Jahirul & al. [65]. Serna & al. [66] investigated the flow problem in the heated lid-driven filled
with nanofluid and in the presence of a pulsating flow by using model unsteady and viscous.
F. Talebi & al. [67] performed a numerical simulation of mixed convection in a square cavity with
a cap moving uniformly in the horizontal plane, where the upper and lower walls were isolated
while the left wall had a higher temperature than the right. S. M. Sebdani & al. [68] investigated
the impact of modifying nanofluid characteristics on heat transfer by mixed convection in a square
chamber with a heat source on the bottom wall and movement of cold side walls. A. J. Chamkha
& al. [69] researched the problem of steady laminar mixed convective flow and heat transfer of a
nanofluid in single and double-lid driven cavities was considered. The bottom and top walls were
kept at a constant temperature considering that the top wall is the hot wall and the left and right
walls are isolated. M. A. Mansour & al. [70] presented in his research study a numerical study of
mixed convection in a square cavity that was heated by a source of heat present in his bottom wall
while the other left and right and top walls were preserved for cooling. In a square cavity with inlet

and outlet ports, M. Shahi & al. [71] conducted a numerical examination of mixed convection
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fluxes via a copper-water nanofluid. F. Garoosi & al. [72] conducted a numerical study related to
mixed convection load in a horizontally heated square cavity of Al,Os-water nanofluids.
Hajialigol & al. [73] has done a numerical study of a mixed thermal load in a driven enclosure,
where the horizontal walls of the enclosure were isolated and the moving vertical walls were kept
at a constant temperature where his study was divided into two cases: the first case shows that the
left wall, the cold wall moved upward, while the hot wall, which is the right wall, move downward.
As for the second case, it shows that the cold wall moves to the bottom, while the hot wall moves
upward taking into account that the moving walls have the same speed and gravitational force
parallel to the moving walls. In a lid-driven square cavity filled with nanofluids, Z. Said & al. [74]
investigated the impact of laminar mixed convection; insulation is present on the cavity bottom and
the top wall is set at a constant velocity, while the vertical walls are kept at various temperatures.
Z. Boulahia & al. [75] investigated the effect of three triangular heating blocks inside a lid-driven
square cavity filled with nanofluids on mixed convection. M. S. Rahman & al. [76] have done a
numerical study of mixed convection within a lid-driven square enclosure filled with water and
copper nanoparticles where the horizontal wall is thermally insulated. F. Selimefendigil & al. [77]
investigated the mixed convection of an oscillating lid-driven cavity filled with nanofluid under
the influence of an inclined uniform magnetic field, where the cavity is heated from below and
chilled from above, with adiabatic side walls. The top wall velocity fluctuates sinusoidally, while
the cavity other walls are subjected to no-slip boundary requirements. Two-dimensional mixed
convection was studied numerically by H. F. Oztop & al. [78] a vertical two-sided lid driven
differentially heated square cavity in a steady-state. Top and bottom walls are thermally insulated
while left and right movable walls are maintained at different temperatures at all times. Three cases
were evaluated based on the orientation of the sliding barriers. B. Sharma & al. [79] explored the
heat transport of Cu-water nanofluids in a square cavity using laminar flow. Different length
heaters with isothermal boundary conditions are installed symmetrically on two neighboring sides
to heat the cavity. The movable lid is cold, and the rest of the borders are insulated. A thermally
conductive solid cylinder is inserted in the cavity middle. M. K. Bora & al. [80] performed
numerical analysis in a lid-driven cavity utilizing silver Ag-water nanofluid while preserving
diverse shapes of conducting and insulating cylinders at the center. A bottom-mounted heater
provides isothermal heating to the cavity. The right and left walls are insulated, while the top cold

wall is moving. N. Muhammad & al. [81] studied the mixed convective flow of Ag-Ethylene
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Glycol nanofluids inside a square cavity where it heated from center and the bottom and all of the
side walls have lower temperatures; the side walls moving upward and downward. S. Hussain
& al. [82] investigated in their study the effect of using fins and inclined magnetic fields inside lid-
driven and double lid-driven cavities filled with nanofluids where they cared about the length and
distance of fins. A. Karim & al. [83] investigated the effects of the periodicity of sinusoidal
boundary condition for unsteady mixed convection heat transfer characteristics of an Ag—water
nanofluid confined within a square shape lid-driven cavity. B. Abbou & al. [84] have investigated

the effect of Aspect Ratio (AR) and non-uniform temperature on mixed convection in an enclosure.

In a lid-driven inclined square enclosure with nanofluid within, stable laminar mixed
convection flow has been numerically modeled by E. Abu-Nada & al. [85]; the top and bottom
walls of the enclosure are kept at consistent temperatures with the top surface moving at a constant
speed as the hot wall. The left and right sides of the enclosure are kept insulated. In a study by
M. Alinia & al. [86] numerical simulations were used to investigate the convection of a nanofluid
in an inclined chamber. The top and lower insulated walls are sliding lids, while the left and right
walls are kept at differing temperatures. A. A. Abbasian Arani & al. [87] explored the mixed
convection numerically in a square cavity driven by a double lid with different inclination degrees
and discrete heat sources. The moving walls on the right and at the top are cold. The bottom and
left walls bottom halves are adiabatic, while the other halves are maintained at high temperatures.
A. Fereidoon & al. [88] examined mixed convection flows in a double lid-driven square cavity
with varying inclination degrees on the top and bottom walls, which slide in opposing directions at
a constant speed. In the presence of a vertical magnetic field, GH. R. Kefayati [89] investigated
laminar mixed convection of non-Newtonian nanofluids in a square lid-driven cavity. M. Jafari &
al. [90, 91] examined the influence of mixed convection heat transfer in a hollow with a corrugated
wall and a lid-driven flow. The vertical sides are insulated, and the lid is maintained at a constant
temperature (Th) higher than the wavy bottom wall (T¢). An investigation of the incompressible
flow, the mixed convection in a horizontal lid-driven cavity is done by S. Parvin & al. [92]. The
cavity has two fully insulated vertical walls, and the bottom wall is wave-shaped and has a
temperature that is greater than the top sliding lid. In a nanofluid-filled vertical triangular wavy
enclosure, constant laminar combined convection flow has been numerically modeled by

R. Nasrin & al. [93]; a triangular wavy pattern is seen on the cavity left and right vertical walls.
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The horizontal walls at the top and bottom are mechanically propelled. The bottom and top surfaces
move at the same constant speed in the right and left directions, respectively. They keep their
temperature constant at a level below both vertical walls. The mixed convection flow and heat
transfer in a lid-driven cavity with a wavy bottom surface were studied numerically by L. K. Saha
& al. [94]. The top wall of the cavity moves at a constant speed of unity, but the other walls do not
slide. It is necessary to insulate the cavity vertical walls while keeping the top surface at a constant
temperature that is greater than that of the wavering bottom. Using a Buongiorno model, F. Garoosi
& al. [95] examined the mixed convection heat transfer of a nanofluid in a lid-driven cavity flow.
Inside the hollow are a number of pairs of heater and coolers (HACs) with isothermal walls made
of Tn and T¢ (Th > T¢). Nanofluid flow and heat transfer in a lid-driven cavity with a heated
rectangular obstruction were studied by M. Hemmat Esfe & al. [96], the thermal conductivity and
effective viscosity of the nanofluid were shown to be temperature and nanoparticle concentration-
dependent.

1.2.2. Rectangular lid-driven cavity

Hakan [97] performed an investigation on the coupled convection that occurs in a porous
lid driven hot cavity while simultaneously moving the top cold wall from left to right at a constant
velocity. He showed the heating source should be positioned on the left perpendicular wall for the
most efficient transmission of heat. In order to explore the mixed convection in a lid-driven
rectangular cavity exposed to uniform heat flux along with its vertical short sides, H. ElI Harfi
& al. [98] utilized Cu-H»0 nanofluids. It was determined that forced convection by a lid and natural
convection by buoyancy-driven processes, respectively, dominate heat transfer for low and high
values of Richardson numbers. Cu-nanoparticles may also improve heat transmission by acting as
a lid and degrade it by acting as buoyancy-driven objects, respectively, when added to pure water.
H. Salahi & al. [99] and A. Karimipour & al. [100] investigated the laminar mixed convection
in 2D inclined lid-driven rectangular filled with nanofluids. The two sides are insulated, the top
moving compartment lid is hot, and the bottom is cold. The effect of two movable barriers on mixed
convection was investigated by Sheikhzadeh & al. [101] who used two different levels of the
enclosure: fist condition, where the left vertical wall (cold wall) shifted upward, whereas second

condition enclosure right vertical wall (hot wall) shifted downward, the enclosure left wall slid
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lower while its right wall moved upward. A Karimipour & al. [102] examined the impact of the
periodic mixed convection inside a rectangular enclosure with different AR. The temperature of
the cavity bottom wall is considered to be higher than that of the top lid, which oscillates
horizontally with the velocity indicated by sinusoidal function. M. Mahmoodi [103] examined the
mixed convection in rectangular lid-driven enclosures. The enclosure left and right vertical walls
as well as its top horizontal wall are kept at a constant frigid temperature (T¢). The enclosure bottom
horizontal wall, which travels from left to right, is maintained at (Th) constant, with Tn > T.
GH. R. Kefayati & al. [104] have completed a 2D simulation of mixed convection in an enclosure
with differentially heated sidewalls in the presence of a uniform magnetic field while the enclosure
is filled with a viscoplastic fluid for various AR of the enclosure. The identical Bingham model
was used to simulate the viscoplastic fluid without any restrictions. A rectangular enclosure with
moveable walls on both sides was employed by R. Bidgoli & al. [105] where the Hamilton-Crosser
and the Jang & al. models were used, respectively, to determine the thermal conductivity and
effective viscosity of nanofluids. D. Chatterjee & al. [106] examined the effect of rotating circular
cylinders on mixed convection inside a rectangular enclosure filled with nanofluids. In a lid-driven
enclosure filled with nanofluids, where the top wall moves at a constant speed or with a temporally
sinusoidal function and the other walls are stationary, M. V. Ardalan & al. [107] studied the
unsteady physics of laminar mixed convection. The vertical walls are assumed adiabatic, whereas
the horizontal top and bottom walls are maintained at low and high temperatures, respectively. In
three-three square blocks inside porous rectangular cavity filled with nanofluids was examined by
M. H. Kabir & al. [108]. The temperature of the enclosure top and bottom walls is kept constant
at (T¢). The walls on the left and right are maintained at room temperature. The interior of the

enclosure is a three-square heating block.

1.2.3. Additional lid-driven cavity geometries

To better understand the convective recirculation and flow mechanisms brought on by a
nanofluid, M. M. Billah & al. [109] examined numerically a lid-driven triangular enclosure with
a partly heated bottom side. M. M. Rahman & al. [110] used numerical modeling in triangular
inclined lid-driven enclosure to study how a nanofluid caused convective recirculation and flow.

K. Javaherdeh & al. [111] have modeled stable laminar mixed convection flow in a lid-driven
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triangular enclosure containing a nanofluid-filled triangular heat source. The left and right
enclosure walls are kept at constant temperatures, while the top enclosure wall, which moves at a
constant speed, is insulated. M. M. Rahman & al. [112] investigated the mixed convection in a
triangular enclosure driven by an inclined lid and containing nanofluids. The enclosure is heated at
the base surface while also being cooled at the inclined surface. The vertical wall is moving at a
constant pace and is adiabatic. Mixed convection was studied numerically by F. Selimefendigil
& al. [113] in a lid-driven chamber filled with nanofluids and including internal heat generation
and a partially flexible wall. 1. Zahan & al. [114] studied the effects of Joule heating and Magneto
Hydro Dynamic (MHD) in a lid-driven triangular cavity. The cavity bottom wall is undulated in a
sinusoidal pattern and cooled isothermally. The cavity left vertical wall is heated while the sloped
side is insulated. In a trapezoidal enclosure filled with porous media, Al-Rashed & al. [115]
investigated the flow field and heat transfer of a nanofluid with changing characteristics. In two
separate lid-driven trapezoidal cavities, one with a heated wall on the squabby base and the other
with a heated wall on the long base, M. H. Hasib & al. [116] evaluated the impact of the cavity
tilt angle on mixed convection heat transfer while a continuous high temperature is offered at the
bottom surface of the chamber; the top wall is kept at an isothermal cold temperature that is
travelling in its own plane at a constant pace. A. Aghaei & al. [117] investigated how a magnetic
field affected the flow field, heat transfer, and entropy formation of nanofluid mixed convection in
a trapezoidal enclosure where the bottom wall is hot and the side walls are insulated while the top
lid is cold and moving to the right or left. S. E. Ahmed & al. [118] investigated the laminar two-
dimensional magnetohydrodynamic mixed-convection flow in trapezoidal enclosures filled with
micropolar nanofluids. The temperature of the trapezoidal enclosure left and right inclined vertical
sidewalls was kept low while a portion of the bottom wall is heated uniformly; the horizontal top
wall is deemed adiabatic and travels at a uniform lid-driven velocity. An external magnetic field is
applied at various orientation angles on the enclosure left sidewall. Cho & al. [119] studied the
heat transfer properties of nanofluids contained in a lid-driven cavity with mixed convection heat
transmission; left and right walls are believed to be wavy while the above and below walls are
assumed to be flat. Additional assumptions include a steady heat flux on the left-wavy wall, a low

temperature on the right-wavy wall, and horizontal movement on both walls.
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1.2.4. Experimental studies on mixed convection with nanofluids

The number of experimental studies was disproportionate to that of work carried out
numerically. This comes down to the cost and difficulty of handling. The mixed convection of
Al>,Oz-water nanofluids was investigated in an experiment by R. Ben Mansour & al. [120] who
heated the outside surface of a copper tube at a constant rate. There is a discussion of how the
concentration of nanoparticles and the strength of the applied power influence the development of
the thermal field in laminar flow; coefficient of heat transfer in experiments is shown to decrease
somewhat when the particle volume concentration increases from 0% to 4%. G. G. Momin [121]
did two experiments: the first one was to study how Al,Oz-water nanofluid moved around inside
an angled copper tube. Under laminar flow conditions, the impacts of nanoparticle fraction and the
effects of different power sources on the growth of the thermal field are analyzed and discussed.
In a second experiment, Al.Os—Cu/water hybrid nanofluid is used to show a fully developed
laminar convective heat flow through a uniformly heated circular tube. In the first study, it was
found that when the particle volume concentration went from 0% to 4%, the experimental heat
transfer coefficient went down a little. Also, the results of the friction factor between 0.1% Al>Os-
Cu/water hybrid nanofluids and 0.1% Al:Os/water nanofluids is somewhat greater.
S. Aberoumand & al. [122] evaluated the convective heat transfer increase of Ag-Heat Transfer
Oil nanofluids flow within curved tubes, which has been empirically tested in the thermal entry
zone. As a boundary condition, the temperature of the tube wall is made to remain constant 91 °C.
In order to study the impact of employing nanofluids as well as the impact of altering geometry on
heat transfer, experiments were conducted for pure fluid flow within straight and curved tubes. The
findings reveal that the Nusselt number increases and convection heat transfer coefficient were
measured to be 57% and 33%, respectively. E. Manay & al. [123] investigated experimentally the
characteristics of mixed convection heat transfer of nanofluids in circular microchannels with
500 pm diameter filled with water-based SiO2 nanofluids. The nanofluid volumetric particle ratios
were chosen to be 0.2% and 0.4%. For all fluid, thermal conductivity and viscosity were
characterized between the temperatures of 20 °C and 60 °C. The overall heat transmission was
improved by 4-13% by raising the test section inclination angle. The overall heat transfer increased
from 12 to 14% for a 0.2 vol percent and from 29 to 32% for a 0.4 vol percent by adding nanosized

SiO> particles to the water. Mixed convection was investigated by A. Rostamzadeh & al. [124],
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for a vertical W-shaped copper tube filled with Al>Os-water nanofluid. Many different
combinations of Reynolds number, temperature, and particle volume fraction were tested. When
the Reynolds number is raised, heat transfer coefficient increases slightly. A. D. Abdulsahi & al.
[125] conducted an experiment to study the mixed convection in a square enclosure divided into
two layers. Al,Os—water nanofluid (upper layer) and superposed porous medium (lower layer) were
used in the experiments, which had an adiabatic rotating cylinder at their core for the tests. The top
and lower walls were considered to be adiabatic while the right wall was heated and the left wall
cooled throughout the experiment. The findings showed that as the temperature differential
increases, so does the flow intensity.

The Table 1.1 shows the geometries used in the previous studies from the literature, with
the used solution methods and the most important variable parameters that the researchers used in
their studies with the most important results obtained.

Table 1.1: Summary of previous works related to cavities.

Geometry Type of fluid and Method Results
parameter range
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e The Reynolds
and Richardson
numbers have an
impact on the
Nusselt number.

e For Al203,
CuO and Cu, the
effects of solid
volume fraction
increase
sequentially.

As the Reynolds
number rises, the
solid concentration
effect decreases.

e Using different
models for
thermal
conductivity and
viscosity, the
average Nusselt
number for a
constant solid
volume fraction
varies.
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e The Nuayg
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as the nanoparticle
volume fraction
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e The Pak and
Cho model
produces much
higher average
Nusselt values
than the other
models.
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triangular
cylinders both
have an impact on
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rate. The Nuayg
number increases
as ¢ rise and the
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e Asthe
nanoparticle
volume fraction
increases, so does
the Nuavg number.
The Boussinesq
approximation
allows for the
highest NUavg
number to be
obtained when the
shear-driven force
is in balance with
the buoyancy
force.

e The solid
volume fraction
and Rayleigh
number of
nanofluids both
contribute to a rise
in the Nuayg
number.
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e Theincrease in
the velocity of the
fluid flow is aided
by the addition of
Cu nanoparticles,
resulting in an
increase in heat
transfer rate.

e The time-
averaged Nusselt
number in the
cavity is increased
by increasing
sinusoidal
velocity waves at
the lid-driven.

e Ata certain
number of
Reynolds and
Rayleigh
numbers, the size
of the
nanoparticles has
a positive effect
on heat transfer.
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e The average
number of Nusselt
increased due to
the decrease in the
fluid activity and
its temperature due
to the increase in
the volume of
nanoparticles.

It has also been
observed that when
adding
nanoparticles of
alumina AloO3 to
the base liquid, this
gives greater values
to the number of
Nusselt unlike
adding
nanoparticles of
titanium oxide TiOa.

e Theincrease in
solid
concentration
leads to an
increase in the
average Nusselt
number.

The increase in Re
decreases the
average
temperature for
the same RIi.
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e The heat
transfer rate
increases as the
Grashof number
rises and the
Richardson
number decreases.
For all Richardson
numbers with
Grashof number
Gr =102, by
increasing the
volume fraction of
nanoparticles, the
heat transfer is
enhanced. On the
other hand, at
Grashof number
Gr=10* for each
Ri, there is an
optimum volume
fraction of
nanoparticles,
where the
maximum heat
transfer occurs.

e The difference
in the mean Nu on
the hot wall as a
linear temperature
indicator in both
cases was due to
the increase in the
size of the
nanoparticles.
The direction of
the movable wall
has a major
impact on the
temperature

gradient.
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e Nisselt number
rises with an
increase in
volume
percentage, while
it falls with an
increase in
nanoparticle
diameter.

Higher Nusselt
numbers are also a
consequence of a
larger differential
between the hot
and cold walls.

e The average
Nusselt number
rises as the
Richardson
number is
decreased and the
volume fraction of
nanoparticles is
raised.

e WhenRiis
increased from 0.1
to 10, the rate of
heat and mass
transfer increases
by roughly 6% for
water, but by
around 34% for
nanofluids.
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e Inferring from
the existence of
fins against their
absence, fluid flow
and heat
transmission are
drastically altered.
Distances between
adiabatic fins of
0.3 m provide for
the lowest possible
convective heat
transmission.

e The Grashof
number and the
sinusoidal even
and odd frequency
have a large
impact on the
streamlines and
isotherms inside
the cavity.

e The localized
thermal exchange
rate was
sinusoidal and
produced by
uneven heating
(Ri =1 and 100),
with the lowest
guantities at the
margins and the
highest amounts
in the bottom
center.
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e The enclosure
inclination for
moderate and high
Richardson values
emphasizes the
presence of
nanoparticles that
increase the rate
of heat
transmission.

e Adding
nanoparticles to
the cavity
significantly
improves heat
transmission and
alters the flow
pattern.

As the Richardson
number rises,
inclination angle
impact becomes
more visible.

e Inanimprove
of the volume
fraction, heat
transmission
increases with
increasing
Richardson and
Reynolds.
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e Ata fixed
Reynolds number,
the heat
transmission rises
with the solid
volume fraction.

e Increased
Richardson
number reduces
heat transmission.
The MHD reduces
heat transmission
in general and
modifies the
strength of the
influence that
nanoparticles have
on an increase in
heat transfer.

e The average
Nusselt number
decreases as the
amplitude of the
wavy wall
increases for large
Richardson
numbers.
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e Ata greater
amplitude of the
wavy bottom
surface, the lid-
driven cavity
filled with
nanofluid may be
seen as an
efficient heat
transmission
mechanism.

e The rate of heat
transmission is
increased by
decreasing the Ri
number,
increasing the Re
number, and
raising the solid
volume fraction.

e Wavy surface
amplitudes and
greater Grashof
numbers make the
lid-driven cavity
an efficient heat
transfer
mechanism.
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e By switching
the heater and
cooler from
horizontal to a
vertical
configuration, the
rate of heat
transfer is
boosted.

e Asthe
Richardson
number and
nanoparticle
diameter is
increased, so does
the average
Nusselt number
for the total solid
volume fraction.

e For the forced
convection-
dominated case
(Ri=0.1), the
NUavg grows with
cavity inclination
just a little, but for
the natural
convection-
dominated case
(Ri=10),it
increases with
inclination
considerably more
significantly.
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Cu-H,0 FVM
Ar=5

y=0"-90"

¢=0-0.04

Ri=0.1-10

Re =100

Cu-H,0 FVM
@p=0-4%

Ri=0.1-10

Gr =10*

Pr=6.2

Ar=3

ALO, —H,0 FVM
p=0-0.1

Ri=0.1-10

Gr =10*

Ar=05-2

Pr=6.8

o At larger
values of
inclination angle
and nanoparticles
volume fraction
gives achieved an
increases Nu.

e Inastable
oscillation
condition, the
largest Richardson
number
corresponded to
lower values of
fluctuation
amplitude of the
average Nusselt
number.

e The average

Nusselt number of
enclosure hot wall
rose with
increasing
nanoparticle
volume
percentage for all
aspect ratios and
Richardson
values.
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Viscoplastic fluid LBM
Ha=0-5

Bn=1-10

AR=05-4

Re =100-1000

Al,O,-H,0 FVM
Re =100

Ar=2

d, =80nm

Ri=0.1-100

Cu-H,0 FVM
0<Q<5
1<Ri <10

9=0-0.2

e Anincrease in
the Bingham
number Bn
reduces heat
transmission
while increasing
the size of the
unyielding
section.

The increase in
AR modifies the
size and
placement of the
unyielding/
yielding zones.

e Heat transfer
rate increased
with rising
velocity in every
instance (except
from those with
extremely low Ri
numbers), and it
also increased
significantly with
increasing Nu
number as a
result.

e The cylinder
spinning speed,
the intensity of the
mixed convection,
and the
concentration of
nanoparticles all
have a significant
impact on heat
transmission.
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Cu-H,0
Pr=6.2
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Ri=0.1,10
p=0-0.04

Cu-H,0
Pr=6.2
Ri=0.1-10

Ha =25
Da=10"°-10"

LBM

FEM

e Low-frequency
oscillations are
amplified by the
sinusoidal lid wall
motion.

When the non-
dimensional
frequency
increases, the
Nusselt number
decreased.

e The rate of heat
transmission
increases as the
Darcy and
Richardson
numbers rise.

A suitable control
parameter for heat
transfer in fluid
flow through a
porous media in
an enclosure is the
Darcy number.
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Cu-H,0 FEM
Ri=0.1-10

Pr=6.2

Cu-H,0 FEM
p=0-10%

Pr=6.2

y =60°

Ri=0.1-5

Re =100

TiO,-H,0 FDM
¢ =0.01-0.05
dp =10-100nm

Ri=0.01-10

e Maximum heat
transfer was
observed when the
length of the
heating source
was minimal,
making it an
appropriate
regulating
parameter for both
ways of using
base fluid and
nanofluid inside
the enclosure.

e The fluid flow
and heat transfer
in the enclosure
during the three
convective
regimes were
significantly
impacted by the
solid volume
percentage.

e The increase in
heat transmission
when
nanoparticles are
present at
different
Richardson
numbers (small,
medium, and
large).
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Cu-H,0 FEM
y=0"-270°

Re =100

Pr=6.2

Ri=0.1-10

Cu0-H,0 ALE
Ra=10"-10°

9=0-0.04

Ri =0.05-50

Cu-TiO,-H,0 FEM
0.5<Ri <10

0<Ha<50

0<N<3

Pr=6.2

Cu-H,0 FVM
7 =30"-60°

Re =10-1000
Da=107%-10"
p=0-4%

e When the tilt
angle is larger, the
average Nusselt
number increases
slowly; but when
the tilt angle is
lower, it increases
considerably more
quickly.

e Local and
average heat
transmission
increase as the
inclined wall
elastic modulus
and nanoparticle
volume fraction
increase.

e Increasing the
wave number
from0to 3
improves heat
transmission rate.

e Limiting
convection and
motion, a drop in
the Da number
causes a decrease
in the nanofluid
velocity and local

Nu.
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AlLO, - H,0 FEM
Re=0.1-10*
Gr=0.01-10°
y=0"-45°

Cu-H,0 FVM
Re =3-1000

y =15"-60°

p=0-0.04

Ha=25-100

Cu, FVM
ALQ;,,
Ag,
TiO,
Re=10
0<p<0.02
0.04 <Ri <100
0<Ha<50

~H,0

e Scientists have
shown that the
parameters of
mixed convection
heat transfer from
the heated bottom
wall of trapezoidal
cavities are
affected by the
mechanical action
of the sliding lid
and by the
buoyancy-driven
flow.

e Inall Reynolds
numbers and the
solid volume
percentage, the
average Nusselt
number decreased
as the Hartmann
number Ha
increased.

The Hartmann
number and
entropy generation
are inversely
related.

e The average
Nusselt number
rises as the solid
volume
percentage rises,
and when Ri
decreases.
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1.3. Conclusion

According to our knowledge, and after studying the mentioned literature and clarifying all
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the different physical and geometrical properties that the researchers gave in their previous research
mentioned in Table 1.1, the following points can be summarized:
1. The use of nanofluids gives higher rates of heat transfer.
2. The rise in heat transfer outweighed the rise in viscosity, which caused a decrease in
pressure and strength.
3. Increasing the rate of heat transfer and decreasing pressure by increasing the
concentration of nanoparticles.
4. The increase in Rayleigh number improves heat transfer.

After summarizing all the previous points from the previous studies, the following problem
was raised:

Electronic devices suffer from high temperatures due to prolonged use, which can slow
down or damage their components or even explode and set their contents on fire. Some devices,
including batteries, light-emitting diodes (LEDs) and computer microprocessors, generate heat
during operation. Overheating can reduce the efficiency and life of devices and waste energy. As

far as we know, all devices have a variable temperature, which depends on the ambient temperature



and the time of use. While the researchers did considerable observation and investigation, they
presented, generally, their results at a constant temperature, which goes against the scientific logic
since the temperature of anybody fluctuates with time and distance. Therefore, this study was
proposed to answer many questions, including:
1. Is there a difference between heat transfer at constant temperature and variable
temperature?
2. Does the Aspect Ratio affect heat transfer?

3. Does using base fluids other than water in nanofluids give higher heat transfer?
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CHAPIER II

Generality on the thermal properties of nanofluids

11.1. Introduction

In recent years, high-speed advances in nanotechnology and heat transfer have created a
new class of fluids known as nanofluids. These last consist of a basic fluid with suspended
nanoparticles composed of metal or metal oxide for enhancing conduction and convection, and
allowing for more heat transmission. Since discovering their unique thermal characteristics,
nanofluids has generated significant attention.

In this chapter, the types of nanofluids and their preparation techniques will be reported, as well as
numerous models, which are created to calculate the thermophysical properties of multiple

nanofluids.

11.2. Types of nanofluids

In 1995, Choi [2] made the original suggestion that adding nanoparticles may improve the
thermodynamic characteristics of thermo-fluids. Since then, research into creating nanofluids with
unique thermophysical characteristics, including thermal conductivity, thermal diffusivity, and
viscosity, has increased significantly [126-130].

According to studies, adding small concentrations of nanoparticles to a base fluid improves the
thermal properties; there is a wide range of nanoparticles: pure metal nanoparticles (Cu, Ag ...),
metal oxide nanoparticles (CuO, FesOas, Al2Oz ...), and carbon nanoparticles (graphite, diamond).
These nanoparticles have been integrated into fluids like water, Ethylene-Glycol, oil, and lonic

liquid.

11.2.1. Single-material nanofluids

The initial proposal for single-material nanofluids suggested by Choi [2] uses just one sort
of nanoparticle to make the suspension, by a variety of preparation methods, where the single-
material nanofluids may take on a variety of shapes, including pure metal, oxide metal, carbon and
carbides.

Additionally, carbon atoms may create a range of bonds or allotropes of carbon may be created by
the many ways in which carbon atoms can connect. Diamond, graphite, and amorphous carbon are



examples of typical carbon allotropes. Allotropes may have a wide range of carbon morphologies
and topologies, including crystalline (i.e., diamond, carbon nanotubes, and graphite sheets).

A few nanometers to several hundred micrometers is the diameter range of carbon nanotubes.
Single-Walled Carbon NanoTubes (SWCNT) are nanotubes made up of a single graphene layer
that is wrapped around the tube itself. They may also be composed of many layers of graphene, in
which case they are known as: "Multi-Walled Carbon NanoTubes” (MWCNT). Diamond

molecular structures, carbon nanotube and a graphite are seen in the following figure.

Diamond

Figure 11.1: Graphite, carbon nanotube and diamond molecular structures [131].

There are several investigations on carbon nanotube-based nanofluids, where Z. Han [132] showed
in his study that thermal conductivity has increased by more than 200% for volume fractions of
less than 1 %.

According to research by Y. Wang & al. [133], the high temperature and uniform dispersion in a
reactive environment impede the production of nanofluids derived from carbon nanotubes. To
solve this dispersal issue, the nanotube surfaces are functionalized. The result obtained by
S. Berber & al. [134] show that carbon nanotubes have the maximum thermal conductivity:
k = 6600 W/m.K at ambient temperature aimed at an adiabatic nanotube.



11.2.2. Hybrid nanofluids

A developing class of nanofluids, hybrid nanofluids consists of more than one kind of
nanoparticles floating in a pure fluid. Can produce hybrid nanoparticles using either physical or
chemical processes. A few examples of hybrid nanofluids are: Alumina-graphene/H2O, Ag-
MgO/H:0, etc.

One of the first researchers to start researching hybrid nanoparticles CNT, Cu, and Au nanoparticles
dispersed in water and their hybrids (CNT-Au/H>O and CNT Cu/H20) were studied by Jana & al.
[135]; the findings demonstrated that the Cu/H20 nanofluid had the best thermal conductivity of

all the tested samples and rose linearly as particle concentration increased.

11.3. Preparation of a nanofluid

The production of high-quality nanofluid relies heavily on uniform dispersion and stable
suspension of nanoparticles in the host liquid.
The characteristics of nanofluids can only be studied and used if the dispersion and suspension are
stables. The solution to dispersing nanoparticles before they agglomerate is the key to making
stable nanofluids. It has proven possible to create nanofluids using both physical and chemical
methods. Scientists are also developing different methods to fabricate fluids at the nanoscale.

11.3.1. One-step method

The one-step procedure involves directly creating nanoparticles using the physical vapor
deposition (PVD) technique or the liquid chemical method, followed by synthesizing nanofluids.
Also, desiccating storage, transportation, and discontinuous dispersion of nanoparticles are avoided
with the method, which minimizes nanoparticle buildup and increases fluid stability. Nanoparticle
synthesis and dispersion into the base fluid happen concurrently in a single step. For instance, when
a thin layer of base fluid forms on a container because of the spinning of a disk by the effect of
centrifugal force, raw materials are heated to cause them to evaporate, and the vapor is condensed
into nanoparticles when it comes into contact with the cold base fluid film, resulting in the
formation of nanofluid.

The following figure shows the one-step vapor deposition method for preparation of a nanofluid.
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Figure 11.2: A one-step vapor deposition method for preparation of a nanofluid [136].

11.3.2. Two-steps method

The most popular approach for creating nanofluids is the two-steps procedure (Figure 11.3);
in this process, nanoparticles, nanofibers, nanotubes or other nanomaterials are first employed to
create dry powders by chemical or physical means. Then, the nanosized powder will be distributed
into a base fluid with vigorous magnetic force agitation, ultrasonic agitation, high-shear mixing,
homogenizing, and ball milling. Because commercial production levels of nanopowder synthesis
methods have already been reached; the two-step process is the most cost-effective way to generate
nanofluids on a large scale. Nanoparticles prefer to agglomerate because of their large surface area

and surface characteristics.
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Figure 11.3: A two-steps process for creating nanofluids [136].



11.4. Thermophysical properties of nanofluids

The following figure shows the thermal characteristics of common heat transfer fluids like
Ethylene-Glycol, motor oils, and water are much worse than those of solids. It shows the difference
between the solids and base fluids in thermal conductivities. It also clarifies why a nanofluid-
containing particulate diamond is superior to other nanofluids, making it especially intriguing.
Diamond has the maximum thermal conductivity of any solids because of its robust carbon-carbon
(C-C) covalent bonds and low phonon scattering [137]. In contrast, metal elements such as silver
(Ag) have a high heat conductivity, nevertheless, the high conductivity of it makes unsuitable for
many applications. Low-volume (small-size) diamonds in host fluids or compounds have a variable

thermal conductivity [138].
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Figure 11.4: Various thermal conductivities for base fluids and solids at 25 °C [138].

11.4.1. Volume fraction

The volume fraction is the most critical property for a nanofluid since it is used as a starting
point for calculating all the others properties. The value of the volume fraction is changed between
0 (pure base fluid) and 1. The following relationship gives the volume fraction:

Q=" (11)



The value of the base fluid and the caliber of the nanoparticles dispersed in it have an imperative
impact on nanofluids physical thermal characteristics. Also, affecting the nanofluid physical
characteristics are the particles shapes and sizes, the fluid temperature, and the concentration of
suspended particles. The thermophysical characteristics of nanofluids are shown in the following

figure, which will be discussed in greater depth below.
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Figure 11.5: Thermophysical characteristics of nanofluids.

11.4.2. Density

One of the less investigated thermophysical characteristics of nanofluids is density.
Determining density is crucial for estimating the nanofluid capacity for heat transmission, even if
it has no direct bearing on thermal performance. The flow characteristics of nanofluids are
governed by density, which is significant. Pressure drop, Nusselt number, and Reynolds number
are all influenced by the density of the nanofluid. Nanomaterials distributed in a base fluid make
up a nanofluid. Because the distributed nanomaterial weighs more than the base fluid, the base
fluid density is eventually increased. This rise in density directly impacts the entire functionality

of the nanofluid. The density of a fully homogenous nanofluid is calculated (with excellent

nanoparticle dispersion in the fluid) in terms of (¢) at a certain temperature (T).



The mixing rule developed by Pak and Cho serves as the primary method for calculating the density
of nanofluid [139] as:

Pt =(1-0) p; +op, (12)

The density of the nanofluid has often been calculated using this equation. It provided accurate
forecasts for alumina nanofluids [140, 141]. When the temperature is greater and the concentration
is lower, it is more suited for estimating the density of nanofluids [142]. Another research stated
using this equation that there was consistency between experimental and theoretical values for
alumina nanofluids [143]. However, ZnO nanofluids were discovered to be in disagreement. This
shows that the equation is incompatible with nanofluids other than those based on alumina. Teng

and Hung [142] also offer the following equation based on the same method:

(1-9) p; ps +0p,p, (1.3)
(1-9)ps +op,

pnf =

Additionally, Khanafer and Vafai [144] provided the following equation for estimating the
density of alumina nanofluids using experimental data from Ho & al. [141]:

P =1001.064 +2738.6191¢ —0.2095T (1.4)

The equation demonstrates the relationship between the density of nanofluid and concentrations
between 0 and 4 vol%, and temperatures between 5 °C and 40 °C.

11.4.3. Specific heat

A nanofluid capacity for heat transmission depends on its specific heat; therefore,
understanding it is equally crucial. Its specific heat must be determined to calculate a nanofluid
thermal conductivity. A solid specific heat is often lower than a liquid. This is due to the fact that
liquids are better at absorbing heat than solids. Therefore, the heat specific of liquids must be
adversely affected by including solid particles. Nanofluids are complicated and may act differently
because they include solid nanoparticles distributed throughout. It is still unknown, however,
exactly how the addition of the nanoparticles influenced the specific heat.

The relationships shown below are useful for calculating a nanofluid specific heat. Many

researchers, such as Pak and Cho [139], used:



(nCy )nf =(1'¢’)(/’Cp)f +o(pC, )s (1.5)
Others, such as Xuan and Roetzel [145] employed:

(pCp)nf =(1_(p)<pcp)f +¢(pcp)s (1.6)

11.4.4. Coefficient of thermal expansion

A material coefficient of thermal expansion describes how quickly its dimensions change
when its temperature rises or falls. There are linear, area, and volume expansion coefficients that
may be derived from the various measures of size change. The change in density brought on by
temperature in fluid incompressible (density unaffected by pressure) is referred to as the coefficient
of thermal expansion [146].

The value of the thermal coefficient expansion for nanofluids can be determined as follows:

(pB)., =(1-9)(pB), +9(pB), (1.7)

According to Kim & al. [147], a fluid thermal expansion coefficient is substantially higher than

that of solid nanoparticles; Equation (11.7) was streamlined to the following form:

(pB),, =(1-0)(pB), (1.8)

11.4.5. Thermal conductivity of nanofluids

In general, thermal conductivity is a significant necessity; still, it is especially significant
in our study because it is a key part of how heat moves from one place to another. It can show how
well fluid or solid moves heat because conductivity depends on temperature. The thermal
conductivity of the nanofluid changed not only with the temperature but also with the volume
fraction. From the resolution of the energy equation, many thermal conductivity calculation models
have been made to estimate the conductivity of nanofluids, which are made up of very regular

parts. The following models are used to determine a nanofluid thermal conductivity.

11.4.5.1. Maxwell model [148]

One scientist that is interested in determining the thermal conductivity of a fluid containing



suspended spherical particles is Maxwell. He used the assumption that the fluid includes many
spherical particles. He reasoned that there must be many particles in the fluid, each having an equal
diameter. The particles are separated by a sufficient distance leading to the absence of mutual
interaction between them; consequently, the medium is strongly dilated (no contact between the

particles). Maxwell equation is given by:

= (1.9)

Ky (ko+2K, )-200(k; )
W (kf+2ks)+2¢(kf -ks)

11.4.5.2. Hamilton-Crosser model [149]

The Maxwell model limit was solved using the Hamilton and Crosser model. The latter
only applies to spherical particles, rendering the model ineffective for describing the behavior
under study. Due to the concept of the geometric property known as sphericity, this typical was
created to increase the efficiency of calculating the thermal conductivity of nanofluid regardless of
the nanoparticle shape. The ratio of the surface of a sphere with the same volume as a nanoparticle
to that surface is how this factor is defined. The following expression provides the model of thermal

conductivity is as follows:

_ ki +(n—1)k; —(n—-1)(k; -k, )@k
T ko (n=1)k, +(k, —k)p

(1.10)

Where:
_ 3 - .
n= empirical form
¥, (emp )

n=3 (spherical particles)
n=6 (cylindrical particles).

Similarities exist between the Maxwell and Hamilton-Crosser models for =1 (spherical particles).

11.4.5.3. Yu and Choi model [150]

Yu and Choi presented a new phrase for estimating thermal conductivity. They suggested
modeling nanofluids as basic liquid and solid particles separated by a nanometric layer, which

serves as a thermal link between the fluid and the particles. Additionally, they presumptively

believed that the liquid thermal conductivity is lower than that of the nanoscale layer.



kg + 2k +2¢(k, —k; )1+ 8)°

k. = 1.11
" T w2k, 20k, —k, (LAY (111)

11.4.5.4. Bruggeman model [151]

The model provided by Bruggeman seems to reflect certain experimental results more
closely than previous models in the situation of spherical nanoparticles with no constraint on the
concentrations of nanoparticles.

(30-1),> +[3(1-¢)+2)]

_ K, (1.12)

k
nf 4

Modeling the thermal conductivity behavior is done by providing mathematical
correlations. Some of the mathematical relationships for thermal conductivity are included in the

following table.

Table I11.1: Mathematical correlations for thermal conductivity (knf) of nanofluids in several

literatures.

Investigator Correlation Comments

S.K.Gupte &al.  k, =k,(0.0556 Pe+0.1649Pe’ —0.0391Pe® +0.0034/ Translational
motion effects of

[152] :
nanoparticles.

J. Avsec & al. k. +(n—1)k, —(n—1)er,(k, —k,) ) Based onhstaFistica(Ij
= nanomechanics an
[153] bk (N =1k, +(n=1)a, (K, k) | taking into account

the thickness of the

fluid layer.
W. Evans & al. Y (1 . y_lj Y At a low particle
o =| 1+30p— -
[154] f y+2) fraction
S. Pil Jang & al. ki =K;(1—¢@)+ Bk.@+phd; Depends on the
[155] degree to which the

base fluids and
particles transmit
heat. Nanoparticles
may collide with
one another and
undergo nano-

convection.
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LRSI — =0.4+0.0332¢+ 0.00101T +0.000619T +0.0687 ¢° Eg MgOf/IV\_lgter
[156] Kk, nanofluid.

+0.0148¢° —0.00218¢° —0.0419¢" —0.0604 ¢
X.Li&al [157] @ k, =(4.583+12.71¢p )k, For SiC/EG
nanofluid.

11.4.5.5. Factors that impact thermal conductivity

The following figure depicts a few parameters that influence thermal conductivity.
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Figure 11.6: A few factors that have an impact on the thermal conductivity.

a. Influence of nanoparticle and temperature size on thermal

conductivity

The temperature has a huge impact on how the thermal conductivity of nanofluids

improved. The thermal conductivity of Al,Os-Ethylene Glycol dioxide was investigated in the work

by Patel & al. [158], for volume fractions of 1% and 3%, and for particle sizes of 11 and 150 nm.

Figure (11.7) shows an rise in the surface area to volume ratio, the thermal conductivity increases

with temperature and also diminutions with nanoparticle size, allowing for more effective heat

transmission to the base liquid with smaller nanoparticle sizes. Additionally, the thermal

conductivity has risen due to greater Brownian motion with smaller nanoparticles.
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Figure 11.7: Thermal conductivity of an Al.Oz-Ethylene Glycol nanofluid varies with

temperature and is characterized by particles with a diameter of 150 nm [161].

The thermal conductivity of Al20s-H>O nanofluid was examined in another work by Chun & al.
[159] between 294 K and 344 K, and it was discovered that the conductivity improved with
temperature. Using a 0.00026% volume fraction of nanoparticles, Paul & al. [160] investigated
the temperature dependence of Au-H>O nanofluid thermal conductivity as a nanoparticle size.
According to their findings, decreasing the nanoparticle size enhanced the conductivity, as seen in

the following figure.
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Figure 11.8: Thermal conductivity of the Au-H2O nanofluid varies with temperature and

nanoparticle size [161].



b. Influence of the volume fraction of nanoparticle on thermal
conductivity
The effect of the volume percentage of nanoparticles on the thermal conductivity of
different nanofluids has been investigated by several scientists. At different temperatures of
nanofluid, the following figure illustrates the change in the conductivity ratio with volume fraction.
The bulk of the research investigations underlined the fact that growing amounts of solid
nanoparticles improve nanofluids capacity to transfer heat. While most investigations discovered
that the connection was linear, others discovered that it was nonlinear. This phenomenon may be
related to the relations within the system particles (Choi & al. [162]) or the buildup of nanoparticles

in liquids, as indicated in [163].
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Figure 11.9: Thermal conductivity ratio using volume fraction at different temperatures [164].

c. Influence of the base fluid on thermal conductivity

There have been numerous research looking at how fundamental fluids affect nanoparticles,
yet the outcomes of each study have varied. According to certain study’s findings [165-167], the
thermal conductivity improvement was inversely related to the pure fluid thermal conductivity. A
study by Wang & al. [168] shows that the thermal conductivity of CuO and Al>Oz nanoparticle
suspensions in various base liquids, including EG, EO, H20, and VPO, EG had the maximum



thermal conductivity ratio of the other base liquids studied. They discovered that while the thermal
conductivity of the base liquid drops, nanofluids thermal conductivity rises. Although, other
researchers [169] found the contrary. The findings of Chopkar & al. [170],which were based on
improving the thermal conductivity of nanofluids, are in opposition to the results shown above. It
utilizes base fluids with high conductivity.
Furthermore, a recent study reported in [171] by selecting three nanoliquids for their experiment,
including (35% BG-0.5% SiC), (water-0.5% SiC), and (0.5% SiC-35% EG), to find the most pure
fluids to utilize for solar PV applications. These liquids were tested at temperatures ranging from
25 to 60 °C. Finally, they found no appreciable differences in the three nanoparticles thermal
conductivity as shown in the following figure.
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Figure 11.10: Thermal conductivity of various nanofluids and the effect of the base fluid [171].

Another research [172] investigated experimentally how base fluids affected the thermophysical
characteristics of SiO2 nanofluids. In terms of volume, Ethylene-Glycol and water ratios were
40:40 and 60:40, respectively. By dispersing SiO2 nanoparticles in (EG) and (W) combined in
"60:40" (60EGW) and "40:60" (40EGW) ratios by size, they created nanofluids. The stability of
nanofluids using zeta potential, electrical conductivity, and pH values was investigated. According
to the experimental findings, the thermal conductivity of SiO2 molecules improved by 34% and
32% when used with the two pure fluids. Additionally, it has discovered that nanofluids based on

40EGW had a greater thermal conductivity.
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Figure 11.11: Comparison of SiO2/40EGW and SiO2/60EGW nanofluids for improving thermal
conductivity [172].

d. Influence of particle shape on thermal conductivity

Scientists examined how the morphologies of nanoparticles affected thermal conductivity
and found that although volume ratios had a better thermal conductivity; nanofluids containing

nanoparticles have a larger surface area.
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Figure 11.12: Influence of nanoparticle shape on the thermal conductivity of a nanofluid

composed of TiO2 and water at a concentration of 2.5% [161].



Maheshwari & al. [173] used spherical nanoparticles (22.9 nm), cubic nanoparticles (51.87 nm),
and rod nanoparticles to study TiO2-H20 (43.08 nm) nanofluid thermal conductivity. They
discovered that the thermal conductivity of the nanofluid with cubic nanoparticles was the greatest
and that of the nanofluid with spherical nanoparticles was the lowest, as shown in Figure 11.12.

They verified that using round nanoparticles stabilizes the atoms and lessens the blocking issue.

11.4.6. Dynamic viscosity

A fluid ability to resist deformation while in motion is known as viscosity. So, the viscosity
is an indicator of a fluid internal friction. The fluid that has significant internal friction is extremely
viscous. The quality of the nanoparticle dispersion in the pure fluid and the temperature
significantly impact the viscosity dynamic of the nanofluid, which can be computed from the
nanofluid volume fraction and the base fluid dynamic viscosity.
There are many mathematical models for calculating the dynamic viscosity of a nanofluid, and
some of them can be extracted as follows.

11.4.6.1. Einstein model [174]

This model gives the dynamic viscosity of a nanofluid made up of a dilute suspension of

rigid fine particles.
Mo =(1-25¢) 1, (1.13)

Since its experimental validation, Einstein's formula has been accepted as adequate for spherical
particle suspensions at low volume concentrations (usually less than 1%). As a point of emphasis,

the impacts of inter-particles interaction and particles size are not taken into account by this model.

11.4.6.2. Brinkmann model [175]

By adding a concentration of nanofluids in volume of less than 4%, Brinkmann's formula

complemented Einstein's model as follows:

_ M 1.14
yam (1_(0)2.5 ( )

However, particle collisions are ignored in this connection, which shows a nonlinear increase in



dynamic viscosity with increasing concentration.

11.4.6.3. Pack and Cho model [139]

Pack and Cho suggested the following formula for Al.O3 nanoparticles distributed in water:

e =(533.9¢9° +39.11p+ 1) 1, (1.15)

11.4.6.4. Maiga & al. model [176]

Other correlations with extremely particular applications have been presented in the
literature. By comparing this connection with the Brinkman and Einstein models, we find that the

two drastically underestimate the measured nanofluid viscosity values.

s, =(123¢2 +7.3p+1) 4, (1.16)

11.4.6.5. Influence of temperature on dynamic viscosity

By increasing the volume fraction of nanoparticles in a carrier fluid, its thermal conductivity

is increased, which is interesting for heat transfer. However, by increasing (¢), the viscosity of the
nanofluid obtained is necessarily increased, which leads to an increase in pressure drops in the heat
exchangers and would require a greater loss of energy to set this coolant in motion.
As the dynamic viscosity increases, the ability of the fluid to flow decreases. The viscosity of
liquids generally tends to decrease when the temperature of the latter increases. For this, there are
semi-empirical correlations based on experimental results used to calculate the dynamic viscosity
of water [177] and a nanofluid (Al20s-H20) [178].

11.5. Conclusion

In this chapter, types of nanofluids and their preparation methods were reported, and many
models were written to calculate the thermophysical properties of various nanofluids. It was
difficult to compare different experimental studies on nanofluids because each was performed on
nanoparticles of different sizes and shapes. Different theoretical perspectives have evolved to
comprehend the cause and importance of this rise in the thermal conductivity of nanofluids.
However, none of them succeeded in adequately describing all the experimentally obtained

behaviors..
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CHAPTER III

Mathematical formulation of convective flow of nanofluids

I11.1. Introduction

There are different types of heat transport methods, including conduction, convection, and
radiation. The heat exchanges between a surface and a flowing fluid at various temperatures are
referred to as convection. Several numerical and experimental techniques are available today to
study convection, but numerical simulation is still the most practical and affordable approach
compared to experimental techniques. The various heat transfer processes and how they are
connected may be understood by numerical modeling. To formally define natural and forced
convective, it is essential to specify the relationship between the pressure, temperature, and velocity
fields as determined by the mass, momentum, and energy equations.
This chapter aims to evaluate the behavior of a laminar flow; this part is devoted to the modeling
and the setting in equations of the problem (continuity, momentum, energy) with the boundary
conditions and reveals the dimensionless reference numbers and the thermophysical properties of

nanoparticles and base fluids used in the numerical simulation.

I11.2. General equations

Convection mathematical model is based on equations that integrate numerous
characteristics such as pressure, temperature, and velocity. These are variations on the general

equations stated below (continuity, momentum, and energy).

111.2.1. Equation of continuity
The principle of conservation of the mass, during a flow, is expressed mathematically and

represented as follows:

9P div( pv)=0 (11.1)
ot
Assuming that the density is constant, the following equation is simplified:
8_u+@ =0 (1.2)
ox oy



111.2.2. Momentum equations

The principle of conservation of the quantity of movement makes it possible to establish
the relations between the characteristics of the fluid and its movement and the cause, which
produces it. The rate of change of momentum delimited in the volume may be equivalent to the
total of all outside forces acting on it. For an incompressible Newtonian fluid, the Navier-Stokes
equations for mixed convection in 2D are written in the following form:

e Momentum equation along the axis (X):

2 2
p M Mo TP, [0, O (11.3)
x> o’

¢ Momentum equation along the axis (y):

+y _2+_J +(pp) g(T-T,) (11.4)

111.2.3. Equation of energy conservation
Itis a local expression of the first law of thermodynamics, which translates that the variation

with respect to time of the total energy per unit volume. This principle connects different terms:

oT T aT:a[aT GTJ (115)

Y Ve oy
111.2.4. Boussinesq approximation
The Boussinesq approximation [179] was first presented by Oberbeck [180]. Lorenz used

it (1881) to establish a correlation in natural convection. Since then, works dealing with natural

convection in fluids within the framework of the so-called Oberbeck-Boussinesg hypothesis have

been the subject of a great bibliography in recent years.

The Oberbeck-Boussinesq approximation states that the various thermophysical properties of the

fluid are independent of temperature and pressure. Moreover, the fluid is supposed to be

incompressible but also dilatable, the density of the fluid is supposed to be constant, equal to its

average value (pr), in all the formalism except for the term of thrust ( pg). Where its first order



expansion gives the density concerning temperature:
p=p[1-AT-T)] (11.6)

Many issues involving natural and mixed convection may be solved using this first-order expansion
since the temperature differential inside the fluid never exceeds 10 degrees. The thermal expansion

coefficient of a fluid is defined as:

__1(%
B= p(@ij (1.7)

111.3. Thermophysical characteristics of nanofluids used in the investigated
application

The thermal conductivity of the nanofluid has been calculated using the model of Maxwell
[148] as Equation (11.9). The dynamic viscosity of the nanofluid is computed as Equation (11.14)
in accordance with the model of Brinkmann [175]. The density, the specific heat capacity, and the
coefficient of thermal expansion of the nanofluid are computed using the Equations (11.2), (11.6)
and (11.8) [139, 145, 146]. The thermal properties of water, nanofluid (H.O-Ethylene Glycol) and
nanoparticles are provided in the following table.

Table III.1: Thermophysical characteristics of nanoparticles and base fluid at 25 °C.

o (kg/m®) Cp(lkgK) K(WMK) p(kg/ims) B (1/K)

Water 997.1 4179 0.613 0.001002 21 % 1075
(H20)
50%6:50% mixture s
O Lthylone Glyol | 1058 3288 0.425 0.003748  0.000341 x 10
Copper 8954 383 400 / 167 x 1075
(Cu)
Silver 10500 235 429 / 1.89 x 10~
(Ag)
Magnesium oxide _
3560 955 45 / 113 x 1075
(MgO)
Titanium dioxide 4250 686.2 8.9538 / 0.9 x 10-5
(TiO2)
Aluminum oxide @
(ALOY) 3970 765 40 / 0.85 x 10



111.4. Description of the model and simplifying assumptions

Our thesis is devoted to studying mixed convection in a cavity with length (L) and height
(H), as shown in Figure I11.1. The Aspect Ratio is defined as (AR = H/L) for the cavity, which can
be filled with nanofluids containing different concentrations of nanoparticles (or volume fractions).
The thermal characteristics of the base fluid and nanoparticles at a reference temperature of 25 °C

are reported in Table I11.1. The Boussinesq approximation is also believed to be valid for buoyancy

force.
A ——Nanoparticle
Cold wall «*
e%*
Hot wall sle
Adiabatic wall————— g
H

L . \—bBase fluid

Y

Figure 111.1: Problem geometry.

111.4.1. Boundary conditions
In this application, the boundary conditions are:
e Two velocities were taken into account for left and right vertical walls; the velocities
and temperature are constant :
v" The left and right walls move down.

v" Temperature of the left and right walls is constant (T =T,).

e The top wall was thermally insulated.

e The function of the hot temperature applied to the bottom wall is taken into account:
v' Sinusoidal temperature:
T=T,+A-(T,-T,)-(1-cos(27X)) (11.8)



111.4.2. Equations of the problem

The following equations governing 2D steady-state mixed convection can be written in
dimensionless form after using the Boussinesq approximation and ignoring viscous dissipation.
The following dimensionless parameters are used to transform the main equations into their

dimensionless form.

x=Xy=Yyu=Y vV g-TT) p__P_
Uy U, (T,-To) Pnt Ug

| x
<

The resulting dimensionless equations are listed below:

ouU oV
— +—=0 1.9
oxX oy (119)
ou ouU OP 1 Uy [0U  0U
U—+tV—=-"ct— 11.10
ox oy 8X+Revfpnf[8xz+8Y2] (11.10)
N N _
oX oY
.11
0P 1 He 32U+32U PB RO ( )
oY Rev,p.|0X* OY*] p,.B;
06 00 oy 1 (0% 0%
U—+V—= + 11.12
X Y a PrRe[ax2 avz] (1112)

The following table shows the results of solving the equations above (in their dimensionless

version) using the boundary above conditions.

Table 111.2: Solving the equations in dimensionless version using boundary conditions.

Hydrodynamic conditions Thermal conditions
o For left and right walls, move down: e Left and right walls
0=0
o X =0; 0<Y<1;U=0;V=-1 e Top wall
Application 1. gy <1;U=0;V =1 001 8Y =0
Y=10<X<1U=0;V=0 e Bottom wall :
0=A(1-cos(2zX))




111.4.3. Heat transfer

The convective heat transfer rate is defined by the dimensionless Nusselt number (Nu),
which plays a unique function. This value is dimensionless and shows the ratio between pure

diffusion heat flux and convection heat flow. Then, this number is defined by:

Q
Nu = —conv. (11.13)
Qcond

> Newton's law gives the convective flux:
Quony =NS(T, =T;) (1.14)
» Fourier's law gives the conductive flux:

(Tp _Tf )

Quong =K'S (11.15)

C

From the above equation, the convective exchange coefficient is given as follows:

h=-t—u (11.16)

(11.17)

Nu,,, = [Nu(X)dX (11.18)

111.5. CFD code for numerical resolution

Computational fluid dynamics (CFD) is the use of computer simulations to learn about
systems with heat transfer, fluid movement, and related phenomena including chemical reactions.
CFD is based on sophisticated computers that can simulate and provide adequate and acceptable
results. The use of CFD in simulation has grown widespread, particularly in the industrial sector.



Chapter I11 Mathematical formulation of convective flow of nanofluids
I —————————————————————
Although this method is less costly than experimental approaches and works with rather difficult
issues; there are significant drawbacks, including the possibility of uncertainty due to insufficient
calculating data per cell and the associated interpolation mistakes for big models. However, they
are practical and may be used to validate numerical findings. Experimental techniques are often
costly, difficult to execute and take time to solve the issue. Other analytical techniques depend on

assumptions. However, they are constrained and unsuited to complicated phenomena.

I11.5.1. Numerical methods and types of mesh

The discretization of the equations presented in this chapter, translating the phenomenon of
mixed convection, is the operation of transforming these differential equations into a system of
algebraic equations. Several methods of discretization of partial differential equations are currently
used, such as the method of Finite VVolumes, Finite Differences and Finite Elements, Lattice
Boltzmann method, and Network Simulation method.

A mesh of nodes is used to divide up the domain; each node has a volume element (volume
of control) constructed around it. While the vector values (temperature and pressure) are retained
in the mesh node, the scalar numbers (u, v, and w) are kept in the center of the connecting segments.
The momentum equations related with the velocity components and the general transport equation
associated with the numerical variables have been incorporated into the control volume. The
volume under primary control is erased in the direction (X) relative to the longitudinal component
under control (u).The control volumes of the transverse components (v) and (w) are adjusted in the
Y and Z directions, respectively.

A "staggered grid"” is a kind of mesh that allows for improved numerical stability of the solution,
precise evaluation of pressure gradients, and more accurate approximation of convective fluxes.
The staggered grid for the three composites is shown in Figure I11.2. The "Fluent" software code
in its version 19.2 deals with several types of structured, unstructured, or hybrid meshes. A
structured mesh generally comprises quadrilateral meshes in two dimensions (2D or surface mesh)
and hexahedral meshes in three dimensions (3D or volume mesh). In contrast, an unstructured mesh
will be composed of quadrilateral or triangular meshes in 2D and hexahedral or tetrahedral in 3D.
In a hybrid configuration, the meshes close to the walls are quadrilaterals in 2D and hexahedra in
3D, and the meshes of the rest of the domain are triangles in 2D and tetrahedra in 3D. It is necessary
to have the smallest possible meshes in the near wall to model the flows at this location properly;



this particularity is all the more important in a turbulent regime called (inflation). In 3D, the meshes
that connect the hexahedrons and the tetrahedrons are prisms or pyramids. Figure I11.3 represents

the different types of mesh used by our code.
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Figure 111.2: Staggered grid for: a) under control (u), b) control volumes of the transverse
components (v), and c) of (w).
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Figure 111.3: Types of mesh used by "Fluent™ [181].

111.5.2. Choice of the mesh
The ANSYS Geometry Workbench allows the user to construct the geometry of the

computational domain and subdivide it into small control volumes or computational cells. All of
these elementary volumes constitute the mesh. The definition of the appropriate boundary
conditions, at the level of the cells, which coincide or touch the boundary of the computational



domain, is also done at this level. The program Fluent uses the Finite Volume Method (FVM) to
handle heat transport and fluid mechanics issues. The functions gathered by ANSYS Workbench
include defining the problem geometry, inspecting the mesh, defining the boundaries (different

sorts of boundary conditions), and defining the computation domains (fluid or solid) [182].

111.5.3. Mesh convergence

In CFD modeling, to ensure that the solution provided by the solver after convergence is
realistic, it must be independent of the mesh density, the solution should be insensitive to the grid
size show in Figure I11.4. To check for convergence in the mesh, one must record the changing

values of a variable, such as the Nisselt number, with the progressively refined mesh.
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Figure 111.4: Test of mesh convergence [182].

In this study, we have chosen quadrilateral grids where Figure 111.5 (a-c) illustrates the selected

meshes form for three cases related to the Aspect Ratios.
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Figure 111.5: Grid of mesh for: a) AR=0.5, b) AR=1, and ¢) AR=2.

The FVM-based Fluent software and the SIMPLE algorithm for velocity-pressure coupling
are used in this study to tackle the challenges. The stages in the computation that are detailed below
are appropriate for the steady flow regime. In general, we differentiate between [182]:

63



- Transport equation integration.
- Discrimination.
- Connection of pressure and velocity.

- Convergence.

I11.5.4. Discretization of equations
To solve equations system needed to simulate fluid flow, our code uses the Finite Volume
Method; in reality, a physical issue is resolved in three steps:
e Division of the computational domain into control volumes via a mesh.
e Integration of the equations on each control volume in order to transform them into
algebraic equations.
e Resolution of the equations thus discretized.

These equations are put in the following general form:

Jlax( Jla

E E

0
E(P¢)+z

A

pup) = Z ¢%)+s¢ (11.19)

In the stationary two-dimensional situation, the transport equation is formulated as follows for each
variable (¢):

0 0 0,0 0,0

L (oup)+ S (oup)=2(ry s LrPyss,  (n20)

OX oy oX oXx oy oy
According to the FVM, this last equation is discretized, and the maintained equation system is
solved for each consecutive value (¢), as shown in the reference [183].

Table 111.3: Different terms of the transport equations.

Equation Value of ¢ Diffusion coefficient I~ Source term S,
Continuity 1 0 0
Quantity of U Mg [ Prs & —0P/oX

movement axe X
Quantity of \Y g [ Pos O —oP/oY
movement axe y
Energy 0 a /af 0




Numerically solving CFD problems requires an iterative process. To appreciate the
convergence of the iterative process, convergence criteria must be considered. Thus, the
convergence of the iterative process is determined by the concept of residual. After the
discretization step, the conservation equation of a given variable (¢) on a cell with center (P) can

be expressed as bellow [182]:
a0, = D oo +D (11.21)

The (nb) indicates the indices of nearby cells; depending on the mesh structure, there are more or
less nearby cells. The iterative implicit method is used to solve the linear system of equations that
arise as a result of the coefficients (ap, ano) and the individual cells (Gauss-Seidel).
In its two discretization systems, Fluent suggests:
e First-order upwind scheme: this approach causes numerical diffusion but allows for
stability in the computations.
e Second-order upwind scheme: although it might cause the computation to diverge, this
approach can be used to reduce numerical diffusion.
The convergence condition or the halting requirement must be met for the computation to stop.
Fluent enables users to evaluate the level of convergence at each iteration by computing the
residuals R for each variable (velocity components, energy, pressure ...).
This residue is explained by:

_ Z|an anb0¢nb +b_ap¢p|
¢ 3

I:m )

R (11.22)

These expressions of the residues are valid for all quantities except the pressure; in the case of this
quantity, the residue is determined from the continuity equation:

R®= )" |material creation rate in the field| (11.23)

Domain

111.5.5. Under-relaxation values

The relaxation factors assist in solving nonlinear equations. It is feasible to include a sub-
relaxation to lessen the oscillations of the solution and the changes of the variables from one
iteration to the next. Although suggestions for each variable are often based on empirical



information, there are no universal rules governing the optimal values of the sub-relaxation

coefficients. In our study, the values of under-relaxation are shown in the following table.

Table 111.4: Under-relaxation values.

Pressure Quantity of Energy Density
movement
Laminar model 0.3 0.7 1 1

111.5.6. Choice of pressure velocity coupling method
Three algorithms are available in the calculation software:

e SIMPLE: the strongest.

e SIMPLEC: it gives faster convergence for simple problems.

e PISO: itis useful for unsteady flow problems.
The algorithm chosen in our study is the SIMPLE algorithm [184]. At the initialization of the
calculation, a pressure field fixed a priori is introduced into the momentum balance equation,
making it possible to calculate a first velocity field. The combination of mass balance and
momentum equations makes it possible to correct these first pressure and velocity fields. The other
transport equations are then solved, and the corrected pressure field is used to initialize the
calculation at the next iteration. This succession of operations is repeated until the convergence
criteria are reached.
The discretization of a diffusion transport equation on a control volume by the FVM involves the
velocities values at the volume interfaces (UE, UW, UN, US). It is, therefore, interesting to
calculate these velocities directly on the interfaces (without having to perform interpolations). On
the other hand, discretizing the continuity equation and the pressure gradient with linear
interpolation can induce large errors because a "checkerboard™ pressure or velocity distribution is
seen as a uniform field.
To circumvent these difficulties, we prefer to use staggered grids. The main grid is built on which
the pressure, temperature and concentration are calculated. Two grids shifted to the right and to the
top, respectively, are used to calculate the horizontal and vertical velocities.
The SIMPLE algorithm, an acronym for “Semi Implicit Method for Pressure Linked-Equations”

makes it possible to solve the system of discrete equations. This algorithm stipulates the existence



of a relationship between the corrected velocities and the corrected pressures in order to verify the
mass conservation equation.

The representative diagram of this iterative process is the following:
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Figure 111.6: Representative diagram of the SIMPLE algorithm.

111.5.7. Different methods for numerical modeling

Fluent is a simulation program that requires an understanding of fundamental theoretical
concepts to complete the primary phases of its use. These concepts pertain specifically to defining
the key equations that regulate the flow. The methodology and simulation approach are described
by the organigram in Figure I11.7. 1t begins with the production of geometric models, the use of a

mesh generator, the solution of the equations, followed by analysis and display.
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Figure.l11.7: Calculation chart.

111.6. Conclusion

The chapter discussed the modeling and set of equations for the problem of laminar flow.
The continuity, momentum, and energy equations were used, along with boundary conditions. The
dimensionless reference numbers and the thermophysical properties of nanoparticles and base



fluids were also revealed. This information can be used to simulate laminar flow and to study the
effects of different parameters on the flow. On the other hand, a clear approach has been presented
for the methods to be followed in solving the equations governing the phenomenon in the
simulation program and the mechanism it follows, starting from the design to the export of all

results.
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CHAPTER IV

Results and discussion
1V.1. Introduction

This chapter aims to present the numerical simulation results for a two-dimensional model.
Hence, the main objective is to show the CFD computer code "Fluent" ability to model the mixed
convection flow in a cavity filled with several fluids and to determine the current lines and
isotherms, as well as the Nusselt number for the different volume fraction of nanoparticles, Aspect

Ratios, Richardson number, Grashof number, and the temperature amplitude.

1VV.2. Influence of mesh on numerical solutions

The grid independence test with target fluid (water) is seen in Figure IV.1. For the case of
Gr = 10* and R i= 0.1, the test determined the average Nisselt number on the bottom wall for

several mesh node; it was found that a grid size of 81x81 guarantees a grid-independent solution.

___——n
]

4 T T T T T
21X21 41X41 61X61 81X81 101X101

Number of Grid
Figure 1V.1: Grid study.

1VV.3. Validation of the calculation code

The validity of the current numerical solution is established by comparing it to the

simulation solution of the average Niisselt number for different Ra and Re in the case of the square



cavity, differentially heated and filled with air, discovered by [185-189] and [85, 190-194], as
depicted in Tables IV.1 and IV.2, respectively.

Table 1V.1: Comparison of the average Nusselt results of the present study with previous work at

Pr=20.71.
Ra Ref. [185] Ref. [186] Ref. [187] Ref. [188] Ref.[189] Present
10° 1.118 1.117 - 1.078 1.117 1.053 2.335
10* 2.245 2.244 2.245 2.244 2.241 2.119 5.57
10° 4.522 4.520 4.521 4.520 4.510 4.517 0.066
10¢ 8.826 8.781 8.8 8.781 8.829 9.18 4.54

Table I'V.2: Comparison of the average Niisselt results of the present study with those of previous
work at Gr = 100.

Re Ref[190] Ref[191] Ref[192] Ref[193] Ref[85] Ref[194] Present

study
1 - - - 1.00033 1.01013 1.00033 1.00725 0.692
10? 1.94 2.02 2.10 2.03116 2.09084 2.04935 2.02525 1.176
400 3.84 4.04 3.85 4.02462 4.16106 4.09826 4.05837 0.973
500 - - - 4.52671 4.66369 4.6179 4.56894 1.06
10° 6.33 6.42 6.33 6.48423 6.55162 6.70345 6.54927 2.3

For various Ra numbers in a square cavity, the presently used computational model of
mixed convection is evaluated with a target fluid (water), and excellent agreement is observed
compared to the results of Talebi & al. [67] and Bora & al. [80] as shown in Figure IV.2.a.
Another validation was done by comparing the average Niisselt number for the nanofluid Cu-H,O
with Talebi & al. [67] as shown in Figure IV.2.b.

Figures IV.3.a and IV.3.b depict the findings of a comparison between the velocities and
temperatures within the square cavity and those found in a study by T. S. Cheng [195] with
Re=1500and Gr=2.25x10%ina top-cooled moving wall and a bottom-heated cavity, respectively.
Figures IV.3.c and IV.3.d show two cases for validation by results for Re =400 and Gr=100 with
the numerical results of Iwatsu & al. [190], Khanafer and Chamkha [196], and A. J. Chamkha
and E. Abu-Nada[69]. The first case compares the temperature at the cavity mid-section (x =0.5),

and the second case compares the U-velocity at x = 0.5.
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Figure IV.2: Comparing the average Niisselt number of the present study with those of previous
work, a) Talebi & al. [67] and Bora & al. [80], b) Talebi & al. [67].
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Figure I'V.3. Comparison of (a) V-velocity and (b) temperature with T. S. Cheng [195] for

Re = 1500 and Gr = 2.25x10°, (c) temperature at mid-section of the cavity (x = 0.5), and
(d) U-velocity at (x = 0.5) with Iwatsu & al. [190], Khanafer and Chamkha [196], and A. J.
Chamkha and E. Abu-Nada [69] for Re =400 and Gr = 100.

IVV.4. Distribution of current lines and isothermal lines

Heat transfer via mixed convection in a double lid-driven cavity filled with pure water and
Ag-H>0 is modeled and its sensitivity to thermal boundary conditions is investigated. In which the
two parallel vertical walls are falling at a fixed speed. A sinusoidal temperature heats the bottom
wall; the top wall is considered adiabatic, and the other walls are kept at a cold temperature. After

the numerical approach has been confirmed by solving the test case. The results were presented for



0.25 for different Ri and () equal respectively to 0 and 8%.

nanoparticles ranging in (0 - 8%). Figure IV.4 represents the streamlines and temperature profile

Gr = 10%, five different AR (0.25 - 2), a range of Ri (107! - 10%) and the volume fraction for

inside the cavity at AR
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As it is clear in the last figure that the current lines form two vortices inside the gap where the two
vortices expand with the increase in Ri. As for the change in temperature, the flow increases at the
bottom wall with an increase of nanoparticles compared to the base fluid wall. As can be seen in

the same figure, the fluid flows into the cavity at Ri = 100 and is regulated by natural convection.

Inside the cavity, the streamlines and temperature profile are shown for two nanoparticle
volume fractions and different Richardson numbers in Figure IV.5. Two vortices form in the cavity
when the nanofluids move through it. At Ri = 0.1, the heat flow and its influence may predominate
the resultant flow, and the symmetric behavior can be attributed to the insignificant buoyancy force.
The influence of natural convection on heat transmission and fluid flow is shown by increasing the
number of Richardson while keeping the size of nanoparticles constant. In addition, the flux value
increases significantly due to the increase in volume fraction of nanoparticle by 8%.

Figure IV.5 depicts a temperature profile where the forced convection system dominates boundary
layers of the cavity wall. Until the cavity obtains an even heat distribution of the temperature lines,
the Richardson number determines that the center of the cells will move to the middle of the bottom
wall. As can be seen in the same figure, the fluid flows into the cavity at Ri = 100 and is regulated

by natural convection.
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Figure I'V.6 shows the current and heat lines of the gap at AR

Streamlines Temperature profile Streamlines Temperature profile

- — ———— - %z . -0 N - —_— = -
g w01 MO oo — T 1 [si% o008 58 +] Fore————S0p,—— —ry—
< & e 8 a | %2 000 00— g 8 o
$ 5 ] @ [ A 33 Q0087 N8 ¢
s g A g < ¥ S S G0 §
P . / fi / N | S
P o 8/ b | ([ Y}/ Wio .
/- S ° / o//lle A A //® s’
ﬂ 2 = [ V o P \ \ 3900 “ﬂ. =
S i | i <o, e 8 S g
< i ) »v..r& 4 i \ 4 %, O .woeaoo._ N 4
2 T o . = 2 900°- 8
— 002 vm.f ° o @l
© o 3 - ASH Lo, 200+, E00'E00" °
=) 5 0 g 0p., ©00°. ©00°(€00°0- i
Ioe) 00°g. 008 . P — A% N. %%, 0002 ¢ g0t
M 0 0o~ =% 02§15 pcd 0 e y—" R
0.005 4 M. 0. 0,002 2
=S 0.01 8 oA— —29. 2¢ w 0.003
i e %, 3 : LN ) 00, 3
o z00 ) ..\M...M,ap e N %00, |
; -
%, % 1| e < 3 N w0 %, %3
0% e ‘e - P Sw 0,
- e, | b ~ R 3 OOM 4
S 1=} | T g S8
o o o e ? Sg e (o
w ) o \ ﬂ \{ & o o °©
3 & ) a : £ F j
T o o 2 g 8000 & :
Lo, ’ 2, 15 0.006
’ 5 881 ] P ] 4 000 0 .005 o.aeb 4
L e 000 e M8 ]| D g0s—— | Lo mmmp S e zn ol
= b S ° @ P o ° 3 3 s
1 c/—.o/mo.o
K T -
> 0.4 |

Py
]
)
=)
K
Q//\
<0 q

\\\Jrﬁ/ i
AS :

0%

¢

N

o
.
895 $0p. .
i~} N B -

) 0.004 : 5
L r«oo.egg.n 0002 | [_—% 0455 005
T T T T T T T T T T n_/. T T T - T T hv T T T b. T T T A_/. T T T n-le
2 3 S 3 3 S
—

78



75.

=0.

79

Streamlines Temperature profile Streamlines Temperature profile
- I —= = 0:300Z -
09005 Te———————w00—__ | 4R ] -
0.0 % St'o (¥} 0-302%300:
00025 %, \ / i 3 CFGELRT00%- | |
o o \ A AQE * Mo
P | S E03 ] 5
8 [ - A —
T | h E [ s 2 E
0 \ b A ) 1
\ \ J \ N/
M \ & N Y
5 ; | ; o © & R (4
=) W @9 Y % N & S hn
1 s, ) N &, Yo 0
L 00+, ) | o Sy
Sto,. © ot Sl @ @ <&, 8279 'S/ e
. e sz'o 25 o|° ° 037 g A
a0 oa ] 3 &
$000°0- . oS g " Gan
d 00+300°0 E S
u oot 50000 0 £ se5%0 , ».aem.wﬂ. Iv'o, 9 % 3l
& "0, AN 2 £0-300° 7 (50
i oooG e = 02 00 S0 : %@W o 4 3 2 |z o 032 nN.cne b3
M %% 2 ¢ & w S o a wi, | 023 ©
S %, %2 & = ¢ & 8 g3 - ‘o
s 2\ 83y N ( 2N b (/3548 FECR' S % &
8/ o g St Ma\e| ¢ w , , m 5 S A8
S/ § = AN g ,, / 3 o g | *
Sg S \ g R\ g s as
g 8 N o PR\ o /el 3 g\
S 2 & ° / \ "% R 4 o2t N
045 N ‘ ¢ £0-300°L ——
— S 7 200" 1 510 —— 1
Qi ———T—0.05— TR P L I E@N —— L1 = VIJ_;Q.MA 1 o.»a 1 3 S ) VR °
@ - o ) © - o © @ - o ° © - o °
o =] =] o o o o o o o o o

ity with AR

le for a cav

d temperature prof

Ines an

Streamli

Figure 1V.6



As it is clear from the last figure that as the width ratio increases, the vortices formed in the middle

of the gap gradually increase to take the shape of a circle. At Ri = 0.01, forced convection

predominates indicating that there are substantial vertical temperature differences. On the other

hand, heat dispersion would be less near the horizontal walls. The AR of the cavity grows from

0.25 to 0.75 without significantly changing the cavity temperature distribution. However, heat

transmission in the cavity starts when the mixed thermal mode reaches Ri = 1, and the thermal

boundary layers vanish. The mode is dominated by natural convection when Ri = 100.

The streamlines and temperature profile of the cavity at AR=1 are shown in the following

figure.
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Rising the concentration of nanoparticles of varying sizes significantly advances the flow, and the
size of the vortices depicted in the figure is larger than those of different AR. This is because the
asymptotes stimulated by natural convection decrease in strength and size as the nanoparticles get
bigger and the dynamic viscosity increases. Figure IV.7 demonstrates that the flow is downward
along the relocating side walls before becoming horizontal in the center zone. While the circulation
near the cavity's center is more significant in relation to the enclosure's boundary due to the
condition of non-slip, it rises gradually until it collides with the upper thermal insulated wall,
transforming it into the horizontal walls, where the greater the number of Richardson produces
higher temperatures.

The streamlines and temperature profile are shown in Figure IV.8 for an AR=2. It can be
noted that the increase in AR, produces an irregular pattern due to the movement of the walls
verticality, and the heat transfer by natural convection becomes more dominant than the
conduction, which is greatly influenced by the decrease in the boundary layer at the level of the
wall hot. This justifies the flow towards each wall where the size of the nanoparticles plays an
important role in heating/cooling the package, which leads to an increase in heat transfer.
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Figure 1V.8: Streamlines and temperature profile for a cavity with AR=2.

IV.5. Evolutions of average number of Nusselt

IV.5.1. Influence of Richardson number on the average Nusselt number
Figure 1V.9 presents the bottom (hot) wall average Nusselt number for Ag-H20 nanofluid

with various Ri, AR and (o).
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Figure IV.9: Average Nusselt number at the bottom for various Aspect Ratio, (a) AR=0.25,
(b) AR=0.5, (c) AR=0.75, (d) AR=1, (e) AR=2.

The difference can be observed between the pure fluid and the nanofluids, as the increase in the
volume fraction of nanoparticles increases the thermal conductivity and thus increases the average
Nusselt number, which is inversely related to the Ri. This is due to the high speed of the moving

vertical walls and, therefore, higher shear strength.

IV.5.2. Influence of Aspect Ratio on the average Nusselt number

Figure 1V.10 allows us to better compare Nuavg with AR for each Ri.
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Figure IV.10: Average Nisselt number at the bottom for various Richardson numbers, (a) Ri=0.1,
(b) Ri=1, (c) Ri=10, (d) Ri=100.

We can notice that the rise in the volume fraction nanoparticles increases the rate of heat transfer
and also with the increase in the Aspect Ratio the Nuayg number increases; that is, the maximum
heat transfer occurs at AR = 2 and minimum at AR = 0.25.

IVV.5.3. Influence of nanoparticles on the average Nusselt number
Figure IV.11.a shows the average Niisselt number at Ri=0.1, AR=1 and Gr=10* for different

(¢) and nanoparticles with cylindrical form.
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Figure I'V.11: Average Nisselt number at the bottom for various nanoparticles at Ri=0.1

and AR=1, (a) average Nusselt number, (b) percentage of increase.

Figure IV.11.b reports the percentage of increase of all nanoparticles in heat transfer. The average
Nisselt number is greatest for copper nanoparticles and least for titanium oxide nanoparticles; this
reason is due to the thermophysical properties of all particles. In addition, the nanoparticles



composed of titanium oxide TiO had the lowest heat transfer rate where the ratio was close to the

transfer of nanoparticles copper Cu and silver Ag.

IV.5.4. Effect of base fluid on the average Nusselt number

Figure 1V.12.a shows the average Nusselt number for (Ag-H20O/EG) nanofluid for different
(p) and Ri at AR =1 and Gr = 10% as the average Nusselt number increases with increasing (o)
and decreases with increasing Ri. Figure 1VV.12.b represents the average Nisselt number for two
nanofluids (Ag-H-O/EG) and (ag-H-0) for Ri = 0.1 and AR = 1; it appears from the figure that the
nanofluid (Ag-H20/EG) increased in the heat transfer rate compared to the Ag-H20 nanofluid, and

this is due to the basic physical properties of the first nanofluid.
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Figure IV.12: Average Nusselt number at the bottom for various nanofluid at AR=1, (a)
average Nusselt number for (H2O/EG-Ag), (b) comparison of the Nusselt number of
nanofluid H.O/EG-Ag and nanofluid (H20-Ag).

IV.5.5. Effect of Grashof number on the average Nusselt number

Figure 1V.13 shows the effect of the Grashof number on the average Nisselt number for
Ag-H20 nanofluid and different Richardson numbers at AR = 1 and ¢ = 0.04. It can be seen from
the figure that the average Nisselt number increases with the increase in the Grashof number, and

this reason is due to the increase in the acceleration of the movement of the nanofluid and thus the

increase in the transfer of natural convection.
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Figure IV.13: Average Nusselt number at the bottom wall for various Gr at AR=1 and ¢=0.04.

IV.5.6. Effect of sinusoidal thermal amplitude on the average Nusselt
number

The following figure shows the average Nisselt number for different thermal sinusoidal

amplitudes and Richardson numbers at AR =1, ¢ = 0.04 and Gr = 10*.
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Figure 1V.14: Average Nisselt number at the bottom wall for various thermal sinusoidal
amplitudes at AR=1, ¢=0.04 and Gr=10*.



The average Nusselt number increases with an increase in thermal sinusoidal amplitudes due to an

increase in the hot temperature of the bottom wall.

IVV.5.7. Effect of direction of velocity in double-lid driven on the average

Nusselt number

The following figure shows the average Nusselt number for the direction of double-lid
driven in the cavity for different (¢) at Ri = 0.1, AR = 1 and Gr = 10*. Where it is noted from the
figure that the average Nusselt number increases with the movement of the vertical walls downward

and this is due to the fluid flow with Archimedes force
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Figure IV.15: Average Nusselt number at the bottom wall for direction of velocity in double-lid
driven at Ri=0.1, AR=1 and Gr=10%

IV.6. Conclusion

This chapter deals with numerical simulations for various Aspect Ratios, volume fractions
of nanoparticles, nanofluids, Richardson numbers, Grashof numbers, and thermal amplitudes.
Initially, a study was presented for the stability of the mesh; this last was considered stable if the

residuals of the governing equations converged to a small value. Then, results validation with



previous literature was performed. This helped to ensure that the numerical simulations were
accurate and reliable.

The effect of streamlines and temperature profiles inside the cavity was also clarified to visualize
the flow and heat transfer. It was found that the addition of nanoparticles in the base fluid improves
heat transfer, and that copper nanoparticles have relatively the highest heat transfer rate. Also, the
Aspect Ratio plays an important role in heat transfer to reduce energy consumption. The results

can be used to design and optimize heat transfer systems.



“The theory is whes yow know
Practice iy whesv everything
works and no-one knows why.

Here we hawe brought together
theory and practice: Nothing
works:.. and no-one knows why! ”
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Abstract:

In this thesis, a two-dimensional numerical simulation was performed to study mixed
convection in a nanofluid-filled cavity where vertical walls move up and down at a uniform
speed, and are kept at a lower temperature. The upper wall has been thermally insulated, and

the lower wall is heated according to a sinusoidal evolution.

The Finite Volume Method was used to solve the governing equations of the phenomenon and
the thermal conductivity of the nanofluid was calculated by applying Maxwell's model, and the

effective dynamic viscosity was determined using the Brinkmann model.

The results were obtained following the modification of several parameters such as the
Richardson number (10-1-10%), the Aspect Ratio (0.25-2) of the cavity, Grashof number
(103-105), nanofluids with different volume fractions of nanoparticles (0-8%), and thermal

amplitudes ranging from (0.25-1).

It was found from the obtained results that the addition of nanoparticles in the base fluid
improves heat transfer, and that copper nanoparticles have relatively the highest heat transfer
rate. Also, the Aspect Ratio plays an important role in heat transfer to reduce energy

consumption.

Keywords: Mixed convection, Cavity, Nanofluid, Nanoparticles, FVM, CFD.



t ko

Ll all (o ,l yadl Jaadl dl jal sl 4005 dpaac BlSkaa ¢l ja) &5 da g kY 028 b

eV e ati 4 gaall Ol paadl CilS Eua A LT ) sall (e el o5l a3 ot

Dl Ll Lloa gstadl Jlaall J3e &3 LS il 550 da oy 8 ge de pu Jind )
Llials andind o5 el

Al yall Agdia all il 2355 aUal AaSIall i abaall Jad 3 gasall anall 48l aladin) o

Gk oo Aladl) 30l da 55l Clas o5 LS oy guSle 23 sad aladinly (5 5301 ailall
(OS2 3 gl aladiiu)

FEA ‘(102-10'1) G Ui ) 2ae Jie Glalas 320 ot i & e J pasl)
Clapall alaal sy 45550 &3l g0 ¢(10%-10%) ol e 232 ((2-0.25) glii 20 a2l
(1-0.25) O s 52 sl gLl s «(%8-0)

) ald) 8 4 ) Clapual) dila) o)) Lale Jsandl 23 ) bl (e o Gaa
Bl dai 8 A el Ld Gl Al 4 g3l Cilapaad) G LS 63l jadl JUED) (e Cpuany
aall 2, gl w00 gl aladiios) Sy 5 Bl padl a5 8 Lagae 1y 90 andi g 15 )3 (2 el A ()
AUl i (e

e;;j\c\s..))k ¢dg 930 Cilavs cdyb@u cc.a).qg_q:a);.a cLLMLﬁJ\);dAA.:\:\AmA&LdS
.CFD ¢(FVM) 2 s3sall



Résumé :

Dans cette these, une simulation numérique bidimensionnelle a été réalisée pour étudier
la convection mixte dans une cavité remplie de nanofluides ou les parois verticales se déplacent
de haut en bas a une vitesse uniforme, et sont maintenues a une température plus basse. La paroi
supérieure a été isolée thermiquement, et la paroi inférieure est chauffée selon une évolution

sinusoidale.

La Méthode des Volumes Finis a été utilisée pour résoudre les équations gouvernantes du
phénomene et la conductivité thermique du nanofluide a été calculée en appliquant le modele
de Maxwell, et la viscosité¢ dynamique effective a ét¢ déterminée a l'aide du modele de

Brinkmann.

Les résultats ont ¢té obtenus suite a la modification de plusieurs parametres tels que le nombre
de Richardson (10-1-102), le rapport d’aspect (0.25-2) de la cavité, le nombre de Grashof
(103-105), les nanofluides avec différentes fractions volumiques de nanoparticules (0-8%), et les

amplitudes thermiques allant de (0.25-1).

Il a été constaté a partir des résultats obtenus que 1'ajout de nanoparticules dans le fluide de base
améliore le transfert de chaleur, et que les nanoparticules de cuivre avaient relativement le taux
de transfert de chaleur le plus élevé. Aussi, le rapport d'aspect joue un role important dans le

transfert de chaleur pour réduire la consommation d'énergie.

Mots clés : Convection mixte, Cavité, Nanofluide, Nanoparticule, MVF, CFD.
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