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Abstract

ABSTRACT

In this work, we present the study of natural convection heat transfer with nanofluid inside
inclined two-dimensional porous medium enclosure influenced by external magnetic field.
The Dupuit Darcy model has been used to describe the fluid flow inside the porous medium,
for analysing the departure from the linear Darcy situation. The enclosure bounded by
differentially heated vertical walls, and the horizontal ones kept adiabatic. The governing
equations have been solved together with boundary conditions using the finite difference
method with uniform grid size mesh by an implemented FORTRAN code.

Two applications have been performed, where the dependency of the fluid flow and the heat
transfer rate on Raleigh number (R, ); nanoparticles volume fraction (4); Hartman number
(Ha); inertial effect parameter (G ); porosity of the porous medium (&), inclination angle
of the cavity (»)and inclination angle of the magnetic field (£)is analysed.

The first application performed for the Copper-Water (Cu-Water) nanofluid saturated
Aluminium foam porous medium. The main findings are: the increasing of inertial effect
parameter reduces the intensity of convection, and the conduction mode is dominated for the
high value of inertial effect parameter. Furthermore, the increasing of nanoparticles volume
fraction has a negative effect on convection intensity due to the increases of dynamic
viscosity.

The second application performed for Single Wall Carbon Nanotube —Water (SWCNT-
Water) and Aluminum oxide-Water (Al,Os- Water) saturated the porous medium under the
effect of external magnetic field. The main findings are : the increasing of SWCNT
concentration enhances significantly the convection intensity until a threshold value of
Rayleigh number due to the increase of dynamic viscosity. The increase of inertial effect
parameter and the Hartman number reduces the fluid flow and the convection strength, and
the conduction mode is dominated for the high value for the both parameters. Furthermore,
the heating of the cavity by the left vertical walls produces better fluid flow and convection
strength for Hartman number more than 2. The inclination angle & =45°0f the magnetic
field represents the best for fluid flow strength and heat transfer rate regardless the Hartman
and Rayleigh numbers.

Key words: Free convection, Nanofluid, Porous media, Magnetic field, Inertial effect
parameter, Dupuit-Darcy model.
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Abstract

RESUME

Dans ce travail, nous présentons I'étude du transfert de chaleur par convection naturelle avec
des nanofluides a I'intérieur d'une enceinte de milieu poreux bidimensionnelle inclinée
influencée par un champ magnétique externe. Le modele Dupuit Darcy a été utilisé pour
décrire I'écoulement de fluide a I'intérieur du milieu poreux, pour analyser I'écart par rapport
a la situation linfaire de Darcy. L'enceinte délimitée par des parois verticales
différentiellement chauffées, et les horizontales maintenues adiabatiques. Les équations
gouvernantes ont été résolues ainsi que les conditions aux limites en utilisant la méthode des
différences finies avec un maillage de taille de grille uniforme par un code FORTRAN
implémentg.

Deux applications ont été réalisées, ot la dépendance de I'écoulement du fluide et du taux de
transfert de chaleur sur le nombre de Raleigh (R, ); fraction volumique de nanoparticules
(¢); nombre de Hartman (Ha); paramétre d'effet inertiel (G); la porosité du milieu
poreux (s), l'angle d'inclinaison de la cavité (,)et l'angle d'inclinaison du champ
magnétique (&) sont analysés.

La premiére application a été réalisée pour le milieu poreux en mousse d'aluminium saturé
avec le nanofluide Cuivre-Eau (Cu-Eau). Les principales conclusions sont les suivantes :
'augmentation du parameétre d'effet inertiel réduit I'intensité de la convection et le mode de
conduction est dominé pour la valeur élevée du paramétre d'effet inertiel. De plus,
'augmentation de la fraction volumique des nanoparticules a un effet négatif sur I'intensité de
convection en raison de I'augmentation de la viscosité dynamique.

La deuxieme application a été réalisée pour les nanotubes de carbone & paroi unique - eau
(SWCNT - eau) et L'oxyde d'aluminium-eau (Al,O-eau) saturés le milieu poreux sous I'effet
du champ magnétique externe. Les principales conclusions sont les suivantes : I'augmentation
de la concentration en SWCNT améliore considérablement I'intensité de convection jusqu'a
une valeur seuil du nombre de Rayleigh en raison de l'augmentation de la viscosité
dynamique. L'augmentation du paramétre d'effet inertiel et du nombre de Hartman réduit
'intensité de I'écoulement et de la convection, et le mode de conduction est dominée pour les
valeurs élevées pour les deux parameétres. En outre, le chauffage de la cavité par les parois
verticales gauches produit une meilleure intensité d’écoulement de fluide et de la convection
pour le nombre Hartman supérieur a 2. L'angle d'inclinaison du champ magnétique & = 45°




Abstract

représente le meilleur pour l'intensité de I'tcoulement du fluide et le taux de transfert de
chaleur quels que soient les nombres de Hartman et Rayleigh.
Mots clés: Convection libre, Nanofluide, Milieux poreux, Champ magnétique, Paramétre
d'effet inertiel, Modéle de Dupuit-Darcy.
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Abbreviations and nomenclature

. Time (5)

o Electrical conductivity (tm)

o Electrical potential (V)

g, Permittivity (or dielectric constant) (farad per meter (F.m))
¢ Porosity

Subscript

0 Reference value

C Cold

f Fluid

h Hot

max Maximum value

nf Nanofluid
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X,y Component of a vector quantity
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G Parameter that measures the inertial effects
¢ Time

UV Velocity components
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General Introduction

General Introduction

The reduction of energy consumption, as well as the control of energies, constituting one of

the major challenges of our society. The main sources of energy today are fossil fuels (oil and
coal for example) with an increasingly limited stock therefore more and more expensive. Our
energy consumption is such that the induced pollution is high, with in particular a very large
amount of greenhouse gases released into the atmosphere. It is therefore necessary to control
energy consumption and develop other sources of energy, in particular so-called renewable
energies, which in recent years, have developed considerably (at least in rich countries).
However, today, the power supplied by such sources is too far to ensure sufficient energy
consumption. For example, it is still very expensive to ensure the energy independence of a
building with solar panels.
Therefore, in order to optimize these systems, it becomes important to know the convection
flows (natural or mixed) induced by heating or air conditioning. Natural convection refers to
the process of heat transfer resulting from the movement of elementary particles of a fluid
between areas with different temperatures. This movement causes the fluid particles to mix,
which exchange energy and the amount of movement between them. Unlike forced convection,
the movement of the fluid of which is due to an external energy supply, natural convection
originates from variations in the density within the fluid itself, linked to variations in its
temperature. The structure and intensity of natural convection are directly related to the
external thermal stresses that trigger it, the nature of the fluid and the geometry of the space
where the process takes place. The technological importance of natural convection is confirmed
by the exploitation of this phenomenon in fields as numerous as different such as metallurgy,
building, cooling of nuclear reactors, cooling of electronic circuits and transformers.
Furthermore, researchers have become increasingly interested in the problems of heat transfer
induced by natural convection within a confined medium (fluid medium or porous medium
saturated by a fluid).

Finding out the more suitable heat transfer fluid in industrial applications is an important
concern for researchers and engineers. Since the Maxwell’s theories in 1873, they attempted to
break the limitation against enhancing the conventional fluids thermal conductivity by
dispersing millimetre or micrometre sized particles in liquid, but the major problem recorded




General Introduction

by this technique is the rapid sedimentation of those particles in the fluid and the erosion of
equipment working with those type of fluids. During the last two decades, nanotehnology has
made a considerable progress. It represents the fifth technology revolution in history after the
steam engine in the late 1700s; steel, electricity and railway in the late 1800s; cars, chemicals
and mass production in the early 1900s and computers in the mid-1900s. With the
implementation of nanotechnology, the dispersion of nanosized solid particules of size below
100nm in traditional base fluid such as water, il and ethylene glycol and the so called nanofluid
can be realized. The nanofluid thermo physical properties as specific gravity, density, viscosity,
convective heat transfer coefficient and electrical conductivity can be significantly improved
compared to the base fluid to subsequently improve the overall thermal and hydrodynamic
behaviour of working fluid. The notable improvement in heat transfer properties of nanofluids
increases their use in various engineering applications such as the cooling of electronic devices,
automotive nuclear reactors, solar thermal energy, thermal energy storage, refrigeration and air
conditioning systems and so on.

1. Objectives of this study

The present work concerns the numerical study of the effect of the addition of nanoparticles
on the behavior of natural convection of a fluid saturating a porous matrix and subjected to an
external magnetic field. The study concerns an inclined square geometric configuration

subjected to two diffferent temperatures T, and T, . Three nanoparticles are used in this study:
Copper (Cu), Aluminum oxide (Al,0;) and Single-Wall Carbon Nanotube (SWCNT), while
the water is used as abase fluid.

An implemented FORTRAN code based on the finite difference method is used for solving
governing equations.

The Dupuit-Darcy model, which includes the effect of inertia for low or large Reynolds flows,
and the Boussinesq approximation were used to model natural convection inside the porous
medium.

Also the Tiwari and Das model for calculating the thermophysical properties of the nanofluids
was used for the nanofluides.
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For SWCNT, the Xue model is used to determine the thermal conductivity of SWCNT-Water
nanofluid. The influence of controling parameters such as ; the Rayleigh number R, , the
inertial effect parameterc, the Hartman numberHa, the volumetric fraction of the
nanoparticles ¢ , the porosity of the porous medium e , the inclination angle of the cavity (y)
and the inclination angle of of the magnetic field () on the intensity of the flow and heat
transfer rate will be discussed for a wide range of basic parameters.

2. Scope of this Study

This thesis consists of five chapters. The first chapter is an introduction to the present
work and a bibliographic search of the previous works found in the literature in this area of
investigation. The second chapter of the thesis is devoted to the definition of the studied
geometry, and the mathematical formulation of the problem, where the basic equations
governing the system and the associated boundary conditions will be presented. All the stages
of the numerical approach (finite difference method) as well as the calculation algorithm used
in this work are presented in the third chapter. The fourth chapter deals with the different
results obtained in this work and their discussions. Finally in the fifth chapter, we showed the
main results found along this study with a general conclusion and future perspectives.




CHAPTER |
GENERALITIES AND STATE
OF THE ART REVIEW



Chapter | Generalities and state of the arts review

CHAPTER |
GENERALITIES ANS STATE OF THE ART REVIEW

1.1 Introduction

In recent years, researchers have become increasingly interested in the problems of heat
transfer induced by natural convection within a confined medium (fluid medium or porous
medium saturated by a fluid). A saturated porous medium is a continuous medium, cohesive
or not, which internally has a fraction of volume accessible to a fluid. This fraction of non-solid
volume, composed of caves, crevices, pores, etc., constitutes what is called the porosity of the
porous medium (Figure 1.1). Porosity is obviously an essential descriptive element of the
medium, however two porous media having the same porosity can have very different
properties. Pores that do not open (blind pores) or occluded can be found in a porous medium;
a porous medium containing both blind pores and more or less interconnected open pores,
may, through these open pores, the fluid can flow. In the complex reality of a porous medium,
parameters such as capillary diameter or porosity are only average global values, it is unable to
translate the complex topology of the actual flow through the medium accurately. In the case
where the empty spaces are filled with the same phase (liquid or gaseous), the porous medium
is said to be saturated with the fluid. Porous media play an important role in many industrial
sectors such as petroleum engineering, chemical engineering, civil engineering, medicine, etc.
Some examples of porous media are illustrated in Figure 1.1,

1.2. General information on porous media

When studying flows in porous media, two scales are essential for the description of
phenomena (Bories 1985). The pore scale, or microscopic scale, is associated with the average
pore diameter d. Within this scale, the local quantities can vary widely. On the porous medium
scale, or macroscopic scale, the variation of physical quantities is defined on average vaues over
a certain volume of porous medium, called representative elementary volume and denoted
RE.V (Figure 1.2).

This macroscopic scale is associated with a geometric dimension of the environment. L, . Let L
the characteristic dimension of the R.E.V. This dimension L must satisfy the following double
inequality;
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d) Glass wool
Figure 1.1: Examples of porous media

The parameters characterizing the porous medium are therefore obtained by taking an
average on the R.E.V. However, in what follows we present a macroscopic definition of these
parameters, which appear in these different empirical models.

The developing phenomena in a porous medium depend on the properties of the fluid and
the geometry of the solid matrix. This is characterized by a certain number of mean, geometric
or statistical quantities. In what follows, we define the different characteristics that appear at
the level of the different empirical models for macroscopic description of flows in porous media.
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Macroscopic scale porous medium L Porous medium at pore scale d
Figure 1.2: lllustration of the intermediate size of the R.E.V between the size of the porous
medium at the macroscopic scale L and at the pore scale d.

« Porosity

The porosity of a porous medium, denoted e, is the ratio of the volume of the pores to the
total volume of the porous matrix.

Pore volume
&= -
Total volume of the porous medium

(L2)

- Permeability

The permeability is the property of a material to transmit a fluid under pressure, the
permeability K depends only on the porosity and the geometry of the solid matrix. Several
evaluations of the permeability K as a function of « and of a characteristic dimension of the
porous matrix at the pore scale have been proposed. The different expressions giving the
permeability depend on the geometry of the porous medium. The value of the permeability is
generally determined experimentally. Several empirical models have been proposed. In
particular, we recall ;

Kozeny-Carman's (1927) relation for an unconsolidated porous medium made up of identical
elements of simple geometry:

K& (13)
36C, (1—¢)
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where d is the characteristic length of the pores or the diameter of the particles and ¢, is a
constant which depends on the shapes of the grains. It is between 3.6 and 5.

Ergun’s (1952) relation, similar to the above equation when considering the unidirectional flow
of an incompressible fluid within a porous column made up of spherical particles of diameter
d and the column is subjected to a pressure gradient.
ded

150(1-e) (L9
This relation is similar to that of Kozeny-Carman for the value of C,=4.16. When we model
the porous matrix as a bundle of parallel capillary tubes leads to the following expression of
permeability:

2 07
K=¢ 5 (15)

where & =nzd?/4and n is the number of capillaries per unit area perpendicular to the
direction of flow.

« Tortuosity

The description of the pore geometry involves the notion of connectivity, corresponding to the
complexity of a continuous path through the pore space. It is also necessary to take into account
the "dead arms" which are numerous in low porous and very heterogeneous environments. To

describe these different aspects, we introduce the parameter  designating the tortuosity, which
we define as follows :

r:(%]z (16)

where L, is the real length of the fluid contour lines crossing a sample of length L from a
porous medium, modeled as a network of parallel or wavy capillaries. This report plays an
important role in diffusion issues.

1.2.1. Flow models in porous media

Due to the geometrical complexity of the pore space, the approach of the mechanics of
continuous media to establish the models of conservation of momentum, energy and mass, can
only be applied after passing to a macroscopic scale which allows to establish an equivalence
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between the real dispersed medium and a fictitious continuous medium. The establishment of
macroscopic conservation equations is formally obtained from microscopic equations. The first
model was proposed by Darcy (1856).

1.2.1.1. Darcy's law

The theory of flows in porous media is based on the results of experiments carried out by Darcy
(1856). Darcy's experiment consists in measuring a flow rate and a load gradient which make
it possible to calculate a permeability with the formula (1.10). This experience was initially
developed for sands or inconsistent materials. The sample is in a tube of radius R, and subjected
to a load gradient due to the difference in water height, for the two upstream and downstream
reservoirs, the levels of which are kept constant. The flow direction is opposite to the load
gradient. This load gradient can also be determined by measuring the difference in water height

(Ah) in two piezometric tubes distant from L (Figure 1.3).

— by

X

Figure 1.3: Device for measuring permeability on consolidated material.

The filter fluid flows from the upper level to the base of the column through the porous layer
and rises in the pressure tubes at decreasing levels in the direction of flow. The piezometric
height decreases linearly as a function of the vertical traveled distance; the slope of the
piezometric line measures the linear pressure drop:
_ho—hy
L
If the porous medium is fine enough, experience shows that the flow rate of the device is
proportional to the slope of this straight line as long as it is not too steep; with the usual sign
convention, we have the equation:

J (L7)

8
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Q=K (19)

where K is a constant which depends on both the fluid and the porous medium.

If, instead of reasoning in manometric height, we write the previous law in terms of pressure
We obtain;

A h
The permeability can be considered as significant of the surface usable for the flow; it depends

on the geometry of the porous medium. Darcy's law, and therefore permeability is defined for
|laminar flow conditions in a homogeneous, isotropic and continuous medium; the fluid does
not interact with the medium. We define the hydraulic conductivity k; or coefficient of
permeability, such as:

ngz_k(Pz—Pﬁpghj (L9)

k= (L10)

where k is the hydraulic conductivity which is a characteristic of the flow conditions in a given
material for a given fluid,

The previous scalar expression is then replaced by a following vector relation:
V--X(vp-g) (L11)

\%

where K is the permeability and v the kinematic viscosity of the fluid.

This law is only valid for flows at low speeds and for media with relatively small porosity. If
the imposed temperature differences are not too great, the fluid velocities are low enough for
the flows to be considered Darcyens. The value of the Reynolds number is used as a criterion
to characterize the transition from a laminar flow regime of the Darcy type to a laminar regime
of the Dupuit type. For this we defined a Reynolds number of pores for the flows in porous
medium. By defining d as the characteristic length, which represents the characteristic
dimension of the pores, the Reynolds number is written:

Re=v 3 (L12)

\%

In order to determine characteristic length d, Collins (1961) proposed the expression
d =/K /¢ whereas Ward (1964) rather suggested that d =~/K whatever is the porosity.

9
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Depending on the value of the pore Reynolds number, Bear (1972) distinguishes three flow
regimes. Dybbs and Edwards (1984), using velocity measurements, distinguish several flow
regimes which can be classified as follows

For pore Reynolds numbers less than 1, the flow regime is laminar, the viscous forces are
predominant and Darcy's law is applicable.

When Re is between 1 and 10, the boundary layers at the level of the solid walls of the pores
develop. Outside these boundary layers, an inertial flow regime appears. The inertia forces then
become significant and there is no longer any proportionality between the pressure gradient
and the filtration speed: Darcy's law is no longer applicable. This steady laminar flow regime
persists up to a Reynolds number of around 150.

For pore Reynolds numbers between 150 and 300, an unsteady laminar flow regime develops.
This regime is first of all oscillatory resulting from the superposition of several distinct period
and amplitude modes.

Beyond Re in the order of 300, the flow regime hecomes chaotic, and has the characteristics of
a turbulent flow.

1.2.1.2. Dupuit-Darcy's law

The Dupuit-Darcy formulation (1863) has been verified for flows of the Reynolds number (Re>
1). This formulation introduces a term of drag of shape of the porous matrix, which is a
quadratic term of the speed considered falsely recognized as a term of inertia in the previous
studies; the term is very answered among the scientific community under the name of
Forchheimer (1901) or term of inertia.

The general compact form of Dupuit-Darcy's law, including the body force for flows in isotropic
porous media, is given by:

C
VP'= —%v = pKl,D; V|V - pg (113)

where P is the pressue, v * the infiltration velocity vector, . the dynamic viscosity of the
fluid, o fluid density K permeability of the porous matrix, g is the acceleration of gravity
and C .. is a coefficient independent of the flow and properties of fluids, but it depends on the
regime and behavior of the flow through the geometry of the porous matrix, as well as on the

10
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shape and the size of the grains of the porous medium. In other words, the coefficient of C .
is directly linked to the coefficient of the form drag (pressure) of a grain or of the elementary
porous solid which delimits the pores within the solid porous matrix. From the hydrodynamic
and aerodynamic point of view, a viscous flow around a submerged grain induces a drag force,
called profile drag whose coefficient,C, =C,, +C,, is the sum of the coefficient of the
viscous drag C,, (related to Darcy) and the drag coefficient C . (related to Dupuit). For
any Reynolds number the viscous drag is always present, but the shape drag or the pressure
drag depends on the behavior of the flow around the grain if it is attached or separated. If the
flow is attached, at a very low Reynolds number, the recovery of the pressure gradient around
the grain occurs and the shape drag is close to zero and the viscous drag is dominant. However,
for a relatively high Reynolds number and due to the non-kernel shape of the grain, the flow
separates and the shape drag becomes significant and overcomes the viscous drag. In a porous
matrix, one grain is surrounded by others and the “individual grain" form drag takes into
account the mutual hydrodynamic / aerodynamic interference between the grains. Then a grain
i subjected to a very complex upstream flow and the coefficient of the force of the form drag
Coe strongly depends on the shape of the grain and the Reynolds number which influences
the behavior of the flow. Thus, it cannot be considered as a universal constant, susceptible for
a solid sphere where the coefficient of the form drag (beyond Stokes flow regime) is a function

of the Reynolds number. Overall, the coefficient of drag C . depends on the size and shape
of the grains of the porous matrix as well as the behavior of the flow.

1.2.1.3.Darcy-Brinkaman's law

Brinkman (1947) further generalized Darcy's law by introducing a term equivalent to the term
viscous dissipation in the stokes law.

AP':—%V 1,V '+ pg (1.14)
This empirical law is known as the Darcy-Brinkman formulation, which is highly useful in the
case of high porosity. The first term to the right of the above equation containing the viscosity

1 is the Darcy term and the second containing the effective viscosity is called the Brinkman
term. The difficulty in using this model lies in the evaluation of the equivalent viscosity of the

medium £ . Indeed, this quantity is a function not only of the porosity of the medium but also

"
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of its geometry (tortuosity). Brinkman has equated the equivalent viscosity of the medium with

that of the fluid (2 =4). This approximation has been experimentally proven and is in
agreement with the work of Neal and Nader (1974) and Beckerman and Viskanta (1988).
Brinkman's model thus allows the non-slip condition to be imposed on the filtration speed
field, at the level of the impermeable walls.

1.2.1.4 .General model

We generalize the last three equations by introducing a transitory term and the convective term
(v *wVv ), which leads to the following equation:

pN' p o, : My, + PCoe /iy
ZE+?(v VV')=-VP'+ pg Y + 1,V - Kl,D2F|V v (L.15)

This equation is equivalent to the Navier-Stokes equation from the momentum balance in a
fluid medium. It should also be noted that the complexity of a flow in a porous medium can
be the result of the effects of drag and viscosity, and of a significant variation of the porosity at
the level of the walls.

1.3 General information on nanofluids

In the case of heat transfer fluids, one of the first parameters to take into account in order to
assess the heat exchange potential is the thermal conductivity. However, the most widely used
fluids such as water, oil or ethylene glycol (EG) have only a low thermal conductivity compared
to that of crystalline solids.

Finding the most suitable heat transfer fluid in industrial applications is an important concern
for researchers and engineers. Since Maxwell's theories in 1873, they have tried to break the
limitation against improving the thermal conductivity of conventional fluids by dispersing
particles of millimeter or micrometric size in liquid. But the major problem recorded by this
technique is the fast sedimentation of these particles in the fluid and the erosion of equipment
operating with those types of fluids, Haddad et al. (2012). Nanotehnology has made
considerable progress in the past two decades. It represents the fifth technological revolution
in history after the steam engine in the late 1700s; steel, electricity and railways in the late
1800s; cars, chemicals and mass production in the early 1900s; and computers in the mid-1900s
Khan et al. (2018). With the implementation of nanotechnology, the dispersion of nanometric

”
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solid particles smaller than 100 nm in a traditional base fluid such as water, oil and ethylene
glycol and the so-called nanofluid can be achieved . The thermo-physical properties of
nanofluids such as density, viscosity, thermal conductivity and electrical conductivity can be
considerably improved compared to the basic fluid to further improve the overall thermal and
hydrodynamic behavior of the fluid. Figure 1.4 shows the difference between the thermal
conductivity of liquids, including water and oil, with certain solids such as ceramic, metals and
graphene (known as semi-metal), Mahian et al. (2018) . Some solids like graphene have very
high thermal conductivity (thousands of times higher than liquids), making it a suitable option
for use in thermal systems. The significant improvement in the heat transfer properties of
nanofluids increases their use in various engineering applications such as the cooling of
electronic devices, automotive nuclear reactors, solar thermal energy, thermal energy storage,
systems refrigeration and air conditioning, etc.

Heat Transfer Fluids Ceramics Metals Carbon

AI min Aluminium Copper Graphene

-:l ;IZ_

40 ‘120 240 400 3000-5000

Thermal Conductivity (W/m.K)

Figure 1.4: Thermal conductivity of some common liquids and solids, the high thermal
conductivity of solids gives the idea to mix them with liquids to enhance the effective thermal
conductivity Mahian et al. (2018)

In 1993, Masuda et al. have measured the thermal conductivity and the viscosity of three water-
based suspensions with different containing nanoparticles of Al203, TiO2 and SiO2 (particles
of size between 1 and 100 nm). They reported that the thermal conductivity and viscosity of
water become higher than before by adding nanoparticles. Then, "Choi (1995)" is the first to
use the term nanofluid to designate the fluid with nanoparticles in suspension. In addition,
Choi et al. (2001), have shown that the thermal conductivity of conventional heat transfer fluid
can be increased approximately twice by adding a small amount of nanoparticles (less than 1%
by volume).
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Figure 1.5. Comparison between sizes of carbon nanotubes as a typical nanoparticle with
other elements, Mahian et al. (2018)

Figure 1.5 compares the diameter of typical carbon nanotubes to the size of some well-known
things such as an ant and a single grain of salt to better visualize the size of a nanoparticle. As
we can see, the diameter of a carbon nanotube can be 1 million times smaller than that of a
single grain of salt.

It should be mentioned that nanofluids are not prepared simply by adding nanoparticles to
water or oil and stirring the mixture, as for mixing sugar and tea, but the formation of a
nanofluid rather requires special physical and chemical processes to produce a uniform and
efficient dispersion of particles for long-term applications.

Stirmig {Magetic or overhead)

Uhrasonic (Probe o bath)

Namoparticles

' -

Nanofaids

J B, Consalint fmetomnlimtion
Ba.‘.! F]uhl

Mon-Covalent frosctioalization

Figure 1.6. The preparation of nanofluids does not only consist in mixing nanoparticles and a
liquid, but special physical and chemical techniques are necessary to have a stable nanofluid,
Mahian et al. (2018)
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The use of surfactant (non-covalent functionalization), the functionalization of nanoparticles,
pH control and sonication are some of the main approaches to increase the stability of
nanofluids, Ghadimi (2011).

Figure 1.6 shows the main physical and chemical approaches that could be used to prepare
stable nanofluids. The most suitable method for preparing stable nanofluids is determined
according to the type of nanoparticles and the choice of base liquid.

Factors to consider when selecting nanomaterials when preparing nanofluids for heat transfer
applications are: chemical stability, thermophysical properties, toxicity, availability,
compatibility with base fluid and cost. The most used nanoparticles used for the formulation
of nanofluids are aluminum (Al), copper (Cu), silver (Ag), iron (Fe), titanium (Ti), silicon (Si),
zinc (Zn), magnesium (Mg), carbon nanotubes (CNT), graphene, graphene oxide and
diamond. The basic fluids used for the formulation of nanofluids are water, ethylene glycol
(EG), EG - H20 mixtures and oils, ALI et al. (2018).

Basefluid

Nanoparticles
material

thermal
conductivity

Nanoparticle
Nanofluid
effective
thermal
conductivity

Nanoparticle
concentration

Figure 1.7. Parameters influencing the effective thermal conductivity of nanofluids Ali et al.
(2018).
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The term "effective” was introduced to describe the thermophysical property of nanofluids and
to differentiate between the thermophysical properties of the base fluid itself and the newly
formed fluid which consists of the base fluid and its dispersed nanoparticles [13 ]. Figure 1.7
shows the main parameters that influence the effective thermal conductivity of any nanofluid,
ALl et al. (2018).

1.3.1 Suitable applications for nanofluids

In most applications in which conventional fluids are used such as for cooling or heating,
nanofluids can be used to replace single-phase fluids. Nanofluids can be used in solar collectors
and photovoltaic systems, car radiators, refrigerators, boilers, drug delivery, cooling of electronic
equipment, lubrication of components, heating and cooling of buildings, desalination, CO2
absorption, porous media, agrospace, oil recovery and all types liquid-based heat exchanger.
Figure 1.8 provides an overview of the primary applications of nanofluids.

Heating - #nd Cocling of Buldings

Figure 1.8. Some applications of nanofluids Mahian et al. (2018)

1.3.2 Advantages and disadvantages of nanofluids

Generally, by using a nanofluid, the heat exchange rate in thermal systems is improved due to
the higher thermal conductivity of the nanofluids compared to the base fluid. Therefore, to
transfer a specified heat value, the size of a thermal system can be reduced by using nanofluids
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to improve the rate of heat transfer, which implies a more compact system and a saving in
weight and expense. In comparison with microfluids, nanofluids have higher stability and a
better ability to improve thermal conduction. On the other hand, nanofluids have certain
disadvantages, which can be listed as follows Mahian et al. (2018).

» Nanofluids have a relatively high production cost.

o Preserving nanofluids for long-term use without aggregation and sedimentation of
nanoparticles is a challenge.

» The higher viscosity of nanofluids compared to base fluids, which leads to an increase in
the pumping power required and increases the rate of heating by friction.

* The use of nanofluids can increase the corrosion and erosion rates of components that
come into contact with nanofluids.

1.3.3 Transport equations for nanofluids

Taking into account the transport equations mentioned for conventional liquids, the main
approaches for modeling the flow of nanofluids, can be classified as single-phase or two-phase
approaches.

1.3.3.1 Single-phase approaches

A nanofluid is intrinsically a two-phase fluid (solid-liquid); however, for numerical simulations
under certain conditions, certain appropriate assumptions can be made to model nanofluids as
single-phase fluids.

In single-phase models, the governing equations are only solved for an efficient liquid phase.
Single-phase models can be divided into three main approaches, including homogeneous,
thermal dispersion and Buongiorno models.

1.3.3.2 Two-phase approaches

Nanofluids act as two-phase fluids. In two-phase approaches, the base liquid and the
nanoparticles are modeled in two individual phases with different velocities and different
temperatures, so that the particles can move relative to the base fluid (the relative velocity of
the particles through a fluid is called the sliding velocity particle, although it is not related to
the boundary condition without sliding). Although two-phase approaches can obtain more
realistic results by considering the movement between the fluid and the nanoparticles, they

"
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require longer simulation times for simulation and the models are more complex. Figure 1.9
presents the main approaches for modelling the flow of nanofluids, which can be classified as
single-phase or two-phase approaches.

1.4. General information on magnetohydrodynamics (MHD)

Magnetohydrodynamic (MHD) (magnetofluid dynamics or hydromagnetics) is the study of the
dynamics of electrically conducting fluids. Such as, fluids include liquid metals, plasmas, and
salt electrolytes or water. Magnetohydrodynamic word is derived from the words magneto
(meaning magnetic field), hydro (meaning liquid), and -dynamic (meaning movement). The
field of MHD was initiated by Hannes Alfven (1942), for which he received the Nobel Prize in
physics in 1970.

Physical models for
Nanofluid flow
|
| |
Singl&l’]nse Two-Phase
| ’ | ——
Homogeneous Thermal Buonsiomo Eulerian- Eulerian-
dlspexsmn B —— Eulerian Lagrangian
i Mixture
— Thermal independent properties
—  Volume Of Fluid
— Eulerian

Figure 1.9. Main approaches for modeling the flow of nanofluids Mahian et al. (2018)

The fundamental concept behind MHD is that magnetic fields can induce currents in a moving
conductive fluid, which in turn creates forces on the fluid and changes the magnetic field itself
(Figure. 1.10).

18



Chapter | Generalities and state of the arts review

Equations that describe MHD are a combination of the Navier—Stokes equations (fluid
dynamics) and Maxwell's equations (electromagnetism), which have to be solved all together,
analytically or numerically. An MHD flow can differ significantly from an equivalent ordinary
hydrodynamic flow. The movement of the metal particles through magnetic field lines produces
an electric current which interacts with the magnetic field to produce an electromagnetic driving
force (Lorentz force), which opposes the movement of the liquid.

Force on positive

charge =

4 of charges
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Figure 1.10. Induced current in a conductive fluid in the presence of a magnetic field,
Sheikholeslami and Rokni (2017).
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Figure 1.11. (a and b) Effect of the magnetic field on the flow of the conductive fluid; (c) Law
of the right hand. (Blue line: magnetic field, purple line; current, green line: movement.),
Sheikholeslami and Rokni (2017).

Even a weak magnetic field provides enough EM damping force to eliminate turbulence and
instability in most of the movement involved, thereby eliminating many micro-defects in the

.
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crystal. The damping rate will depend on the strength of the applied magnetic field as well as
its orientation with respect to the convective circulation (Bessaih et al., 2003).

Figure 1.11 shows the effect of a magnetic field on the conductive fluid flow. In Figure. 1.11a,
we have a current that flows down the screw and into the magnetic field, moving at an angle
of 90° through the magnet and out from the wire.

This current and magnetic field produce a force that is orthogonal to both forces, causing the
magnet to rotate while it is magnetically attached to the screw. The similar thing occurs in
Figure. 1.11b; however, instead of the force exerted on the magnet, the salt water in which the
magnet is immersed turns because of the resulting force (called Lorentz force) that is applied
to the water and is not applied on the magnet. Fig. 1.11c shows the right-hand side law for
finding out the Lorentz forces direction.

Ther are two hasic physical effects happen in MHD (Figure. 1.12), and understanding them
well is the key to develop physical intuition in MHD subject. The first one is the effect that
appears when a good conductor moves into a magnetic field, which induces an electric current
in the conductor iteself, and creating its own magnetic field follwing Lenz’s law. This induced
magnetic field tends to cancel out the original, externally supported field, thus, effectively
excluding the conductor's magnetic field lines. Inversely, when the magnetic field infiltrates the
conductor and the conductor is taken out of the field, the Induced field reinforces the applied
one. The result is that the lines of force “go with the flow”, they appear to be pulled along with
the conductor. Naturally, the magnetic field distribution is quite complex if a fluid with complex
motions is the conductor and the current will increase until get balanced by Ohmic dissipation

The second basic effect is dynamical. If a conducting fluid motion induces currents through a
magnetic field, a Lorentz force (or j x B) will affect the fluid and change its motion. In
Magnetohydrodynamic, the motion modifies the magnetic field, and the magnetic field in turn
reacts back and modifies the motion, which makes the theory highly nonlinear.

2
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Figure 1.12. The Two-Key Physical Effects Occurring in Magnetohydrodynamic
Sheikholeslami and Rokni (2017).

1.4.1 Lorentz force

The MHD is based on the the Lorentz force law, which states that while a charged particle is
moving in the electromagnetic field, will experience a force that can be explained as

F=q (Jx §j (L16)
Where F is the force acting on charged particle, q is the charge of the particle,  is the velocity
of particle, and & is the magnetic induction.

1.4.2 Faraday’s law

Faraday’s law states that when a charged particle moves through the electromagnetic field, it
experiences a retarding force along with producing voltage (Figure. 1.13).
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Figure 1.13. Relation between the Lorentz Force and Faraday’s Law, Sheikholeslami and
Rokni (2017).
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1.4.3 Maxwell's equations

The electromagnetic field is described through Maxwell’s equations which govern the evolution
of electric and magnetic fields:

B p, VEZ_B V.80 i -1+ 20 (L.17)
Where
B . formally the magnetic flux density, but we shall refer to it as the magnetic field
H : the magnetic field strength
E - the electric field
D the electric displacement
3 the electric current density

p. . the electric charge density

In an isotropic medium (which we shall assume)

B s B Ban (119

Where where «, is the permittivity (or dielectric constant) and .., is the magnetic permeability
of the medium. ¢, and ,,, can be approximated by their values in a vacuum.

1.4.4. The Navier—Stokes equation

The equation governing the flow of a fluid is the Navier—Stokes (or momentum) equation:

p(g—u+(u.v)uj =—Vp+ puV2u +other forces (1.19)
T

where , is the fluid density, u is its velocity, p is the pressure, and » v is the kinematic
viscosity.

When the fluid contains electrical charge o, per unit volume, then there is a force per unit
volume of p, E
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When an electric current density j flows through the fluid, there is a force per unit volume of
i B then the Navier-Stokes equation becomes

p(g_u+(u.v)UJ =-Vp+ puV?u+ p, E+ jx B+ other forces
T

(1.20)
145 Ohm’s law

Ohm’s law states that the total electric current flowing in a conductor is related to the total
electric field. Besies to the field £ acting on a fluid at rest, a moving fluid with velocity u

through a magnetic field B is subject to an additional electric field u x . Ohm's law then
gives

iza[aaxa) (L.21)
where the constant of proportionality o is called the electrical conductivity

1.5. State of the art review

Reducing energy consumption has become the main interest for engineers and researchers
from all the globe for a future energy security and diversity by securing energy sources and in
order to provide answers for the environmental concerns. So as to minimize energy
consumption, efficient and compacted thermal products with improved design need to be
developed. The thermal control, material and energy saving in such a process can be achieved
by enhancing the heat transfer rate using one of the two main techniques, passive or active
technology “Khan et al. (2018),” “Ganji and Malvandi (2016),” “Alam and Kim (2018).” The
enhancement of heat transfer by natural convection has received continuous increase in interest
as an important heat transfer phenomenon because of its numerous advantages such the
absence of need for external power for inducing the convective heat transfer, plus the fact that
no electronic regulation and supply is required and the exclusion of mechanical repair for the
powering systems which reduces the cost and time “M. Ghalambaz (2015).” Researchers are
always looking toward the development of new numerical methods to study and solve the
natural convection in order to design efficient equipment’s “Alkasassheh et al. (2019).”
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Currently, the studies of heat transfer with porous media is gaining growing interest due to
their large use in many engineering applications like heat exchangers, ground water and oil
flow. The convective heat transfer and fluid flow in porous medium have been the subject of
many research papers and have received important consideration. The published papers reached
the rate of one a day due to their wide variety of applications like heat exchangers, solar
technology, cooling electronic devices, chemical catalytic reactors, heat pipe technology, drying
processes and nuclear reactors “Rashidi et al. (2017),” “Nield and Bejan (2017),” “Hoseinzadeh
et al. (2019),” “Buonomo et al. (2019).” The convective flow in porous media literature is
plentiful and typical studies can be found in the following books “Vafai (2015 “Vadasz (2008).”
Ten to thirty trillion Btu of energy per year are saved in the USA since 2008, when nanofluid
started being used as a cooling agent in electric power industry. This resulted in reducing 21000
metric tons of Si0,, 5.6 million metric tons of CO, and 8600 metric tons of NO,. The thermal
conductivity of the particle material, metallic or nonmetalic, such as AlL,O,, CuQ, SiO and TiO
are typically an order of magnitude higher than the base fluids, even at low concentration reset
in significant increases in the heat transfer coefficient “Khan et al. (2018),” “Haddad et al.
(2014),” “Asharafizadeh and Tan (2018),” “Roubort (2008).”

“Choi (1995),” is the first who used the term nanofluid to refer to the fluid with suspended
nanoparticules. In addition, “Choi et al. (2001),” showed that the thermal conductivity of
conventional heat transfer fluid can be increased approximately to two times by the addition of
small amount of nanoparticules (less than 1% by volume).

The literature on the use of nanofluid in heat transfer enhancement, influence of parameters
like particles concentrations, material, size and shape on the thermophysical properties of
nanofluids and on free convection is widespread.

“Sakar (2011),” presented a summary on the correlations developed for heat transfer and
nanofluids characteristics in both forced and free convection flows. He reported that a large
deviation of predicted results for proposed correlations were observed due to strong influence
of particles proportion and nanofluid composition on flow and heat transfer characteristics.
“Raja et al. (2016),” provided an overview of most numerical and experimental research papers
on nanofluids in the literature by considering various parameters which govern nanofluids
characteristics, heat transfer performance and its applications. “Gupta et al. (2017),”
summarized the main results recorded for the improvement in thermophysical properties of
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nanofluids. They considered the influence of important parameters like particuls material,
particuls loading, particuls size, particuls shape, base fluid type, additives and PH values.
“Jabbari et al. (2017),” reviewed and discussed the molecular dynamics studies performed on
the nanofluids thermophysical properties, taking into account the two important factors for
industrial applications: thermal conductivity and shear viscosity. A comprehensive review on
heat transfer characteristics of TiO, nanofluids presented by “Yang and Du (2017).” They have
focused on heat transfer characteristics of TiO, nanofluid and its comprehensive properties
such as sensational dispersity, chemical stability and non-toxicity. “Mikkola et al. (2018),”
conducted an experimental work to examine the nanoparticules properties (ize and thermal
conductivity) of three types of nanoparticules, polysterene, SiO, and Al,O5 on the convection
heat transfer of nanofluids using water as a base fluid. It was found that moderate enhancement
in the thermal conductivity was obtained and small particle sizes is preferable for convective
heat transfer applications. Another experimental work conducted by “Alawi et al. (2018),” where
the thermal conductivity and viscosity of various types of metallic Oxides (Al,0s, CuO, SIO,,
Zn0) were determined for various nanoparticles shapes (blades platelets, cylindrical, bricks and
spherical). They found that the effective thermal conductivity and thermal conductivity ratio of
those nanofluids increase with temperature and concentration, in addition to the increase of
effective viscosity and viscosity ratio with the increase of nanoparticles concentrations. “Vanaki
et al. (2016),” reviewed numerical studies about the convective heat transfer of nanofluids. A
detailed summary presented on the influence of base fluid, nanoparticles types, volume
concentration, size, shape, Brownian diffusion and thermophories effect on hydrodynamic and
thermal characteristics on convective heat transfer using nanofluids. “Mahdi et al. (2015),”
summarized the published papers on the thermophysical properties of nanofluids and the
studies on convective heat transfer in porous media with nanofluids. They concluded that
porous media with nanofluid is highly suited for practical heat transfer process, and it represents
an opportunity for engineers to develop highly compact and effective heat transfer equipments.
Another comprehensive review of “Kasaeian et al. (2017),” looked at the simultaneous
application of nanofluids and porous media for heat transfer enhancement purposes in thermal
systems with different structures, flow regimes and boundary conditions. “Shermet and Pop
(2015),” studied numerically the natural convection flow in a porous concentric horizontal
annulus saturated with water based nanofluid. Their results indicate that the inclusion of
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nanoparticles into pure water changes the flow structure at low values of Rayleigh number.
“Emami et al. (2018),” published a paper about a numerical study on the natural convective
heat transfer inside an inclined square porous cavity filled with Cu-Water nanofluid using the
two phase mixture and Darcy-Brinkman-Forchheimer models. The main result is that the
simultaneous use of nanofluid with porous media in weak convection flow is beneficial, but in
case of strong natural convection fields, it would be unfavourable and decrease the heat transfer
rate. The porous matrix material and porosity were taken into consideration in the studies of
“Sheremet et al. (2015),” “Sheremet et al. (2015),” “Sheremet et al. (2015),” where the free
convection in a square and parallelogrammic cavities filled with nanofluid was analysed. The
reported results as a function of the volume fraction of nanoparticles, porosity, types of the
porous matrix, inclination angle, aspect ratio and different Rayleigh numbers showed that the
presence of the nanoparticles inside the enclosure deteriorates the heat transfer rate due to the
increase of dynamic viscosity because of the presence of nanoparticles. “Raza et al, (2019),”
published a paper where a three-stage Lobatto [11-A formula is used to investigate the effect of
MoS2 nanoparticles shape suspended in water on MHD flow inside a channel that has
expanding walls. They found that the spherical nanoparticles have strong effect on local Nusselt
number compared to the other nanoparticles shapes, in addition to the increase of nanoparticles
volume fraction, which enhances the heat transfer. The natural convection of Cu-water
nanofluid filled a cylindrical annulus heated by two discrete heat sources was presented in the
paper of “Mebarek-Oudina et al. (2019),” the obtained equations resolved by the finite volume
method, they found the that heat transfer increases with the increase of the nanoparticles
volume fraction. “Ghalambaz (2019),” published a paper about the free convection nano-
encapsulated phase change materials (NEPCMS) in a square enclosure which undergoes phase
change from solid to liquid phase. They concluded that globally the use of a NEPCM particles
enhance the heat transfer. They also recorded an increase of dynamic viscosity and a decrease
of hoth sensible heat capacity and buoyancy forces. “Alsabery et al. (2019),” published a
numerical work about the mixed convection of Al,O/water nanofluid and entropy generation
inside a square cavity that resulted from the rotation of cylinder using the Galerkin weighted
residual method. Thy found that the average Nusselt number increases with the increase of
Rayleigh number and volume fraction of nanoparticle. Furthermore, the global entropy
generation increases with the increase of nanoparticles volume fraction the angular rotational
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velocity for the bigger radius of the rotating cylinder used in the study. “Ishak et al. (2019),”
presented a numerical work about the natural convection of Al,O;—water nanofluid filled a
square enclosure heated with heat source from the bottom. They focused on the effect of wall
thickness on the convective heat transfer and the entropy generation using the finite difference
method. They revealed that the wall thickness and thermal conductivity have an important
effect on the heat transfer strength. “Alsabery et al. (2020),” investigated numerically the
transient natural convection of non-Darcy porous annulus saturated with alumina-water
nanofluid between a square cavity confined a solid conductive bulk. The Buongiorno model
was used for taking the slipping of nanoparticles in the base fluid into consideration and the
porous medium was described using the Brinkman-Forchheimer-extended Darcy model. The
finite difference method was used to resolve the obtained equations. They found that the
increase of Darcy number increases the Nusselt number. Also the Nusselt number increases
with the increase of porosity for high Darcy values while no change recorded for low Darcy
number. Furthermore, the Nusselt number reaches its maximum for a given porosity at a critical
value of nanoparticles volume fraction.

During the last years, researchers started working toward the development of a new generation
of nanofluids called hybrid nanofluids, where they working by dispersing dissimilar
nanoparticls as individual constituents or by dispersing nanocomposite particles in the base
fluid instead of using single kind of nanoparticles. “Babu et al. (2017),” reported a state of art
review on those hybrid nanofluids. Also, “Ghalambaz (2019),” investigated the conjugate free
convection in a square cavity saturated with hybrid nanofluid (Ag—MgO) using the local
thermal non-equilibrium (LTNE) and Darcy models, the obtained equations resolved by the
finite element method. They found that the use of hybrid nanoparticles decreases the flow
strength and the heat transfer rate. “Mehryan et al. (2019),” studied the mixed convection in a
square enclosure produced by a hot oscillating cylinder using the nanofluid Al,Os/water and
the hybrid Cu—Al,0,/water nanofluid. They found that for low Rayleigh number, both types
of nanofluides show an increase of average Nusselt number, while for high Rayleigh number,
the heat transfer enhancement recorded only the Al,Os, the average Nusselt number decreases
with using the Cu—Al,0; nanoparticles. In addition, an increase of heat transfer at low Rayleigh
number recorded for both types of nanoparticles for a period of oscillation increases. In other
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paper of “Mehrayn et al. (2019),” the free convection of MWCN—Fe304/water saturated square
porous medium under the influence of magnetic field was numerically studied. The effect of
Rayleigh and Hartman numbers, magnetic field inclination angle, Darcy number, magnetic
number and the porosity on the heat transfer and the fluid flow was presented and discussed.

A new type of hybrid nanofluid (Ag-MgO/water) ws used in the study of “Ghalambaz et al.
(2019),” where a square enclosure saturated with Ag—MgO/water was used for analysing the
conjugate natural convection using the finite element method. They concluded that for small
Rayleigh number, the increase of hybrid nanoparticles volume fraction increases the local and
average Nusselt numbers. However, for high Rayleigh number they decrease. A numerical study
of MHD natural convection of porous enclosure divided into two equal parts via a vertical
flexible partition and saturated with hybrid nanofluid (Cu—AI203 water) under the influence
of magnetic field by using the Galerkin finite element method was presented by “Ghalambaz et
al. (2019).” They showed that the increase of Rayleigh number increases the convective heat
transfer and the pure fluid imposed a high stress on the flexible partition compared to the
nanofluid and the hybrid nanofluid.

Recently, the literature concerning convective flow with nanofluids has become available, and
representative studies may be found in the recent books by “Bianco et al. (2015),” “Minea
(2017),” “Sheikholslami and Ganj (2017),” “Chand (2017),” “Sheikholslami (2019).”

In the process of designing a fusion reactor, the natural convection heat transfer, electrically-
conducting fluids and liquid metals are essential problems because of the strong magnetic field
and high temperature difference. The magnetic field is used for the technologies of drying and
|ubrication, food cleaning, float glass, hydrodynamic behaviour control during the processes of
float glass production, solidification and crystal growth. Moreover, magnetic field applications
on nanofluid flows are gaining a growing interest due to their large use in many technological
applications such as in nuclear reactors coolers, plasma, molten metals purification, metal
working process, where the convection is controlled by an external magnetic field (Magneto
hydrodynamics), Minea (2017).

The modelling approaches of fluid flow and heat transfer in porous media have received a
continuous increase in interest for researchers and engineers in order to develop efficient and
compacted thermal products (Wang et al. (2017) et Sivaraj et al. (2017)). Recently, researchers
and engineers started working toward the study and the use of nanofluids as heat transfer fluids
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due to their enhanced thermal conductivity in combination with a magnetic field in order to
design efficient equipment.

The studies of heat transfer by convection in a porous medium have been the subject of many
research papers. Wang et al. (2017) published a work on 3D liquid metal free convection in a
rectangular cavity under the effect of a magnetic field. They revealed that according to the
magnetic field strength, two modes are found such that for a low magnetic field strength, the
flow is described as three-dimensional while for a high magnetic field strength, the flow is
quasi-two-dimensional.

Sivaraj et al. (2017) presented a work about MHD free convection of a fluid flow in a tilted
saturated porous enclosure containing a heat conducting solid in its center. They found that
the heat transfer rate decreases with the effect of the magnetic field. Shankar et al. (2017)
provided a study for the free convection stability of magnohydrodynamic fluid in a saturated
porous channel; they concluded that the magnetic field has a stahilizing effect on the stabilities
of both the stationary and the oscillatory modes. Javaherdeh et al. (2018) examined MHD free
convection in an enclosure with a sinusoidal temperature distribution using the Lattice
Boltzmann method. They found that the heat transfer rate declines with the increase of
Hartmann number. Mahmud et al. (2004) published a paper about the MHD free convection
and entropy generation of a pure fluid in a square saturated porous enclosure. They found that
the increase of Hartmann number inhibits the fluid motion and decreases the Nusselt number.
Mansour et al. (2010) presented a numerical work about the MHD free convection in an
inclined square cavity with a heat source. They revealed that the Nusselt number takes a large
value with the presence of magnetic field. Nkurikiyimfura et al. (2013) presented a review about
the heat transfer enhancement by magnetic nanofluids. They emphasized on the thermal
conductivity enhancement and the thermomagnetic convection in devices using magnetic
nanofluids. A numerical study about the description of liquid metal flows in a capillary porous
system under the influence of external uniform magnetic field is published by Bhler et al.
(2015). They concluded that the liquid metal MHD flows in porous media depended on the
electric properties of the porous material and on the orientation and strength of the magnetic
field. Chamkha al. (2015) reviewed some research works done on MHD convection of
nanofluids in various geometries and applications. Another review published by M'hamed et al.
(2016) about the application of external magnetic field on nanofluids was published in order to
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answer the question of why researchers apply external magnetic field on nanofluids. They
concluded that the applied external magnetic field has an effect on controlling the nanofluid
flow characteristics rather than the thermal conductivity enhancement.

The effect of inclination angle and magnetic field of free convection of a porous cavity saturated
by a nanofluid was studied by Nithyadevi et al. (2016). They recorded a decrease on the heat
transfer strength with the increase of Hartmann number. Sheikholeslami et al. (2017) presented
the impact of magnetic field on nanofluid free convection in the presence of melting heat
transfer. Their results indicated that the conduction mechanism is dominated in high Hartmann
numbers. Another paper was published by Sheikholeslami (2018) about the MHD CuO-H20
nanofluid flow in a porous channel using mesoscopic method, and he found that the increase
of Hartmann number enhances the heat transfer strength, but reduces the flow velocity. The
influence of Lorentz forces on natural convection in a square cavity heated from below and
saturated with a nanofluid was analyzed by Sheikholeslami et al. (2017). They found that the
increase of Lorentz forces decreases the heat transfer rate.

A study of free convection of MWCN-Fe304/water hybrid nanofluid saturating a square porous
medium under the influence of a magnetic field was conducted by Mehryan et al. (2019). They
concluded that an enhancement on heat transfer is recorded by dispersing nanoparticles for a
low Rayleigh number, while it decreases for the high values, also an enhancement on the
average Nusselt number is recorded for magnetic field inclination between 135° and 180°.
Ghalambaz et al. (2019) studied the free convection of a hybrid nanofluid saturating a square
enclosure divided by a flexible partition and under a magnetic field effect. They revealed that
the heat transfer rate decreases with the increase of the magnetic field strength. The MoS2
nanoparticles shape effect on MHD flow in a channel was studied by Raza et al. (2019). The
outcomes confirm that the use of spherical nanoparticles enhances the local heat transfer
compared to other shapes.

Zahmatkesh et al. (2019) published a numerical study using Taguchi experimental design
method for natural and mixed convection in porous medium saturated with an MHD nanofluid.
Several couples of nanoparticles and fluids used in the study in addition to porous matrix
materials under the effect of a magnetic field. They concluded that in the case of natural
convection with the absence of magnetic field, the heat transfer rate is affected by the
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nanoparticles type, while for a high magnetic field strength, the controlling parameter is the
solid matrix material. The influence of nanoparticles shape and radiation on free convection of
nanofluid-saturated porous medium under the effect of a magnetic field was examined by Shah
et al. (2019). They indicated that the Lorentz force reduces the convection rate. The impact of
inclined magnetic field and internal heat generation on convection and entropy generation of
nanofluid-saturated porous medium was presented in the work of Armaghani et al. (2020). They
concluded that the application of an inclined magnetic field enhances the heat transfer rate.
Sureshkumar et al. (2020) surveyed the free convection of MHD nanofluid saturating a 2D
enclosure taking into account the aspect ratio. They reported that the increase of the enclosure
aspect ratio increases the heat transfer rate under the magnetic field effect.

1.6. Conclusion

Most of published papers on the heat convection in porous media using nanofluids relied on
Darcy’s law, which is valid only when the pore-diameter-related Reynolds number is less than
unity. For high porous medium permeability or at higher flow rates, the inertial effects become
important, and the drag effect due to the solid matrix and the viscous stresses near the solid
walls may become significant and the flow becomes non-Darcien. There is a departure from
the linear law, which is physically believed to be owing to the flow separation in the porous
medium, while mathematically is represented as a nonlinear term in the velocity-pressure-
gradient relationship “Riley and Rees (1985), Nawaf and Pop (2005). It was found out by Dupuit
in 1863 and Forchheimer in 1901 that for high velocities, the drag is quadratic of the velocity
Nield and Kuznetsov (2013), It was pointed out by Lage (1998), Lage and Antohe (2000), that
what is nowadays named Forchhaimer equation, should actually named Dupuit-Darcy
equation, Nield and Kuznetsov (2013). The Dupuit-Darcy model has been used in the studies
of free convection in porous media of Poulikakos and Bejan (1985), Riley and Rees (1985),
Hossain and Rees (1997), Rees and Hossain (1999), Nawaf and Pop (2005), Rebhi et al. (2014),
Rebhi et al. (2016), Alloui et al. (2017), Rebhi et al. (2017), Rebhi et al. (2020) and Rebhi et al.
(2020).

The main purpose of this study is to examine the effect of a magnetic field and inertial effect
parameter on free convection in a tilted rectangular porous enclosure saturated with a nanofluid
using the Dupuit-Darcy model for describing the fluid flow inside the porous medium. The

.
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sidewalls are subjected to a temperature difference, while the horizontal walls are insulated. The
aluminium foam is selected as the solid matrix of porous medium in the first application in this
study, where in the seconde application, the effect of external magnetic filed is presented. With
the presence of inertia and magneyic field, the dependency of the fluid flow and the heat transfer
rate on Raleigh number (R, ); nanotubes volume fraction (g); Hartmann number(Ha);
inertial effect parameter (G );inclination angle of the cavity (,)and inclination angle of the
magnetic field (&)1 investigated.
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CHAPTER Il
PHYSICAL MODEL AND MATHEMATICAL FORMULATION
2.1 Problem description

We propose in this section the study of natural convection of naofluid saturated inclined
porous medium. Two applications will be performed, the first application is the study of free
convection of Copper-Water nanofluid (Cu-Water) saturated Aluminium foam porous medium
where the porosity and the matrix material have been taken into consideration without the
effect of magnetic field. The second application is the study of natural convection of Oxide
Aluminium -Water (Al,0:-Water) and Single Wall Carbon Nanotube —Water (SWCNT-
Water) nanofluids saturated an inclined porous enclosure under the effect of external magnetic
field and taking into account the inertial effect on fluid flow and heat transfer rate.

The schematic geometry of the problem under investigation is shown in Figure 2.1, where x
and y are the Cartesian coordinates. The length, height and width of the cavity are designated
byL, = and w, respectively.

Figure 2.1; Physical model and coordinate system.
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It is assumed that the left vertical wall is heated and maintained at the constant temperature

T,, while the right vertical wall is cooled and has the constant temperature T,. The
horizontal walls are adiabatic and y is the angle of inclination with respect to the horizontal
plane.

2.2 Simplifying assumptions

Several approximations are adopted in order to simplify the formulation of the mathematical

model, Rashad et al. (2017):

» The cavity is located in a constant uniform gravity field

» The width of the enclosure, W, is assumed to be sufficiently large compared to the other

dimensions (W/L and W/H >> 1) so that the three-dimensional effects become negligible.

» The solution is a Newtonian and incompressible fluid.

» The flow generated is assumed to be laminar.

* The porous matrix is isotropic, permeable and homogeneous.

* There is no chemical reaction or source of heat or mass and the heat transfer by radiation is
negligible

» The work, induced by viscous and pressure forces, is negligible.

* The nanoparticles have a spherical shape

» A thermal equilibrium between the base fluid and the solid nanoparticles

* A homogeneity and local thermal equilibrium in the porous medium.

* The nanofluid, is simulated as a single-phase fluid

» The thermophysical properties of the nanofluid are constant and are evaluated at the

reference temperature, except for density variation in the buoyancy force which has been

evaluated according to the Boussinesq approximation

» The induced magnetic field is negligible because the Reynolds Magnetic number Rm <«<'1

2.3 Mathematical formulation

Under the previous cited assumptions, the conservation equations describing the problem are
the continuity equation, the momentum conservation equation and energy equation.

The Dupuit-Darcy model or extended Darcy law is adopted to describe the nanofluid flow
inside the porous medium, which include the nonlinear term of inertial effect on fluid flow.
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It is assumed that the porous matrix is solid, permeable, homogeneous, isotropic and saturated
by the nanofluid. The equations relating to heat and matter flows in the presence of thermal
gradient and magnetic field, Poulikakos and Bejan, (1985), Riley and Rees (1985), Nawaf and
Pop (2005), Rebhi et al. (2014), Rebhi et al. (2016), Alloui et al. (2017), Rebhi et al. (2017),
Sheikholeslami and Rokni . (2017), Armaghani et al. (2020), are given by

2.3.1 Continuity equation

The continuity equation expressing the principle of conservation of the mass of a moving fluid
IS given hy:
V-V =0 (2.1)

2.3.2 Equation of motion: Dupuit-Darcy's law

The local formulation of the momentum conservation equation is written as follows:

< (50 a9~ 138)- 10, ] 22)

:unf

2.3.3 Energy equation

The first law of thermodynamics makes it possible to establish relations between the different
forms of energy take place in porous media. The energy equation, in which the terms of
viscous dissipation are neglected, is written as follows:

g—:+(v V)T =, VAT (2.3)

where, V (u,v)is the velocity vector, B(B,,B,) is the magnetic induction, 1 is the electric
current p is the pressure, g is the gravitational acceleration vector, a,; is the thermal

diffusivity of the nanofluid saturated porous medium, s is the nanofluid dynamic viscosity
and z isthe time. K and K are the permeability of porous medium and the material parameter
which measure the inertial impedance of the matrix “Rees and Hossain (1999),” respectively. It

is clear from the Eq. (2.2) that with K =0, the Darcy law recovered.
Note that from the equation (2.2), to illustrate how the additional nonlinear term effect appear

when the porosity € is high, we can cite Ergun’s (1952) for the relations K and K .
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2.2
K — d & _ K _ 175d
150(1-¢) 150(1-2)

(24)
where d , is the characteristic pore or particle diameter.

We have that the electric current density is related to the fluid velocity v by Ohm's law
(Moreau 1990).

| =o(-Vd+V xB) (2.9)
and V-1=0 (2.6)
According to Garandet et al. (1992), Egs. (4.5) and (4.6) reduce to v2a = o which has a unique
solution v = osince the cavity is electrically insulated.
The equations system through x and y axis becomes:

ou v

A, N_g
X 1)
:unf{ pnfMJ U=-="-p,gsiny+o, (VB’sin&cosé -uB’sin’ &) (2.8)
ﬂ; (1+ﬁ%pnf M]V =—%—pnfg cosy +o, (UB”sin& cos& —vB® cos’ &) (29)
T W T Ty, (ﬁ +62_T2] (210)
o ox oy o oy

We eliminate the pressure from the momentum equation by the usual way and we apply the
Boussinesq approximation for describing the density variation in the buoyancy force.

The governing equations become:

%%— [ﬁm-u)—g(m-v)}

(210)
oT ar  aT T T
T T o e (ax Wj 1)

The thermophysical properties of nanofluid are calculated using Tiwari and Das model (2007),
Bourantas et al. (2014), Mahian et al. (2018).
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The physical properties of the nanofluid: density o, viscosity s, , heat capacitance (0C), .,
thermal conductivity K, and the buoyancy coefficient (o8, ), are given by

o, =(=d)p. +dp, . =1 [1-0)° | (0C),, =(1-4)(pC), +¢( pCy),

(K, +2K,)-24(K,-K,)

K=K oK e a (K oK | (pB), =(1-9)(0B), +é(pB),  (213)

where ¢ 1S the volume fraction of nanoparticules, + and p refer to fluid and (nano) particle,
respectively. The thermophysical properties of fluid (water) and nanoparticles (Cu) and sloid
structure of porous medium (Aluminium foam) are reported by the Table 2.1.

It is known that the thermal conductivity given by this Model is only valid for spherical
particles, which has been used in this study for calculating the thermal conductivity of the Cu
—Water and Al,O; —Water nanofluid. For the Single Wall Carbon nanotube- Water nanofluid,
the thermal conductivity has been evaluated by Xue model, Xue (2005), Khan et al.(2013),
where the effect of space distribution and axial ratio of the Carbon nanotubes have been taken
into consideration(Eq.2.14).

avn o )

KCNT _Kf 2Kf

S K K. +K
KCNT _Kf 2Kf

Where 4 is the volume fraction of nanoparticles, 1, and CNT refer to fluid and Carbon
nanotube respectively.

The thermophysical properties of Water, Cu, Al,O;, SWCNT and porous matrix material
(Aluminium foam) are given in the Table 2.1,

The electrical conductivity of nanofluid is presented by taking into account both electrical
conductivities of the base fluid and the nanoparticles as given by to Maxwell (1904) formula:

(2.14)

Oy 3(x-1)¢
- _1+4 (ﬁzjf_ PR (2.15)

where & the electrical conductivity, o is the electrical conductivity of nanoparticles, o, the

electrical conductivity of base fluid and ¥ =, /o .
Inour study, we assume that the cavity has a square shape (L = 1 ).
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s | e | O | e | MO | SO
C,(Ikg K™ 4179 385 897 765 425
p(kg.m?) 997.1 8933 2700 3970 2600
k(W.mK?) 0.613 400 205 40 6600
Bx10°(K?) 225 1.67 2.22 0.85 16
o(Qm?) 0.05 5.96x10" 35x10° 4.8x107

Table 2.1. Thermophysical properties of fluid (water), Copper (Cu),Aluminium Oxide
(Al;03) and Single-Wall Carbon Nanotube (SWCNT), see Zahmatkesh et al. (2019), Hayat et
al (2017).

2.4 Applications
2.4.1 First application: Cu-Water nanofluid saturated Aluminium foam porous medium without
magnetic field effect

In this application, the magnetic field effect has not been taken into consideration, which
means there is no Lorentz force applied and that the parameter 18 =0 in the momentum
equation (eq 2.2)
In order to explore the effect the thermal conductivity and the porosity of the solid matrix
porous medium, we have the overall heat capacity per unit volume (oC,),and the overall
thermal conductivity k, for parallel heat conduction mode in the solid and fluid phases, which
are given by Nield and Bejan (2017), Xu at al. (2019):

(pCp), =&(pCp), +(1-¢)(pCp), and  k, =k, +(1-¢&)k
where s and + refer to the solid matrix of porous medium and fluid phases.
The thermal conductivity and thermal diffusivity of the nanofluid saturated porous medium
can be evaluated by using the thermophysical properties of nanofluid (Eqt 2.13) as follows:

(PCp), —(oCp),
(Cp). } (2.17)

(2.16)

(PCP) . =€(PCP), +(1-&)(pCp), =(pCP), |1-2p
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3egk, (K, —k,)
N (]
- ok,

N R D) (219)
where « is the thermal diffusivity, & is the porosity of porous medium and the subscripts, m
, mnf and s are related to clear fluid saturated porous medium, nanofluid saturated porous
medium and solid matrix of the porous medium, respectively.
By assuming the cavity has a square shape (L = 1 ), and taking the velocity is dimensionless
in relation to the thermal diffusivity. Furthermore, the temperature is dimensionless relative to
the difference in temperature between the two horizontal walls of the cavity.
The dimensionless variables are given by, Sheremet et al (2015) :

Koo =Ky +(1-8)ks =k, |1~ (2.18)

x=X y=Y yoM oy e T T (2.20)
L L Ol O AT HL
In addition, the dimensionless stream function ¥ is defined as
A SRV Ch 4 (221)
oY X

By introducing the nanofluid thermophysical properties equations (2.13), the thermal
conductivity and diffusivity of the nanofluid saturated porous medium equations (2.18) and
(2.19) and the dimensionless variables (2.20) and (2.21) into equations (2.11) - (2.12), we obtain
the following dimensionless governing equations describing, respectively, the conservation of
motion and energy.

2w  GxF(4). 00 o0
[1+V,xGxF (¢) |V WS =—R-H (¢)(ax cosy ——=sin yj (222)

a

96 oy 06 oy 00 09 00 (223)

o oY ox Tox oy X av?
where the parameters S,,G ,R., V., F(¢)and H (¢) in the momentum equation are given

by:

@2‘*2’ az‘f QY OV T } (224)
6X oY oX oY oXoY
[ (aw/ox ) +(ow/oY )’ } (2.25)
G= L m S the inertial effect parameter (2.26)



Chapter Il Physical model and mathematical formulation

_ OKLAT (pf;),

:ufam

is the Darcy-Rayleigh number (2.27)

. 3egk, (k, —k,)
km[kp+2kf +¢(k, —kp)}

F<¢)(1¢)”[1¢+¢/’j"]l

o) (2.9)
f pLp b
{““%p)f]
(PCp),
_ 25 (pﬂ)p |i1_¢+¢(pcp)f ] 299

Ko [ Kp 2K, + (K, =k, )]
The functions F () and H () depend on the solid structure of the porous medium, the
thermophysical properties of nanofluid (fluid and nanoparticles) and the nanoparticles
concentration ¢ .
The parameter G measures the inertial effects and its value represents the departure from the
linear Darcy situation. For high porosity & and for hight particle or pore diameter d, the
material parameter K will have high value, and the inertial effect non linear parameter ¢
become significant.
Asitcanbeseenforg = o ; F(g) = H(g) =1 (clear fluid) and for ¢ = o into the momentum
equation Eq. (2.22) the Darcy law retrieved.

2.4.2 Second application: SWCNT-Water and Al,Os-Water nanofluid saturated porous medium
with external magnetic field effect
In this application, the magnetic field effect is taken into consideration. In addition, we take
the thermal diffusivity in the energy equation (Eq 2.3):
. =a. =K. /(pCp)nf (2.30)
And the dimensionless variables are the same used in the first applications, equations (2.20)
and (2.21).
By introducing the following parameters into the momentum and energy equations (eqs (2.11)
and (2,12)).
- The nanofluid thermophysical properties given by Tiwari and Das model used for calculating
the properties of Al,O;-Water nanofluid.
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- The SWCNT-Water nanofluid properties given by the Tiwari and Das model has been
used, except for the thermal conductivity on SWCNT which has been calculated by the
equations (2.14).

The momentum and energy equations become:

GxE 2 2 2 2 2
[1+Va><G><F1(¢)]V2\P+X—1(m A i S k4 i SPYCh ek i S
\Y, oX ) oX oY ) oY oX oY oXoY

a

00 00 . o0’y . o0’y . o
-R -H ——cosy ——siny |-Ha’C Sin?E+2 sin£cosé + cos®
R 1) Sgcosr - Spsiny |- e (o) bin 2.5 Xosingooss o L cose |

oX
(230)

00 dy 30 o 20

5’0 o0
i e +—
ot oY aX X oY El(‘é)[ax2 avzj

where the parameters,G , R, Ha, V., C, F,(#), H.(#)and E,(¢)in the momentum and
energy equations are given by:

(232)

G= t“* IS the inertial effect parameter (2.33)
R = gKLATip A, is the Darcy-Rayleigh number (2.34)
HiQy
Ha =B, \/3 is the Hartmann number (2.35)
7,
V, =| (0%/ax )" +(a/oY )ZT/Z (2.36)
25 3(x-1)¢
C,(¢)=(1- 1 2.31
e e
F()=(1-¢)" (ww%} (2.38)
H,(¢)=(1-¢)" 10 (2.39)
(B),
k C
YO PG 24)

ke (1-4)(pCp), +¢(pCp),

The functions , 4y, H,(#)and e, 4) depend on the thermophysical properties of nanofluid
(fluid and nanoparticles) and the nanoparticles concentration ¢.

n
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As it can be noticed for ¢ =0; F.(¢)=H,(#) =E,(¢) =1 (clear fluid), and the Darcy law can
be retrieved for = o into the momentum equation Eq. (2.31).

2.5 Boundary conditions
2.5.1 Hydrodynamic boundary conditions

These conditions express the impermeability of the walls of the cavity, they are given by:

Y=0 at X:J_r1
12 (241)
\PZO at Y:iE

2.5.2 Thermal boundary conditions

The boundary conditions on the adiabatic and impermeable walls of the cavity are expressed
by.

60=05 at X:—1
2
1
0=-05 at X=+7 (242)
%:0 at Y:i1
oY 2

2.6 Heat transfer

In the present study, we are particularly interested in the calculations of the rate of heat transfer
rate at a given position; the physical quantities of interest are the local Nusselt number Nu
and the average Nusselt number Nu,, at the vertical walls, which are defined as:

For the first application Sheremet et al (2015):

N :_"m_nf(%j (243)
kf aX X=+05
Nu,, = j_jj Nu dY (2.44)
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For the second application Rashad et al (2017):

N = (%j (245)
kf oX X=+0.5
Nu, = j_jj Nu dY (2.46)

We denote by Nuy the average Nusselt number of the left wall and Nus the average Nusselt
number of the right wall.

2.7 Conclusion

Through this chapter, we have presented a detailed study of two different configurations with
the corresponding hypotheses. the first configuration is about Copper-Water nanofluid (Cu-
Water) saturated Aluminium foam porous medium where the porosity and the matrix material
have been taken into consideration without the effect of magnetic field. The second one is for
the Oxide Aluminium - Water (AI203-Water) and Single Wall Carbon Nanotube —\Water
(SWCNT-Water) nanofluids saturated an inclined porous enclosure under the effect of external
magnetic field

Our objective is to clarify the established mathematical formulation, the appropriate mesh and
the method of the numerical resolution employed.
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CHAPTER Il
NUMERICAL METHOD

In this chapter, we use a numerical method for solving the of non-linear differential
equations system.
The proposed method is based on the finite difference technique. This method is the oldest of
the numerical methods. It was introduced in the 18" century by Euler, it turns out to be the
most suitable and the easiest to use for problems with simple geometry. This method consists
in discretizing the continuous equations at the nodes of a predefined mesh (see Figure. 3.1).

Figure 3.1: Meshing of the computational domain in (i, j).

44‘
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In a Cartesian coordinate system, each node is designated by the pair of indices designating the
intersection lings of the mesh. Neighboring nodes are implicitly defined by increasing or
decreasing one of the indices by a unit increment,

The energy equation is discretized with a centered second order scheme and using the
conservative form for the convective terms. For each time step the method implicit in alternate
directions (ADI) gives rise to two tri-diagonal matrix systems to be resolved, one resulting from
the implicit discretization in x and the other from the implicit discretization in y. The method
(ADI) divides the time step into two equal parts, in the first half time step, the system is
implicitly in x but explicitly in y and in the second half time step, and the system is implicitly
in 'y and explicitly in x. For each time step, the solution is obtained by scanning the domain
of calculation in the direction of x then in that of y. Knowing the temperature field at a time
(n+1) At, the next step is the current function field calculation from the momentum equation,
once discretized with a classic centered scheme and resolved with the successive point over-
relaxation (SOR) method. This method proposed by Frankel (1950), which is an explicit method
giving directly the value of w at the instant (n+1) At, to the considered node, with a sufficient
number of iterations for the desired convergence criterion to be satisfied.

3.1 Thermal boundary conditions discretization

The boundary conditions (2.41) and (2.42) are discretized according to a scheme with finite
differences decentered to the right and to the left of the second order according to the wall
considered:

For the adiabatic and impermeable walls;

6, =2%2"% t v=-1 (31)
: 3 2
46, -0,
9|,Nny _ |,Nny—13 i,Nny-2 at Y :+% (32)
For active walls:
40, -0, . +2AX
40 .—0 . —2AX
Q. —_Nmclj T UNnx-2, at X :1 (34)
Nnx, j 3 2
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3.2 Energy equation discretization

The energy equation being parabolic with respect to time and elliptical with respect to spatial
coordinates, the Alternating direction implicit method (ADI ) is chosen as a resolution tool.
Given the equation of energy (2.23) the latter is rewritten as follows;

2 2
%+6(U9)+8(V9):892+692 (35)
ot oX oY oX oY

Implicit scheme in x and explicit in'y

It is a schema with differences centered at time (n+1/2) for the derivatives in x and at time n
for the derivatives in y, each term of equation (3.5) is discretized as follows:

629 | 9n+]J2 _ 29:;—1/2 +9n+1/2 629 | B 9“ 29:] +9ir"lj_1

_ Yinj i1, j _ Jhi# - .
X2 AX? ’ oX?|, AY? (3)
8(U9)| _ Uirll,jgir:,lgz _Uin-l,jgin-ﬁ2 6(V9)| _ Vi,nj+19ir,]j+1 _Vi,nj—leir,‘j—l (3 7)
X | 2AX ’ N 2AY '
% -2 Hir,];llz _Hir,]i (38)
ol At

L]

By substituting equations (3.6), (3.8) in equation (3.5), we obtain a three-dimensional matrix
system of the form:

A9n+ﬂ2 + B~9n?—1/2 +C'9n+ﬂ2 =D (39)

i+, ] 170, i7i-1,j i

with ;

u' . r u"
A:ij-’_ 12 , B=2 i"' 12 , C= L 12
2AX  AX | At AX 2AX  AX
Di = —Lﬂﬁ-iz gin'+1 + 2 i_ 1 5 einj + j.j-1 + 1 - Qinj_l
2AY AY i | At AY ' 2AY AY ’

By replacing the boundary conditions (3.1) - (3.4) in equation (3.9) we obtain the implicit
discrete form in x in the following form:

For:i=2

9;‘}1’2 +[B2 Jrgc2

[Az _%Cz ‘92n,+j1/2 =D, _éczAX (310(':1)
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For:i=N_,

+1/2
err\]lnx 1,j +

4 N 2
lg ANnx—l + BNnx -1 Nnx—1 ANnx 1 ON:x]/ZZ i— DNnx—l +§ ANnx—lAX (310b)

With the same approache, we obtain a three-dimensional matrix system for the energy equation
(eq. 2.32) for the seconde case of the form:

A9n+ﬂ2 + Ben+1/2 +C 0n+]]2 — (3.11)

i+, ] 170, ] i7i-1,j |

with ;

A= [ EM)} g gL El<¢)} - {u_ E(ﬂ
ZAX AX? | At AX? 2AX  AX?

__[ E1(¢)}9 PEN E(¢)} | { El(ﬂ@
' 2aY | ay? [T LAt AY2 [Vl 2AY 0 AY? |

Implicit scheme in'y and explicit in x
It is a diagram with differences centered at time (n+1/2) for derivatives in x and at time (n+1)
for derivatives in'y. The discretization of the partial derivatives is given by:

1

829 | 9|+121 29 e +9| 121 629| 9In;—11 - 29n+l 9|n1+11 (3 12)
ox?| AXC ’ o NG '
a(U 0)| Ulrl-l 19|+12] Un—ljgl—lzj a(V9)| VI j+19In:I—-1 VI j— 19|nj+11 (3 13)
X | 24X A 20Y |

1
n+l n+y
00| _,6y =07 (3.14)
atl, At

By substituting equations (3.12) - (3.14) in equation (3.5), we obtain a tridiagonal matrix system
of the form:

AOML +B O™ +COM, =D, (3.15)

J|J+1 N i J
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EAVAN . A ]
Aj:—"‘+1+ 12 , Bj=2 i+ 12 . Co=| Sty 12
2AY AY At AY“ | ! 2AY AY

. U " T U-n ) 7]
Dj — il + 1 9Ir141-112 +2 i_ 1 _ gin;,]_/z n i-1,j + 1 . 9“_41'1;2
C2AX | AX? At AX“ ] 2AX  AX

By replacing the boundary conditions (3.1) - (3.4) in equation (3.15) we obtain the implicit
discrete form in'y in the following form:

For: j=2 A —%c‘z 0% +|B, +gc; 07t =D, (3.163)
FOR =N, |2 Ay 2+ By s |00 s +{Clay s — = Ay 2|07, =D, 3.16b
)= y g ANny—l + BNny—l ei,Nny—l + CNny—l _g ANny—l 9i,Nny—2 - DNny—l ( ' )

With the same approache, we obtain a three-dimensional matrix system for the energy
equation (eq. 2.32) for the seconde case of the form:

AOM +O T +C O™ =D, (3.17)

i+ 1) It J

A. [ |J+1 E1(¢)j| B — 2[_ E (¢)j| C |: Ij—l E1(¢)i|
"l2Aay  AY? oAt AY? "l 2AY  AY?

|+1J E1(¢) 9n+]{2+2[i_Mj|9.nf1/2+ Un—l] E1(¢) 9n+]J‘2
L] At AX? 2AX | AXZ |

) { 2AX T AX?
3.3 Momentum equation discretization

The momentum equation motion in the general case is written in the following form:

[1+V, xGxF(¢) [V2 ¥+

G F 2 2 2
<F(g) TRk APV
xX: oY XY

\ iy iy (3.8)
~R.-H(¢ ( )(a—xcosy—a—Ysm VJ
where . v, =| (ow/ax )" + (/oY ) T/z

Before the discretization of the equation (3.16), we assume that the variables, v, u and v
are already known.
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Each term of the equation is discretized according to a classical centered scheme.

| _ P 29T+ oMy Wi m2¥ P (319)
x|, AX? Lo, AY? '
59| _ Hir:,lj _Hir:,lj (3 20)
X |, 2AX '
and we apply a cross discretization for the following term:
62‘P 1 n+ n+ n+. n+
| = [\Pi+11,j+1 - \Pi—ll,j+1 + lPi-ll,j-l - \Pi+11,j—1] (321)

OXY| 4Axay

By replacing the expressions (3.19), (3.20) and (3.21) in equation (3.18) we obtain the general

expression of the following function
\P(n.+1),(k+1)
L]

\ngnjﬂ)'k +a){ax (\P(n+1),k n \P§n+1),(k+1) ) n ay (\Pi('n+1),k n \P.(n.+1),(k+1) ) + axy

i+1,] i-1,j j+1 i,j-1

(\P(n+1),k _\szrlj)ﬁ _ \szrlj)_(lkﬂ) n \P(n+l),k ) n aTSX (T(n+1) _-I-(n+1))+ aTSy (-I-(n+1) _-I-(n+1)) }

i+1,j+1 i+1,j+1 i+1, j i-1, i,j+l ij-1
(3.22)
Where the parametersia, ,a,, a, , a,, , a, and a;, are given by :
[ 2(1+V, - F(9)-G)(AX? +AY? )V, +2(V?AY? +U*AX* ) F (4)-G |
%= V, AX?AY?
[(1+V,-G-F (§))V, +V’GF
. (1+V,-G-F(4)) o+ (¢)}ap,
I V,AX
(1+V,-G-F(4))V, +U%GF
S a8
UVGF (¢) RH (¢)cosy RH(¢)siny
= o e, e =TT o TS (3.23)
Yol 2VAXAY | P 2AXa, g 2AYa,
With the same approache we obtain the general expression of the momentum equation
(eq.2.31) for the seconde case of the following form
\Pgnj+l),(k+1) _
Bk a){axl (\sz;}}* + i) ) +a, (\Pg?jﬁ* + gl ) +a,, (3.24)

(\P(n+1),k _\P(ml),k _ \szrlj)_(lkﬂ) n \P(n+l),k ) n aTSXl (T(n+1) _-I-(n+1) ) + aTSyl (-I-(n+1) _-I-(n+1)) }

i+1,j+1 i-1,j+1 i+1, j+1 i+1, ] i-1,j i,j+l i,j-1
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Where the parameters.a ,,a,,a,, ,a,,, 3, aNd &, are given by :

2(1+V, - F(4)-G)(AX> +AY?)V, +2(V°AY? +U°AX?F (4)-G +
2C, (AX? cos® &+ AY?sin’ E)V,
A =~ V_ AXAY?

(1+V, -G-F($)+C,sin? &)V, +V*GF (¢)
Fa = V,AX e

(1+V, -G -F(¢)+cos? &)V, +UGF (9)
a,, = v AY? la,

_ | UVGF (4)

. _ RH(¢)cosy _ R H(g)siny
L L AXAY -

+C, sin & cos® e:}/ap1 B =T Ay =~
pl pl

(3.5)

The parameter  is the over-relaxation factor; its value is between 1 and 2, to accelerate

convergence. Its optimal value «,, depends on the shape of the domain, the mesh and the
type of boundary conditions.

pt

For a rectangular domain with a uniform mesh, is given by:

Oy zé[l—Jl—? } (3.26)
where :
{cos(n/Nx+1)+(Ax2/Ay2)cos(n/Nyﬂ)}
1+(Ax2 /Ayz)
N, and N, denote the numbers of the nodes in the horizontal and vertical directions,
respectively.

3.4 Velocity fields discretization

The components of the velocity field are obtained from the current function according to the
relations (2.21). The discretization of these equations by a first order centered finite difference
scheme gives:

\Pn+l \Pn+1

ur :% (3.27)
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VAL Y (3.29)
' 2AX
3.5 Discretization of velocity boundary conditions

The velocity boundary conditions are discretized according to a finite differences scheme,
decentered to the right and to the left of the third order:

U. =0 V. 18¥, ; -9¥,;; +2¥, ; 5 X - 1

U M 6AX 2 (3 29)
18¥ =¥ +2¥ . '
UNnX'j — 01 Vi'Nny — Nnx-1, j Nnx-2, j Nnx-3, j 3 X :1
6AX 2
18¥Y. , -9V . +2¥.

Vi'1 :01 ULj — i,2 i,3 i,4 3 y:_i

18¥ o 9y 2y i (330)
i,Nny-1 iNny-2 T i,Nny-3
Vi,Nny =0, UNy+1,j == > GAYy . a y:E
3.6 Calculation algorithm

The main steps of our calculation algorithm are;

1. Mesh generation.

2. Initialization and reading of data.

3. Calculation of the over-relaxation factor.

4. Introduces of the initial conditions on the temperature, and on the current function, ¥ .

B. Initial velocity field assessment U, et V; ;.

6. Start of the time loop.

6.1, Solving the energy equation (3.9) and (3.15) by the ADI method and calculating the

temperature fieldo, ;.

6.2. Resolution of the equation of mation (3.22) by the SOR method and calculation of the
field of the current function ¥’ ; .

6.3. Velocity field calculation U; ;et v, ;.

6.4. Repeat step (6.1) until the solution converges to a permanent or oscillating solution.

1. Printing the results,

8. End of program.

The convergence criterion when solving equation (3.20) is given by:
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ZiZj ‘lPlk;r1 - lPil,(i ‘ -6
» “Pf;‘ <10 (3.31)

v

Reading and writing
data

y
Mesh generation

\ 4
Over-relaxation factor
« calculation

l

Initialization of the temperature field ¢ and
stream function field ¥

» n+l
\ 4

Calculation of the distribution of #

[

N k+1
] 1 Current function
Using the new field of calculation ¥Ry
0 ety | L ——

Calculation of velocity
components u, v

<
<

) 4

No Solution Yes
< convergence ? > |
Printing results values
ofg, ¥, uandv

A 4

Calculation of heat
transfer rates Nu

v

End
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3.7 Conclusion

Through this chapter, we have presented the finite difference numerical method for solving
the obtained non-linear differential equations system for the both cases, the discretized energy
and momentum equations, in addition to boundary conditions. At the end, we have presented
the algorithm used for implementing the Fortran code to resolve the discretized energy and
momentum equations
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CHAPTER IV
RESULTS AND DISCUSSION

This chapter is interested in the presentation of the numerical results for the both studied
cases. In the first case, the results of the free convection of Cu-Water nanofluid saturated an
inclined square Aluminium foam porous medium are presented and discussed for the following
governing parameters Rayleigh number Ry, nanoparticles volume fractiong , inertila effect
parameter G , inclination angle of the cavity » and the porosity of the porous medium and &
. In addition, for the seconde case the results of the natural convection of SWCNT-Water and
Al,O,-Water saturated a tilted rectangular porous medium subjected an external magnetic filed
have been presented and discussed for the following governing parameters Rayleigh number
R, , nanoparticles volume fractiong, inertial effect parameterG, Hartmann number Ha,
inclination angle of the cavity y and the inclination angle of magnetic field &

4.1, First application : Cu-Water nanofluid saturated Aluminium foam porous medium
without magnetic field effect
The aim of the present work is to analyse the heat transfer performances of nanofluid (Cu-
Water) saturated an inclined highly conductive porous medium (aluminium foam) by
investigating the relationship among the Rayleigh number R, , nanoparticles volume fraction
¢ , Inertial effect parameter G , inclination angle » , and the porosity of porous medium & .
The numerical results reported in this study cover the ranges 0 <R, <200, 0<$<0.10,
10° <G <10, -90°<y<90° and 0.3<¢<0.8.

The grid sizes are tested from 60x60 to 400x400. Table. 4.1 shows the effect of the mesh size
on the average Nusselt number of hoth hot and cold walls and the maximum absolute value of
the maximum absolute value of stream function. It is found that the 200x200 grid is sufficiently
enough to resolve the equations system.

In order to prove the accuracy of the code, a comparison analysis has been performed by
comparing the numerical results with previous works. First, the results are tested through the
streamlines trajectories of “Sheremet et al. (2015),” see Figure. 4.1. This comparison shows that

the streamlines are so consistent, and the difference between the || _ values is due to the
numerical method used and the different convergence criteria during the solving process.
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[T
p | Lij L 200,200

ij \P400><400|

| oy A=l x100%
Grid size |I,U |max ml_ — A= |\P400><400| oo N a0z
NUR ] L
W max N u L
60x60 18.539 816 .66 816 .60 097 43
100x100  18.637 845.40 845.40 047 0.94
150x150 18683 852.66 852.66 0.20 0.09
200x200  18.702 85342 85342 0.10 -
250x250  18.711 852.75 852.75 0.05 0.07

300x300 18717 85181 85181 0.02 0.18
400x400 18722 850.30  850.30 = 0.36

Table 4.1. Variations of the average Nusselt number of hot wall , cold wall and the maximum
absolute value of stream function with different grid sizes (Cu water nanofluid-Aluminium
foam as solid matrix of porous medium R, =1000, 4 =0.05, £=0.8, y=0°, G =0).

(@) W42 () W -s3

025

025

03 25 025 x 0 0 0.2 0.4 0.6 08 X 1

Figure.4.1. Comparison between the present results (a) and “Sheremet et al. (2015),” (b) at
¢=0.05, £=05,G =0, R, =100, y =0° and the aluminium foam as the solid matrix
of the porous medium.

The second test was done by examining the accuracy of present results via the maximum
absolute value of stream function and the average Nusselt number of “Nawaf and Pop (2005),”
see Table 4.2. The table clearly shows that the implemented code produces reasonably accepted
results compared to “Nawaf and Pop (2005).” The completion of the above two tests gives

”
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courage to further extend the present numerical code, which is reported in the forthcoming
section.

[nertial effect Present results NG "Pop
parameter (203,
100 x 100 200 x 200 300 x 300 42x82
G Nu. |l//|max Nu. |l//|max Nu. |l//|max Nu. |l//|max
0 13.585 20373 13.773 20457 13.758 20476 13442 20.489
01 4841 8.054 4822 8.052 4818 8.052 4732 7.993
10 1.322 1.744 1321 1712 1321 1.706 1.295 1.652

Table 4.2. Effect of the inertial effects parameter G on the average Nusselt number and the
maximum absolute value of stream function for R, =10°, ¢ =0 and y =0°

By taking the following key parameters R, =200,¢=0.05, £=05, y=0° and the
aluminium foam as the solid matrix of porous medium, the effect of inertial parameter G on
the flow field (streamlings) and the thermal field (isotherms) of nanofluid is shown in Fig.4.2.

(2) G=1073 (b) G=1 (c) G=10

y 04 ; ; 2 X 04 0. ; X 04

0.2 b2

04 0.2 o .2 X 04 E -0. 0z XOa4 D4 1] XoA

Figure 4.2, Streamlines (upper) and isotherms (lower) for R, =200, $=0.05, £ =0.5, y =0°
In addition, isotherms have a tendency to have parallel lines at the upper left and lower right

corners, and the boundary layers become less significant. The heat transfer by conduction mode
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is dominated for high values of inertial parameter, whereas the convection mode is dominated

10

for low values (Nu.®™" =7290.85 > Nu.°™ = 230.25 > Nu,* ™ =176.75 ). These results are
confirmed in Figure. 4.3 by taking a constant Rayleigh number.
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Figure.4.3. Variation of the maximum ahsolute stream function (a) and the average left

Nusselt number (b) with the Rayleigh number for ¢ =0.05, £ =0.5, y =0° and different
values of inertial effects parameter G .
Figure 4.3 displays the behaviour of the maximum absolute stream function, the average left

Nusselt number with the Rayleigh number for different values of inertial effects parameter G
at =005 £=05, »=0° and the aluminium foam as the solid matrix of the porous
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medium. The average Nusselt number is calculated along the left wall for different Rayleigh

number and different non-Darcy term G (inertial effects parameter). It is clear that for a given
Rayleigh number, the natural convection is inhibited with the increase of inertial parameter
and reduces the average Nusselt number. Figure. 4.3 also demonstrates that the Rayleigh
number has more effects on the average Nusselt number for low values of inertial effects

parameter G compared to high values of this latter. No change is recorded in the average

Nusselt number for the value of G =1 and 10 for all Rayleigh numbers (from 0 to 200), nor
for the maximum absolute stream function, where the variation is insignificant. At those values
of inertial effects parameter ¢ (G =1 to 10), the heat transfer by conduction mode is

dominated and the fluid is approximately stationary. In the absence of convection (R, =0),
the conduction mode is the only heat transfer mechanism, which is presented by the |, =0
and Nu. =167.79 due to the high conductivity of porous matrix. By comparing this result
with the work of “Sheremet et al. (2015),” we find in Figure. 4.3b for Ry =100, G =0.001,
¢=0.05 £=0.5, y =0° and the aluminium foam as the solid matrix of the porous medium,
that Nu. ~ 480 while in (Figure. 6a) of Sheremet work for Ry =100, G =0, ¢=0.05,
£=05that Nu.~510 the difference is due to the inertial effect parameter which is
G =0.001 in our case.

The effect of nanoparticles volume fraction on the streamlines and isotherms is presented in
Figure. 4.4. 1t has to be mentioned that nanoparticles volume fraction ¢ is a crucial parameter
in the studies of heat transfer using nanofluid, and it is the main parameter, which is used to
evaluate the heat transfer performances of nanofluid.

Figure.4.4 illustrates the variation of streamlines and isotherms for Cu- Water nanofluid under
different values of ¢ for R, =200, G =0.5, £=0.5, ¥ =0° and aluminium foam as the
solid matrix of the porous medium.

It is shown that the increase of nanoparticles from 0% (pure water) to 10% does not lead to
significant changes in the streamlines and isotherms of the nanofluid saturated porous medium.
By checking the maximum absolute values of stream function and the average Nusselt number
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we find

" =266 >y [ " =2.340 > || = 2176 > |y =208 and

max

— $=0% — =5% — $=8% — $=10%
Nu.'  =29421>Nu.  =266.98>Nu.  =25523>Nu.  =248.68.
(@) $=0.05 (b) ¢=0.08 () =0.10

02 yo04 ; ; 0z yod 34 0 02  XO04

Figure.4.4. Streamlines (upper) and isotherms (lower) for R, =200, G =0.5, ¢ =0.5 and
y=0°,

In order to emphasize on the effect of nanoparticles percentage on the heat transfer of the
nanofluid saturated porous medium, the previous analysis was extended to show the variation
of flow and thermal fields under the effect of Rayleigh number, which is presented in Figure.
4.5. The figure represents the behaviour of maximum absolute value of stream function and
the average Nusselt number as a function of the Rayleigh number for different nanoparticles
volume fractions. The results are reported for four nanoparticles percentages ¢ =0 (pure fluid),
0.05, 0.08 and 0.1. As seen for R, =0, the heat transfer mechanism is the conduction mode

only via the high conductive porous medium (|| _ =0 and Nu. =167.79).
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Figure. 4.5. Variation of the maximum absolute stream function (a) and the average left
Nusselt number (b) for G =0.5, £ =0.5, y =0° with the Rayleigh number, R, , and
different values of nanoparticles volume fraction, ¢ .

After that, the higher ¢ is, the lower are the maximum absolute value of stream function and
the average Nusselt number values for a given Rayleigh number, meaning that the heat transfer
efficiency decreases with the increase of nanoparticles percentage. In addition, it is clear that

the decreasing rate increases with the increase of Rayleigh number.
The decrease of convection heat transfer with the increase of nanoparticles volume fraction is
due to the enhancement of the thermal conductivity of nanofluid compared to the base fluid
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because the presence of nanoparticles is associated with an increase in the nanofluid viscosity.
The increase of the viscosity causes the nanofluid velocity to decrease and results in a decrease
of convection heat transfer inside the cavity. Furthermore, the decrease in convection heat
transfer due to the increase of nanofluid viscosity is more important compared to the heat
transfer enhancement because of the presence of nanoparticles. It has to be mentioned that
these results are in a good agreement with the work of “Ghalambaz et al. (2015).”

Figure 4.6 reveals the effect of the porous medium porosity on the flow and thermal fields of
the Cu-Water nanofluid saturated the porous medium.

(@ e=03 (b) £=05 (c)e=08

02 02 y04

oA b 0z xod 7 D 0z 04

Figure. 4.6. Streamlines (upper) and isotherms (lower) for R, =200,G =0.5,¢=0.05 and
y=0°,

The streamlines and isotherms are presented for three values of porosity; & =0.3, 0.5 and 0.8

for R, =200, G =0.5, $=0.05 and y =0°.

As seen in this figure, no noticeable change is recorded among the three values of porosity on
the streamlines and isotherms. This result is in accordance with that of “Sheremet et al. (2015),”
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Figure.4. Even in their case, the inertial effect it is not taken into consideration G =0 (Darcy
flow).

But by comparing the maximum absolute values of stream function and the average Nusselt
number  values  we  find: " = 23415y °° = 2.340> [y ** = 2338 and

Nu ™" =373.09 > Nu,“™** =266.98> Nu. " =107.82, meaning that there is a negligible
change on the nanofluid flow inside the cavity, but there is a decrease on the efficiency of
convection heat transfer with an increase on the porosity.

To shed light on this point, Figure. 4.7 demonstrates the effect of porosity on the maximum
absolute values of stream function and the average Nusselt number with the variation of
Rayleigh number.

As seen, there is an increase on the maximum absolute stream function and average Nusselt
number with the increase of Rayleigh number. However, for a given Rayleigh number, no
change in the nanofluid flow behaviour recorded with the variation of porosity (expressed by
the maximum absolute stream function), taking into account the effect of inertia, where
G =0.5 . In addition, despite the fact that there is no change in the fluid behaviour with
increasing porosity at constant Rayleigh number, a significant decrease in the average Nusselt
number is recorded. This can be explained by the fact that the strength of heat transfer between
the left wall (hot) and right wall (cold) is dominated by the high thermal conductivity of porous
matrix compared to the mechanism of convection heat transfer by the nanofluid (the thermal
conductivity of Cu-Water nanofluid is lower than that of porous matrix).

The increase of porosity means an increase of the void space in the cavity, which is occupied
by the nanofluid; and due to the high thermal conductivity difference between the porous
matrix and the nanofluid, this exchange results in a decrease in the overall thermal conductivity
of the cavity (nanofluid saturated the porous matrix).
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Figure. 4.7. Variation of the maximum absolute stream function (a) and the average left
Nusselt number (b) with the Rayleigh number for G =0.5, ¢=0.05, ¥ =0° and different
values of porosity « .

Figure 4.8 illustrates the effect of inertial parameter G on the flow field and thermal field for
three values of porosity € =0.3, 0.5 and 0.8. This figure demonstrates that the porosity does
not have an effect on flow field, but it has a significant effect on thermal field, which comply
with the results mentioned previously in Figure. 4.7. In addition, the maximum absolute stream

function decreases sharply with the increase of inertial parameter G until about the value of
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G =2, After that the decreasing rate continues slowly to G =4, where it becomes

insignificant from G =4 to 10. Furthermore, the increase of inertial parameter G from 0 to 1
reduces quickly the average Nusselt number, and the noticeable effect of the inertial effect on

departure from the Darcien flow can be seen. At this interval from G =1 to 10, the effect of
G becomes negligible for the three values of porosity.
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Figure.4.8. Dependence of the maximum absolute stream function () and the average left
Nusselt number (b) on inertial effect parameter for R, =200, ¢=0.05 and y =0° and
different porosity, « .
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For a constant value of inertial parameter G , the lower the porosity, the higher the Nusselt
number, which is interpreted already by the strength of heat transfer dominated by the high
thermal conductivity of porous matrix compared to the mechanism of convection heat transfer
by the nanofluid.

The effect of inclination angle on the free convection heat transfer of nanofluid saturated porous
medium is presented in Figure.4.9 in terms of streamlines and isotherms for the angles
y=-45° y=0° and y=45 taking R, =200, G =0.5, ¢=005 £=05, the
aluminium foam being the solid matrix of the porous medium. It is noticeable that a single
circulation flow in the clockwise direction is formed inside the enclosure,

y =—45° y =45°

TR ) . VISl CY ST I B SR O 3 L i i P
05 -0.26 4} 25 [+8-} xo.fﬁ ] oz X04 45 4] B X

lv| =2.704 lv| =2.340 ly| =1.357
Nu. = 282.26 Nu. = 266.98 Nup =211.33
Figure.4.9. Streamlines (upper) and isotherms (lower) for R; =200, G =0.5, ¢=0.05, and
=05,

In addition, as the inclination angle shifts from -45° to 45°, the average Nusselt number
decreases from 282.26 at -45° to a high value of 266.98 at 0°, and after that it decreases to

* ]
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211,33 at 45°. This means that for the inclination angle of -45° a strong convection vortex is
formed compared to the other angles.

To show more detail about the effect of inclination angle, Figure. 4.10 demonstrates the
dependence of the flow and thermal fields on inclination angle » for different inertial effect
parameter G for R, =200, ¢=0.05 and £=0.5.
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Figure.4.10. Dependence of the maximum absolute stream function (a) and the average left
Nusselt number (b) on inclination angle y for R, =200, ¢=0.05, £ =0.5 and different
inertial effect parameter G .
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As it can be seen, the inclination angle has a significant effect on the maximum absolute stream
function and average Nusselt number for low values of inertial parameter (G <0.1), and it has
less impact for the inertial parameter of G > 0.1. In addition, for a given inertial parameter G

, the increase of inclination angle increases both the maximum absolute value of stream function
and the average Nusselt number to peak value. After that it decreases, except for the high values
of G (about 10), where it has insignificant effect. Furthermore, the inclination of about -40°
represents the angle for the peak values of average Nusselt number for a given inertial
parameter G , which is the angle where the convection rate is maximum. With the increase of
inclination angle beyond the peak angle, the average Nusselt number for different inertial

parameter G values decreases for a single value Nu. =167.71 at y =90° where the cavity is

heated from the top and the convection is vanished (|| =0), the heat transfer mechanism
being the conduction mode.

The inclination angle effect on flow field and thermal field for a given nanoparticles volume
percentage is presented in Figure. 4.11.

The graphs clearly illustrate that the inclination angle » has a dominant effect on both the
convection strength and the heat transfer rate. As the inclination angle » increases from -90°
to 90°, the average Nusselt number first increases to a peak value for a given nanoparticles
volume fraction at y ~40° and after that it decreases to approximately to a fixed value which
represents the pure conduction heat transfer mode. In addition, it is seen that as the
nanoparticles volume fraction ¢ increases, the average Nusselt number decreases. What is
noticeable is when the inclination angle approaches the value of y=90°, hoth the
nanoparticles volume fraction ¢ and the average Nusselt number increase. To make this
situation clear, Figure. 4.12 illustrates the average Nusselt number for 0<R, <200 and for
nanoparticles volume fraction of ¢ =0, 0.05, 0.08 and 0.1 at the inclination angle of » =90°.
This figure demonstrates that the Rayleigh number has no effect on the average Nusselt number
due to the disappearing of convection at this angle, which represents the top heating of the
cavity. In addition, the increase of nanoparticles volume fraction ¢ increases slightly the
average Nusselt number and enhances the heat transfer. This is because of the enhancement of
nanofluid thermal conductivity due to the increase of naopartciles volume fraction, which has
an effect on the overall thermal conductivity of the cavity (nanofluid and porous matrix).

67
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Figure.4.11. Dependence of the maximum absolute stream function (a) and the average left
Nusselt number (b) on inclination angle y for R, =200, G =0.5, £=0.5 and different

Furthermore, with the disappearing of convection at this angle y =90°, the effect of dynamic
viscosity vanishes, as previously seen concerning its effect on the heat transfer deterioration
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nanoparticles volume fraction ¢ .

inside the enclosure with the increase of nanoparticles volume fraction ¢ .
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Figure 4.12. Variation of the average left Nusselt number with Rayleigh number for different

values of nanoparticles volume fraction ¢ (G =05, £ =0.5, y=90°).
Figure. 4.13 shows the effect of nanoparticles volume fraction on the maximum ahsolute value
of stream function and average left Nusselt number for the porosity & =0.3, 0.5 and 0.8, As it
can be noticed the increase of nanoparticles volume fraction ¢ decreases the convection
strength (represented by the maximum absolute value of stream function) by the same rate for
the three values of porosity ¢ =0.3, 0.5.and 0.8, and for a given¢ . The porosity does not have
an effect on the convection rate. While for thermal field, for a given nanoparticles volume
fractiong , the higher ¢ is, the lower the average left Nusselt number becomes. In addition,
for a given porosity, the increase of nanoparticles volume fraction decreases the average Nusselt
number, and the reduction rate decreases with the increase of the porosity of porous medium.
For example, it can be seen for s=o0.8, that the nanoparticles volume fraction has
approximately no effect on the average left Nusselt number. The reduction in the convection
strength and the resulting heat transfer with the increase of nanoparticles volume fraction is
caused by the increase of dynamic viscosity of nanofluid as a result of the presence of
nanoparticles, which has a significant effect than the enhancement of the thermal conductivity.
Also, the reduction in the heat transfer rate with the increase of porosity for a given
nanoparticles volume fraction ¢ is due to the fact that the conduction mode is dominated for
the heat transfer compared to the convection rate due the higth thermal conductivity of porous
medium. The increase of the porosity of porous medium means an increase in void space, which
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results in a decrease of the overall thermal conductivity, while the convection strength of
nanofluid cannot overcome this reduction in the overall thermal conductivity of the enclosure,
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Figure.4.13. Dependence of the maximum absolute stream function (a) and the average left
Nusselt number (b) on nanoparticles volume fraction for R, =200, G =05, y =0° and

different porosity values &.
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Finally, Figure. 4.14 depicts nanoparticles volume fraction ¢ on the maximum absolute stream
function and average Nusselt number for the given values of inertial parameter ¢ - o.001, 0.01,
0.1,05, Land 10.
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Figure.4.14. Dependence of the maximum absolute stream function (a) and the average left
Nusselt number (b) on nanoparticles volume fraction for R, =200, £ =0.5, y = 0°for
different inertial parameter G .

It is shown that for the low values of inertial parameter G , the increase of nanoparticles volume
fraction from 0 (pure fluid) to 10% decreases slightly both the maximum absolute stream
function and average Nusselt number, while for high values, it has an insignificant effect. In

o
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addition, the higher the inertial parameter is, the lower the flow and thermal fields strength
become. For a given G , the increase of nanoparticles volume fraction weakens the flow and
thermal rates due the increase of the dynamic viscosity that obstructs the flow and which results
in a weak convection heat transfer (the enhancement of nanofluid thermal conductivity cannot
overcome the effect of dynamic viscosity). Furthermore, for a high value of inertial parameter
G from 1 to 10, the addition of more nanoparticles has no effect on hoth the flow and the
thermal field, the fluid is at stagnation state, and the heat transfer is done by the conduction
mode only (the porous medium matrix has a high thermal conductivity).

4.2 Second application : SWCNT-Water and Al,O;-Water nanofluid saturated porous medium
with magnetic field effect
The grid sizes are tested from 60x60 to 400x400. Table 4.3 shows the effect of the mesh size
on the average Nusselt number of the hot wall and the maximum ahsolute value of the stream
function. It is found that the 200x200 grid is adequately enough to resolve the equations system,
see Table 4.3,

|NULi,j — Nu, zoo,zoo|

|\Pi, i~ \P400><400|

_ n A= — x100%
Grld Slze |l// |max WL A |\P400><400 Xloo & N 0
W lna Nu.
b0x60  2.7946 2.35% - -
100x100 27915 2.3592 0,11 0.008
150x150 27906 2.3592 014 0.008
200x200  2.7902 2.3592 0,15 0.008
250x250  2.7902 2.3592 0,15 0.008
300x300  2.7902 2.3592 0,15 0.008
400x400  2.7902 2.3592 0,15 0.008

Table 4.3. Variations of the average Nusselt number of hot wall and the maximum absolute
value of stream function with different grid sizes (R, =200, = 0.5,7=0,£=0,Ha=0.5,
$=0.05).

In order to ensure the accuracy of the obtained results, an analysis of three comparisons has
been performed by comparing the numerical results with previous works. First, the results are
tested by comparing the average Nusselt number with that given by different authors as shown
in Table 4.4. The second test is done by examining the accuracy of present results via the



Chapter IV Results and discussion

maximum absolute value of stream function and the average Nusselt number of Nawaf and Pop
(2005), see Table 4.5. The third test has been performed between the results of the present
study and those reported by Mahmud and Fraser (2004), which are presented in table 4.6 and
Figure.4.15. The completion of the above three tests clearly show that the implemented code
produces reasonably accepted and confident results and gives courage to further extend the
present numerical code, which is reported in the forthcoming section.

Rr

At 0 0 g
Walker and Homsy  (1978) - 3097 12.9
Bejan (1979) . 42 158
Beckermann et al. (1986) - 3113 -
Gross etal. (1986) - 3141 13.448
Moya et al. (1987) 1.065 2801 -
Manole and Lage (1992) - 3118 13.637
Baytas and Pop (1999) 1.079 316 14,06
Present results 1.079 3113 13.770

Table 4.4. Comparison of the average Nusselt number with previous numerical results for
G =0,Ha=0,4=0and y=0.

Inertial effect Nawaf and Pop (2005) Present results
parameter 12x12 200 x 200
G e [ e | N [
0 13442 20439 13.173 20457
0.1 4732 7.993 4822 8.052
1 2.313 4,050 2428 4,097
5 1.503 2.223 1539 2218
10 1.295 1.652 132 1712

Table 4.5. Effect of the inertial effects parameter G on the average Nusselt number and the
maximum absolute value of stream function forr. =10°, ¢ =0,Ha=0 and y = 0°
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Mahmud and Fraser (2004) Present results

Rr | Ha W Yo

0 410721 4.70749

102 5 0.473645 0.473740

10 0.123691 0.123702

0 204897 204531

18 5 459179 459115

10 1.2836 1.2837

Table 4.6. Comparison of the maximum value of stream function with the results of
Mahmud and Fraser (2004)¢ =0,G =0, y =180° & =90°.

(@)

R, =10°,Ha=10

Figure. 4.15. Comparison between the present results (a) and Mahmud and Fraser (2004) (b)
al g=0,G =0, y=0° &=-90°,
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The aim of the present work is to investigate the heat transfer performance of a nanofluid
(SWCNT-water) in an inclined saturated porous medium under the effect of a magnetic field
by investigating the relationship among the Rayleigh numberR, , nanoparticles volume
fraction ¢ , inertial effect parameter G , inclination angle  , Hartmann number Ha and the
inclination angle of magnetic field & . The numerical results reported in this study cover the
ranges 0<R, <200, 0<¢$<0.10, 10°<G <10, -90°<y<90°, 0<Ha<10and
0<&<180.

The effect of the presence of nanoparticles on the flow and thermal fields is shown in
Figure.4.16 taking the three values:¢ = 0 , ¢ =0.05and ¢ = 0.10 for the following parameters
R, =200,G =05, Ha=0.5, y =0°and & =0°

Regardless of the volume fraction of nanoparticles, a single clockwise circulating cell is formed
inside the cavity. With the increase of nanoparticles volume fraction, a weak change is noticed
in the streamlines, and for the isotherms, they tend to have parallel lines at the lower right the
upper left corners. By comparing the average Nusselt number for the three cases we find
Nu ™ =1.739 <Nu % =2.359 < Nu./"** =3.177, Which means that there is an
enhancement of heat transfer with the addition of nanoparticles.

The behaviour of maximum absolute stream function and the average Nusselt number with the
Rayleigh number at different values of nanoparticles volume fraction at G =0, Ha=0,
y =0°and & =oeare presented in Figure.4.17 for the SWCNT and AL,O; nanofluids.

This figure demonstrates that the convection mode for SWCNT becomes important with the
increase of the Rayleigh number for all values of the nanoparticles volume fraction. In addition,
it noticeable that for a Rayleigh number less than 100, the increase of nanoparticles volume
fraction decreases the maximum ahsolute stream function and increases significantly the
average Nusselt number.

The decrease of the maximum absolute stream function can be attributed to the dynamic
viscosity increase due to the presence of nanoparticles, while the increase of Nusselt number
attributed to the noticeable enhancement of thermal conductivity. It can be concluded that the
conduction mode is more dominant compared to the free convection at the Rayleigh number
less than 100.
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¢ =0.00 ¢ =0.05 ¢ =0.10

Figure. 4.16. Streamlines (upper) and isotherms (lower) for SWCNT at R, =200, G=0.5
Ha=05 .y=0". £=0"

For Rayleigh number more than 100, the convection mode become important, but the addition
of more nanoparticles become less significant for the heat transfer enhancement by approaching
the value 200 due to the increase of dynamic viscosity. This significant increase in dynamic
viscosity for Carbon nanotubes has been recorded in the experimental work of Harish et al.
(2012) and Estellé et al. (2015).

For the AL, O, nanofluid, the fluid velocity and the convection rate increase by increasing the
Rayleigh number. In addition, the increase of nanoparticles volume fraction increases the heat
transfer for Rayleigh number less than 40, more than that the addition of more nanoparticles
of AL,O, nanofluid has a reverse effect on the heat transfer rate. This situation is due to the
fact that for low Rayleigh number, by addition more AL,O; nanoparticles, the effect of enhanced
thermal conductivity overcomes the effect of the increased dynamic viscosity, but for high
Rayleigh number, the increased dynamic viscosity effect overcomes the enhancement effect of
the thermal conductivity which reduces the thermal convection rate. The reduction of
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convection rate by increasing the nanoparticles concentration of AL203 has been noticed in
several papers such as the work of Mehryan et al. (2017).
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Figure. 4.17. Variation of the maximum absolute stream function (a) and the average left
Nusselt number (b) with the Rayleigh number, R, , and different values of nanoparticles
volume fraction, ¢ at G=0, Ha=0, y =0°, &£ =0°

The average Nusselt number ration Nu. /Nu.,-o00 i plotted as a function of Rayleigh number
for different nanoparticles volume fraction of SWCNT and AL,Os in Figure 4.18. The results
show for SWCNT water nanofluid that the enhancement of heat transfer by increasing the
nanoparticles rate is higher for a low Rayleigh number where the conduction mode is dominant
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and the enhancement in thermal conductivity of the nanofluid is significant. However, by
increasing the Rayleigh number, the enhancement of heat transfer decreases to a fixed value,
but is still above the value of 1.00 which represent the pure fluid case. The addition of more
nanoparticles to the base fluid become insignificant for high Rayleigh number which explained
by the important increase in the nanofluid dynamic viscosity due to the presence of
nanoparticles. However, for the AL,O; water nanofluid, the increase in Rayleigh number

reduces the ration Nu. /Nu4-000 , Which means that the enhancement in heat transfer rate
due to the presence of nanofluid decreases with the increase of Rayleigh number, this decrease
IS attributed to the increase in dynamic viscosity because of the presence of nanoparticles. What
is more is that for Rayleigh number at about 40, the heat transfer rate decreases below than
that of base fluid. For the AL;O; water naofluid, with the increase of Rayleigh number, the
increase of dynamic viscosity due to the presence of nanoparticles overcomes the effect of
increased thermal conductivity on the heat transfer inside the porous medium decreases.

§=0

\.
275\ wreveensenns =005
$=0.08

0.75

Figure. 4.18. Variation of average Nusselt number ration with Rayleigh number for different
nanoparticles volume fraction at G =0, Ha=0, y =0°, £=0°
Figures 4.19 and 4.20 present the dependency of the streamlines and isotherms on the inertial
effect parameter G and Hartmann number Ha at R, =200,¢=0.05,7=0 and &=0
respectively.
For the case of G =0 and Ha =0 a clockwise circulating cell is formed inside the cavity and
a convection current is established. As the Hartmann number increases, the Lorentz force
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increases and leads to a decrease in the flow strength. The Lorentz force, which is perpendicular
to the buoyancy forces retards the motion of the nanofluid saturated the porous medium, and
a significant percentage of the nanofluid inside the middle of the porous medium becomes
stationary.

ly| =8.323 ly| =1.052 | =0.758

|||||

Ha=10

lw| =0.255 lw| =0.246 lw| =0.237

|||||

Figure.4.19. Streamlines for different values of G and Hafor SWCNT at R, = 200,
¢=0.05, y=0, £=0

This it can be noticed by the decrease of the maximum absolute stream function |y |, and it
can be supported by the isothermes presented in Figure 4.20. As it can be seen that the
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distortion of isothermal lines occurred in the case of absence of magnitude field and starts to
vanish with the increase of Hartmann number.

3 Thot 18 | |
02 ] 0.2 4 X ; : E 0

Nuy =5.330 Nu; =1.970 Nu, =1.938

o 0.2 o4

Nuz=1.912 Nur =1.910 Nz =1.909

Figure. 4.20. Isotherms for different values of G and Ha for SWCNT at R, =200,
$ =005, y=0, £=0

The horizontal elongation of the isotherms decreases and they become parallel, which indicates
that the convection strength decreases and the heat transfer mechanism becomes in a quasi-
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conduction regime. As it can be noticed by the significant decrease recorded for the average
Nusselt number for the increasing of Hartmann number from 0 to 10.

Over and above the effect of Hartmann number on the streamlines and isotherms, the effect of
inertial effect parameter G is presented in Figures 4.19 and 4.20 For a fixed value of Hartmann
number, the increase of inertial effect parameter leads to decrease in flow strength and the same
time the heat transfer by convection mode weakens, which can be noticed by the decrease of
the maximum absolute stream function. Furthermore, the increase of inertial effect parameter
G causes to the boundary layers to become less significant, the distortion of isothermal lines
disappear and they become parallel to the vertical wall. By checking the average Nusselt
numbers, we can see that as the inertial effect parameter G increase, the heat transfer by
conduction mode is dominated compared to the convection mode. The combination of inertial
effect and the Lorentz force lead to a decrease of the convection strength, and the conduction
mode become significant,

Figure 4.21 shows how the average Nusselt number and the maximum ahsolute stream function
vary with SWCNT loading ¢ at different values of Hartmann number. For a given SWCNT
volume fraction, the increase of Lorentz force by increasing the Hartmann number decrease
the nanofluid flow strength and the heat transfer rate. Furthermore, the increase of nanotube
loading does not have a significant effect on the nanofluid flow strength, but it has an important
effect on heat transfer, due to the enhancement of the nanofluid thermal conductivity.

The increase of nanotube loading weakens the flow strength due the increase of the dynamic
viscosity, which reduces the nanofluid velocity. In addition, high dynamic viscosity results in a
weak convection strength, but in this case and due to the high thermal conductivity of the
SWCNT, the enhancement in the thermal conductivity overcomes the effect of high dynamic
viscosity on the heat transfer rate.
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Figure. 4.21. Dependence of the maximum absolute stream function (a) and the average left
Nusselt number (b) on nanoparticles volume fraction for SWCNT at R, =200, G=0.5,
y =0, &=0 for different Hartmann number Ha.

Figure 4.22 depicts SWCNT loading ¢ on the nanofluid flow strength (a) and heat transfer
rate (b) at different values of inertial effect parameter G . It is shown that the higher the inertial
parameter is, the lower the flow and thermal fields strength become, the augmentation of
inertial parameter slowdown the natural convection currents in the porous medium which
reduces the average Nusselt number,
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For the values of inertial parameter from 0.001to 0.1, the increase of SWCNT loading has a
slight effect on nanofluid flow strength, while for high its effect is insignificant. In addition,
For a given G , the increase of SWCNT loading, enhances the heat transfer rate due to the
enhancement of the thermal conductivity of nanofluid saturated the porous medium. This
enhancement is recorded for the range of G from 0.001to 0.1, but with the increase of G
from 0.1 toward 10, the effect of loading the fluid by more nanotube become less significant,

10
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Figure. 4.22. Dependence of the maximum absolute stream function (a) and the average left
Nusselt number (b) on nanoparticles volume fraction for SWCNT at R, =200, Ha=0.5,
y =0, £=0 for different inertial effect parameter G .



Chapter IV Results and discussion

Figure 4.23 illustrates the effect of inertial parameter G on the flow and thermal fields for
different values of Hartmann number. It is clear that the increase of Hartmann number
decreases the nanofluid flow and the heat transfer strength. As the inertial parameter increases,
the decreasing rate of the nanofluid velocity and the convection heat transfer with the increasing
of Lorentz force become less significant.

1.5 b=l

10

Figure. 4.23. Dependence of the maximum absolute stream function (a) and the average
Nusselt number (b) on inertial effect parameter G for SWCNT at R, =200, ¢ =10.05,
y =0° and & =oe for different Hartmann number.
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The nanofluid velocity decreases sharply with the increase of inertial parameter to about the
value of G =2 for Hartmann number from 0 to 2, after that the decreasing rate becomes
insignificant, while for Hartmann number more than 2, the increasing of inertial parameter
does not have a noticeable effect of fluid velocity. Furthermore, the increase of inertial
parameter G from 0 to 1 reduces quickly the average Nusselt number for the Hartmann
number from 0 to 2, and the noticeable effect of the inertial effect on departure from the
Darcian flow can be seen.

1.25

Nu.‘ /{\E Ha =0
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Figure.4.24. Variation of the average Nusselt number ration with SWCNT loading (a) for
different Harman number for SWCNT at R, =200, G=0.5,y =0°,& =0°, (b) for
different inertial effect parameter at R, =200, Ha=0.5,7 =0°,& =0°.
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In addition, For Hartmann number more than 2, the effect G becomes negligible for all values
of Hartmann number. The increasing of both Harman number and inertial parameters results
to the nanofluid becomes almost motionless, and the heat transfer by conduction mode is
dominant compared to the convection mode.

In order to examine the effect of volume fraction of SWCNT in the heat transfer enhancement

rate, the rations Nu./Nu. ra-o and Nu./Nu.s-o have been plotted with respect to loading
rate by SWCNT at various values of Hartmann number (Figure.4.24 (a)), and at various values
of inertial effect number (Figure.4.24 (b)).

In Figure 4.24 (a), the average Nusselt number ratio at Ha =01s taken as a reference value
and the inertial parameter at G =0.5. The results show that for the increase of Harman
number from Ha=0 to Ha=10, the rate of decrease in average Nusselt number ration
decreases with the increase of nanotube volume fraction. This behaviour is due to the fact that
even with the inhibition of nanofluid flow by the increasing of Lorentz force, the enhancement
in the thermal conductivity gained by the addition of nanotubes has more effect on heat
transfer, which is dominated by the conduction mechanism.

In Figure 4.24 (b), the average Nusselt number ratio at G =o is taken as a reference value and
the Hartmann number Ha = 0.5. As the inertial parameter increases from G =0 t0 G =10
, the results show the same behaviour as the precedent results of Figure.4.24 (a), except that
the decreasing rate with the increase of nanotube volume fraction is lower. Furthermore, the
loading by more nanotube has a noticeable effect on heat transfer enhancement for inertial
parameter more than 0.5.

Figure 4.25 presents the average Nusselt number with respect to inertial effect parameter at
various values of Hartmann number. The average Nusselt number ratio at Ha =01s taken as
a reference value for R, =200 and ¢ =0.05. As it can be seen, the decreasing rate of the
average Nusselt number ration with the increase of Hartmann number from Ha=o0t0
Ha =10 decreases with the increase of inertial parameter. For inertial parameter G more than
2, the decline in the Nusselt number ration is insignificant, which due to the fact that the
nanofluid is at a stagnation state, the convection mode is inhibited and the heat transfer is in
quasi-conduction mode.
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Figure.4.25. Variation of the average Nusselt number ration with inertial effect parameter for
different Harman number for SWCNT at R, =200, ¢ =0.05,7 =0°,& =0°,

0.3 L

To investigate the effect of magnetic field inclination angle on the flow and thermal fields,
Figure 4.26 demonstrates the variation maximum absolute volume fraction and average Nusselt
number with the magnetic field inclination angle& .

The results are presented for four value of SWCNT loading percentage. The results illustrates
that the inclination angle of the magnetic field has a weak effect on the fluid flow and
insignificant effect on thermal field. In addition, the as the volume fraction of SWCNT increase,
the effect of inclination angle of magnitude field decrease, which is due to the increase in the
overall dynamic viscosity of nanofluid.

Figure 4.27 depicts the effect inclination angle of the cavity with the Hartmann number on the
nanofluid flow and the heat transfer strength atR, =200,G6 =05 ¢=0.5 and & = 45°.

For the case of heating the cavity from bottom ( = —90°), the increase of Hartmann number
from Ha =0 to Ha = 2 decreases the fluid flow and the heat transfer rate, after this interval,
from Ha = 2the fluid flow is in stagnation state and the convection is totally inhibited, and
the heat transfer is done via the conduction mode. The inclination of the cavity y = —45°
represents the angle where the maximum of fluid flow strength is recorded, for the fluid flow
the Hartmann is from Ha =0 to Ha =2, where for the heat transfer strength is from
Ha =010 Ha=1. After those ranges of Hartmann number, the maximum of fluid flow
strength and the heat transfer rate is become for the inclination of » = 0°where the cavity is
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heated from the vertical left wall. For high values of Hartmann number, from Ha =8to
Ha =10 the inclination of the cavity becomes insignificant for the convection rate.
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Figure. 4.26. Dependence of the maximum abzéldte stream function (a) and the average
Nusselt number (b) on magnetic field inclination angle for SWCNT atr, =200,G =0.5
Ha=0.5 and y =o° for different nanoparticles volume fraction.
The effect of Hartmann number, the inclination angle of magnetic field with respect to the
cavity inclination forr, =200,G=0.5 ¢=0.05 is demonstrated in Figure. 4.28. As
mentioned in the previous sections, the increase of Hartmann number reduces both the fluid
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flow strength and the heat transfer rate regardless the inclination angles of the cavity and the

magnetic field.
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Figure. 4.27. Dependence of the maximum absolute stream function (a) and the average
Nusselt number (b) on Hartmann number for SWCNT atR, =200,G = 0.5 ¢=0.05 and

& = 45° for different inclination angles of the cavity.

In the absence of magnetic field (Ha =0), the maximum fluid flow strength and convection
rate is recorded, and the peak value is for the magnetic field inclination of between » = —15°
andy =-30°. For the Hartmann number Ha=5the inclination angle &=45° of the
magnetic field is where the high fluid flow strength and heat transfer rate is recorded regardless
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the inclination angle of the enclosure. In the case of the Hartmann number Ha =10, there is
a slight effect of the inclinations angles of the enclosure and the magnetic field on the fluid
flow strength, and no effect on the heat transfer rate.
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Figure.4.28. Variation of the maximum absolute stream function (a) and the average Nusselt
number (b) with the inclination of the cavity » for different Hartmann numbers Ha and

magnetic field inclination angle & for SWCNT at R, =200,G =0.5 ¢ =0.05.

Finally, the effect of Rayleigh number on the nanofluid flow strength and the heat transfer rate
IS illustrated in Figure 4.29 for different Hartmann number Ha and magnetic field inclination

%0
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angle ¢ for ,G=05 ¢=0.05,y=0. With the absence of magnetic field, the Rayleigh
number has a strong effect on the strength of fluid flow and convection, the increase of Rayleigh
number increases both the maximum absolute stream function and the average Nusselt
number.
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Figure. 4.29. Variation of the maximum absolute stream function (a) and the average Nusselt
number (b) with the Rayleigh number Rr, for different Hartmann numbers Ha and magnetic
field inclination angle & for SWCNT atG =0.5 ¢ =0.05,7 =0.

By introducing the effect of magnetic field, for a given Rayleigh number, the fluid flow strength
and the heat transfer rate decrease with the increase of Hartmann number. In addition, the

o1
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magnetic field inclination angle of & = 45°denotes the highest value for the strength of the
fluid flow and the heat transfer rate for a given Rayleigh number and Hartmann number.
Furthermore, for Hartmann number Ha =10, the heat transfer by convection mode is totally
inhibited for any given value of Rayleigh number and inclination angle of magnetic field.

4.3 Conclusion

In this section, the obtained results of the both studied cases which have been obtained by an
implemented Fortran computer code, have been presented and discussed. The Finit difference
method has been used the results have been validated with other results found in the literature.
A good match was obtained. The effects inertia and magneyic field, the dependency of the fluid
flow and the heat transfer rate on Raleigh number (R, ); nanotubes volume fraction (¢);
Hartmann number (Ha); inertial effect parameter () ;inclination angle of the cavity (,)and
inclination angle of the magnetic field () are discussed in detail.



CHAPTERV

CONCLUSION AND
RECOMMENDATIONS



Chapter V Conclusion and recommandations

CHAPITER V
CONCLUSION AND RECOMMENDATIONS
5.1. Conclusion

In this doctoral thesis, we studied numerically the heat transfer by natural convection induced
by temperature gradient of nanofluid saturated porous medium. The enclosure studied is a
two dimensional inclined square subjected to two different temperatures T, and T, ,while the
other two walls are adiabatic. The Dupuit-Darcy model, which includes the effect of inertia
for low or large Reynolds flows, and the Boussinesq approximation were used to model
natural convection inside the porous medium. Two applications have been performed in this
study, the first one is about the free convection of Cu-Water nanofluid saturated an
Aluminium foam porous medium, while the second application is about the free convection
of SWCNT-Water and Al203-Water saturated a tilted rectangular porous medium subjected
an external magnetic field . The governing equations have been solved together with
boundary conditions using the finite difference method with uniform grid size mesh by an
implemented FORTRAN code.

The influence of each of the parameters of the problem was discussed in this thesis. These
parameters are the Rayleigh number R, , the nanoparticles volume fractiong, the inertial
effect parameterG, the Hartman number Ha, the porosity of the porous mediume, the
inclination angle of the cavity  and the inclination angle of magnetic field & . The calculation
codes were validated based on the results available in the literature.

The main conclusions found in this study are summarized below:

5.1.1: Cu-Water nanofluid saturated Aluminium foam porous medium:

The increase of Rayleigh number has a significant effect on the nanofluid flow and heat
transfer strength.

The inertia has a significant adverse effect impact on the convective heat transfer of the
nanofluid the porous medium, the flow convection decreases with the increase of the
inertial effect parameter. In addition, the heat transfer by conduction mode is
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dominated for high values of inertial effect parameter, where for low values the
convection mode is dominated. The effect of Rayleigh number on the average Nusselt
number is more significant for low values of inertial effect parameter compared to its
higher values.

The efficiency of convection heat transfer decreases with the increase of nanoparticles
volume fraction. This is due to the increase in the nanofluid effective viscosity, which
causes the nanofluid velocity to decrease and results in a decrease of convection heat
transfer inside the cavity.

The increased nanoparticles volume fraction into the base fluid decreased the rate of
heat transfer by convection in the enclosure due to the increased dynamic viscosity of
the nanofluid which overcomes the effect of the enhanced thermal conductivity.

The average Nusselt number decreases with the increase of the porosity due to the high
difference between the porous matrix material thermal conductivity and that of
nanofluid. The heat transfer in the cavity is dominated by the high thermal
conductivity of porous matrix compared to the mechanism of convection heat transfer
by the nanofluid.

The inclination angle has a considerable effect on the convection strength of nanofluid
saturated the porous medium for low values of inertial parameter. As the inertial
parameter G increases the inclination angle effect decreases. Furthermore, the
inclination angle of about -40° represents the better angle for maximum convection rate
of the nanofluid saturated the porous medium for a given inertial parameter or
nanoparticles volume fraction. A slight heat transfer enhancement with the increase on
nanoparticles volume fraction is noted while the cavity is heated from the top.

5.1.2: SWCNT-Water nanofluid saturated porous medium and influenced by external
magnetic field:

The increase of Rayleigh number has a significant effect on the nanofluid flow and heat
transfer strength.

-
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The convection strength increases with the increase of SWCNT concentration, but with
the increase of Rayleigh number the enhancement of convection heat transfer become
insignificant due to the increase in dynamic viscosity.

The increase of magnetic field strength and the inertial effect parameter decreases
significantly the strength of fluid flow and convection and the heat transfer mechanise
convert from convection mode toward the conduction mode.

Even with the inhibition of the fluid flow inside the enclosure by increasing the
Hartmann number or the inertial effect parameter, the loading of the fluid by SWCNT
enhance the heat transfer due to the significant enhancement of the thermal
conductivity of the nanofluid.

For Hartmann number more than Ha =2, the fluid flow is almost inhibited and the
heat transfer mechanism is by conduction mode.

The inclination angle & =45°0f the magnetic field represents the best for fluid flow
strength and heat transfer rate regardless the Hartmann and Rayleigh numbers.

5.2. Recommandations

It would be a significant scientific contribution to be able to couple numerical research with
experimental research, especially in developing correlations for well predicting the
thermaphysical properties of nanofluids.

It is desirable to consicer studies of heat transfer in the presence of nanofluids in which the
following effects could be considered:

Effect of the shape and size of the nanoparticles.

Turbulent regime and Double phase flow.
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Al the results presented in the first application have been the subject of an international
publication in the journal Special Topics & Reviews in Porous Media — An International
Journal entitled “Inerial and Porosity Effects on Dupuit-Darcy Natural Convection of Cu-
Water Nanofluid Saturated High Thermal Conductive Porous Medium”.
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The natural convection in an inclined square porous enclosure saturated by Cu-water nanoffuid is numerically studied.
Aluminium foam is the porous matrix material. The vertical walls are assumed to be isothermal and differentinlly
heated, while the horizontal ones are adiabatic. The Darcy—Dupuit model, which includes the inertial effects parameter,
describes the flow in the porous medium. A finite difference method is used to solve the governing dimensionless partial
differential equations along with the corresponding boundary conditions. The governing pavameters for the problem
are the Rayleigh number (Rt ), inertial parameter (), nanaparticles volume fraction (), porosity of porous medium
(e), and the inclination of the cavity (y). A good agreement betmeen the obtained results and previous publications
revenls that the increasing of inertial effect parameter veduces the intensity of convection, and the conduction mode is
dominated for the high value of inertial effect parameter. Furthermore, the incrensing of nanoparticles volume fraction
has a negative effect on convection intensity due to the increases of dynamic viscosity. The increase of porous medium
porosity has a reverse effect on the convection rate. For high parosity, the heat transfer in the cavity is dominated by
ftre high thermal conductivity of porous matrix compared to the nanofluid convection inside the cavity. The angle of
around 40° represents a betfer cavity inclination for maxinnim convection.

KEY WORDS: free convection, nanofluid, porous media, inertial effect parameter, Dupuit—Darcy model

1. INTRODUCTION

Reducing energy consumption has become a main interest for engineers and researchers worldwide for funwe eneigy
security and diversity by securing environmental energy sources. In order to minimize energy consunption. efficient
and compact thermal products with mmproved design must be developed. The thermal control, marerial and energy
saving in such a process can be achieved by enhancing the heat transfer rate using one of the two main techniques,
passive or active technology (Ganji and Malvandi, 2016: Alam and Kim, 2018: Khan et al.. 2018). The enhancement
of heat wansfer by nanwal convection has received increasing interest as an important heat iransfer phenomenon
because of irs numerous advantages such the absence of need for external power for inducing the convective heat
transfer. No electronic regulation and supply is required. and the absence of mechanical repair for the powering
systems reduces costs and time (Ghalambaz et al.. 2015). Researchers are always looking for new numerical methods
to solve the natural convection and the design of efficient equipment (Alkasassbeh eral.. 2019).

The convective heat transfer with porous media is gaining interest due to its large use in many engineering
applications such as heat exchangers. ground water. and o1l Aow, Articles are being published at the rate of one a day
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All the results presented in the seconde application have been the subject of an international
publication in the journal International Journal of Fluid Mechanics Research entitled “Inertial
Effects on the Hydromagnetic Natural convection of SWCNT-Water Nanofluid Saturated
Inclined Ractangular Porous Medium”,

International Jowrnal of Fluid Mechanics Research. 47(5):461—483 (2020)
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The problem of magnetohydrodynamic (MHD) natural convection of o single-wall carbon nanotube (SWCNT J-water
nanofluid in a tilted square cavity filled with a saturated porous medium and subjected to an inclined magnetic field is
numerically studied. The Dupuit—Darcy model is adopted to describe the flow inside the porous medium for analyzing
the departure from the linear Darcy situation. The enclosure (s bounded by differentially heated vertical walls, and the
horizonial ones are kept adiabatic. The dependency of the fluid flow and the heai transfer rate on the Rayleigh mumber
(Rr), nanotubes volume fraction (), Hartmann number (Ha), inertial effect parameter (G), inclination an gle of
the cavity (y), and the inclination angle of the magnetic field (£) is analyzed. The obtained partiol differential egua-
tions (PDEs) governing the problem have been solved by the finite difference method along with their corresponding
boundary conditions. If is found that increasing the SWCNT concentration significanily enhiances the convection in-
tensity until a threshold value of the Rayleigh nunber due to the increase of dynamic viscosity is reached. The increase
of the inertial effect parameter or the Hartmann smumber reduces the fluid flow and the convection strength, and the
conduction mode is dominated for high values of both parameters. Furthermore, the heating of the cavity through the
left vertical walls produces a better fluid flow and convection strength for a Hartmann munber greater than 2. The
inclination angle & = 457 of the magnetic field represents the best for the fluid flow strength and the heat transfer rate,
regardless of the Hartmann and Rayleigh numbers.

KEY WORDS: free convection, SWCNT-water nanofluid, porous media, magnetic field, inertial effect
parameter, Dupuit—Darcy model

1. INTRODUCTION

In recent vears. the study of heat transfer in porous media has been an ongoing research field. This interest is due
to the frequent use of research in many engineering and environmental applications like heat exchangers. ground
water and oil flow, cooling electronic devices, nuclear reactor systems, and thermal insulation. In the process of
designing a fusion reactor, the natural convection heat transfer. electricallv conducting fluids. and liquid metals are
essential problems because of the strong magnetic field and high temperature difference. Magnetic fields are used
for the rechnologies of drying and lubrication. food cleaning. float glass. hydrodynamic behavior control during
the processes of float zlass production. solidification. and crystal growth. Moreover, magnetic field applications of
nanofluid Hows are gamning interest due to their large use in many technological applications such as nuclear reactor
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