République Algérienne Démocratique et Populaire
Ministere de "Enseignement Supérieur et de la Recherche Scientifique
Université Ibn Khaldoun de Tiaret

Faculté des Sciences Appliquées

Département de Génie Mécanique

MEMOIRE DE FIN D’ETUDES

Pour I’obtention du Diplome de Master

Domaine : Sciences et Technologie
Filiere : Génie Mécanique
Parcours : Master
Spécialité : Energétique

Theme

FLUID FLOW AND MAGNETOHYDRODYNAMIC
FORCED CONVECTION HEAT TRANSFER
INVESTIGATION OF OSTWALD DE WAELE

FLUID THROUGH POROUS MICROCHANNEL IN
THE PRESENCE OF THE LORENTZ FORCE

Préparé par :

= OULD MOHAMED Amina
= BEKHTAOUI Belhouari Abd Elkarim

Soutenu publiquement le : 12 /06 /2023, devant le jury composé de :

M. ATHMANI Houari ~ Maitre de Assistant "A" (Univ. Ibn Khaldoun) Président

M. SAD CHEMLOUL  Professeur (Univ. Ibn Khaldoun)  Examinateur
Nordeddine

M. KARAS Abdekader  Professeur (Univ. Ibn Khaldoun)  Examinateur
Mr. CHAIB Khaled Maitre de Conférences "A" (Univ. Ibn Khaldoun)  Encadrant
Mr. ABDI Mohamed Docteur (Univ. Ibn Khaldoun)  Co-Encadrant

Année universitaire : 2022 - 2023






DEDICACATION

First and foremost, praises and thanks to Allah for his showers of blessings throughout our
research work to complete this thesis successfully.

We are incredibly grateful to our parents for their love, prayers, caring and sacrifices for
education and preparing me for our future, and their unlimited support who never stop giving

us what is necessary to achieve what we are today. Our God, protect you.

We also dedicate this work to :
Our Brothers for their unbounded support throughout our life. Their reliable emotional, spiri-
tual, and financial support has allowed us to accomplish tasks that would have otherwise been
impossible.
Our uncles, our aunts and their family.
All our cousins.

All our friends, our colleagues and all those who value us.



ACKNOWLEDGMENTS

In the Name of Allah, the Most Merciful, the Most Compassionate, Alhamdulillah, all praises
belong to Almighty Allah, the Lord of the worlds and prayers and peace be upon Muhammad,

His servant and messenger.

We want to express our deep gratitude to our supervisor, Mr Khaled CHAIB, a Professor at
the University IBN KHALDOUN of Tiaret. He helped me throughout this thesis and shared his
brilliant intuitions in the context of this work. We want to thank our co-supervisor Mr Mohamed
ABDI, for his guidance throughout this project. Our teacher Mr Slimane BENFERHAT, words
can hardly describe our thanks and appreciation to him. He has been our source of inspiration,
support, and guidance. He has taught us to be unique and determined, believe in ourself, and
persevere. We are truly thankful and honoured to have a teacher like him. We are very grateful
to them for providing us with their long experience in computational fluid mechanics (CFD)
throughout this work. We sincerely thank them for giving us the benefit of their skills during
the knowledge of the ALBERT Team.

With all our respect to Mrs Meryem Ould Rouiss, Professor at the GUSTAVE Eiffel University
in Champs sur Marne- 77454- (France) and member of the “Modélisation et de Simulation a
Multi-Echelles (MSME)” . Thank you for your white heart full of kindness and pure soul, a

beacon of minds.

We want to express our sincere thanks to all the jury members for accepting and evaluating

this work.



iv

Thanks to all the Laboratory "Modélisation et de Simulation a Multi-Echelles (MSME)”
members for their help and for sharing their skills. We also thank all the members of the Labo-
ratory “Laboratoire de génie électrique et des plasmas (LGEP) University of Tiaret, Algeria”.

We are highly grateful to my colleagues at "THE ALBERT TEAM” for all the beautiful trips
and fond memories. Thank you for your encouragement in all the moments. Your friendship
makes our lives just a wonderful experience. They are the spice that made my journey less

humdrum. With their support, our progress was much faster.

Last but most importantly, we thank our parents today for their blessings, providing us with
unfailing support and continuous encouragement throughout our years of study and through the
research process and writing this thesis. There are not enough words to express our gratitude for
everything they have done for us. We thank our beloved families for their unceasing, unwavering
love and encouragement. They have been instrumental in moulding me into who we are today.

It is to them that we dedicate our thesis.

"BELIEVE IN YOURSELF AND BE READY TO LEARN”

"THE ALBERT TEAM”



ua."c.Lo

e W Gl olgalt b 1A sl g 51 AN B e J) WU Ll s e
¢ (Darcy) sas 5«5\~ ,has Jsby ‘@vﬁf&;,\: oLl Ay Lok Glel gl L))
- (@) okl Jnd) e &5l ¢ (Hartmann) sas g ¢ 3501 gl 2309 «awstl] Lolill
(Nusselt) sas Jo &las¥l Ol ol Ladley (o0 P o0 5131 5 jailasy o3l

Segls wall Lalie 35 oy (MHD) ol Solosg jagl (qublall o 121 Jodl 5,141
doge g2 geblae Jl Ly A deegdly ASLSUT o Pledlyllasy Gom s JoRL
Job o dauly SBld S SLLE 0 dogez o JWT Gaindl 56K . (a) Gl ey (Bo)
Sl dol &1 2509 ¢ (0.1 > Kn > 0.001) e (Km;dsen) >4 9¢ (30>B>5) 541 jaae
«(09>e> 0.1) dauwgte Wblus ¢ (1072 > Da > 107°) . (Darcy) sas 9« (1.8 >n>0.2)
Oledaall (90" > @ >07)  gqubliall Jadl oo Ulgje ¢ (160 > Ha >0). - (Hartmann) sas
palad ] 441 Thogll Tk 9 =1°/0 LWl Llll 577 Re=50 s, sas ¢ Ll

. Ks=0.613
L__SJ‘JA" O 5led! or & (Brinkman-Darcy) Cajr r‘.\;'d...c\ P e g\.ﬂl\ Lol 45 fg"
oo Bl Bly agdl £l ol Bl J2) Lald] Bsially Josll FLo oy (LTE) Jall
54 Jo ly el ailas ol ) s 2l Frdl e e Giadl) Ul Qkﬁb%‘"it}'
sas g 3adl dele £50g lailugll Laluoy 3,0 41 jaae Joby (Knudsen) sas By el
o2l Jame Jolass L9l Lo ! 3 el 345 I LAl 39S das (63§ . (Hartmann)
B ) § Bl B3k GBSl BLEN 550§ Gl gmbe sl J) o Le skl wie
J 5"5 Ol Gaadl dol 250 5L u"@“ xsf'"" LU o dnnall BLEN Jlaa g &5l
@oh Lo Bpll LIl 297 5 bembe ol J) (525 Lo cmustl) Bl Gadll Jons 598
Siadl dsbe 250 Ll 2% W Gl Jsb e & edl el ol g Babs )
(sl GEd ) S e ol & el B ) g sl Ll ey £ ) (SRS actl) jaasil]

(Nusselt) sas ; 6)}-‘ JAA\ ; &sul sl Z*..*"é;)‘ AW ]




ABSTRACT

he present study concerns a steady-state laminar magnetohydrodynamic (MHD) flow
T forced convection heat transfer inside a fully and partially filled microchannel oc-
cupied by Cu-Al,Os3/water hybrid, pseudoplastic and dilatant fluids permeated by a uni-
form transverse magnetic field (Bp) and inclined by an angle («). The present investiga-
tion consists of a set of simulations for wide ranges of heat source length (5 < B < 30),
Knudsen numbers (0.001 < Kn < 0.1), flow behaviour indices (0.2 < n < 1.8), Darcy num-
bers (107° < Da < 1072), medium porosities (0.1 < e < 0.9), Hartmann numbers
(0 < Ha < 160), and magnetic field inclination angles (0° < o < 90°) for the following fixed
parameters : Reynolds number, Re=50; nanofluid concentration, ¢ = 1%; porous thermal
conductivity ratio, Ks=0.613. The porous medium is modelled by employing the Brinkman-
Darcy model with a local thermal equilibrium (LTE) approach between the working fluid and
the porous matrix for energy transfer. The predicted results showed an excellent agreement
with the available literature results for validation. The parametric study indicates that the mo-
mentum characteristics and heat transfer mechanism strongly depend on the Knudsen number,
heat source length, media porosity, flow behaviour index, and Hartmann number. The increa-
sed Knudsen number induces a pronounced increase in the axial velocity and a reduction in
the shear rate at the wall, resulting in a noticeable decrease of the velocity in the microchan-
nel centre and a marked increase of the axial velocity at the microchannel wall. On the other
hand, the increased flow behaviour index results in the apparent deviation in the shear rate

distribution of the dilatant fluid, resulting in a marked variation in the apparent
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fluid viscosity, which leads to an increase in the axial velocity distributions along the micro-
channel high. The decreased flow behaviour index of the pseudoplastic also leads to moving

the axial velocity’s maximum value toward the upper microchannel wall.

Keywords : Microchannel ; (MHD) ; Forced convection; (LTE) ; Nusselt number .




RESUME

a présente étude concerne le transfert de chaleur par convection forcée dans un écoulement
L laminaire magnétohydrodynamique (MHD) en régime permanent a l'intérieur d’un mi-
crocanal entierement ou partiellement rempli par des fluides hybrides Cu-Al,O3/eau, pseudo-
plastiques et dilatants imprégnés d’un champ magnétique transversal uniforme (Bj) et incliné
d’un angle («). La présente étude consiste en un ensemble de simulations pour de larges gammes
de longueur de source de chaleur (5 < B < 30), de nombres de Knudsen (0.001 < Kn < 0.1),
d’indices d’écoulement (0.2 < n < 1.8), de nombres de Darcy (10*5 < Da < 10*2), de porosités
(0.1 <& < 0.9), de nombres de Hartmann (0 < Ha < 160), et d’angles d’inclinaison du champ
magnétique (0° < a < 90°) pour les parametres fixes suivants : Nombre de Reynolds, Re=50;
concentration de nanofluide, ¢ = 1% ; rapport de conductivité thermique poreuse, Ks=0.613. Le
milieu poreux est modélisé en utilisant le modeéle Brinkman-Darcy avec une approche d’équilibre
thermique local (LTE) entre le fluide de travail et la matrice poreuse pour le transfert d’énergie.
Les résultats prédits ont montré une excellente concordance avec les résultats de la littérature
disponible pour la validation. L’étude paramétrique indique que les caractéristiques de la quan-
tité de mouvement et le mécanisme de transfert de chaleur dépendent fortement du nombre
de Knudsen, de la longueur de la source de chaleur, de la porosité du milieu, de I’indice d
’écoulement et du nombre de Hartmann. L’augmentation du nombre de Knudsen induit une
augmentation prononcée de la vitesse axiale et une réduction du taux de cisaillement a la paroi,
ce qui entralne une diminution notable de la vitesse au centre du microcanal et une augmen-
tation marquée de la vitesse axiale a la paroi du microcanal. D’autre part, ’augmentation de

I’indice d’écoulement entraine une déviation apparente de
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la distribution du taux de cisaillement du fluide dilatant, ce qui se traduit par une variation
marquée de la viscosité apparente du fluide, qui entraine une augmentation des distributions
de la vitesse axiale le long de la hauteur du microcanal. La diminution de I’indice d’écoulement
du pseudoplastique entraine également le dépla.cement de la valeur maximale de la vitesse

axiale vers la paroi supérieure du microcanal.

Mots clés : Microcanal ; (MHD) ; Convection forcée; (LTE); Nombre de Nusselt .
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GENERALE INTODUCTION

Industrial problematic

T\ nergy has been assumed as the factor for the advancement of the industry for a long time

1 _J ago, and following to improvement of the industry, employing heat transfer techniques
with high thermal efficiency and potential for transfer of a high quantity of energy along with
small dimensions are deemed as one of the essential needs in many modern industries and
equipment. This issue is crucially important in various industrial tools and processes such as
cooling and heating of thermal sources, production processes and industries, e.g. transportation,
pharmacology, electronics, automotive and microelectromechanical and nanoelectromechanical

systems.

Microchannel heat sinks constitute an innovative cooling technology for removing a large
amount of heat through a small area. It is one of the potential alternatives for replacing conven-
tional finned tube heat exchangers. Microchannel heat exchangers have applications in several
important and diverse fields, including aerospace ; automotive ; bioengineering ; cooling of gas
turbine blades, power and process industries; refrigeration and air conditioning; infrared de-
tectors and powerful laser mirrors and superconductors ; microelectronics ; and thermal control

of film deposition.

In fluid mechanics, fluid flow through porous media is how fluids behave when flowing through
a porous medium. The concept of porous media is used in many areas of applied science and
engineering. The study of the flow of non-Newtonian fluids in porous media has a wide variety
of practical applications in processes such as enhanced oil recovery from underground reservoirs,

filtration of polymer solutions and soil remediation through the removal of liquid pollutants.
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Heavy oils, foams, polymer solutions and viscoelastic surfactants are some non-Newtonian fluids

commonly found in porous media in oil fields.

Aims

The primary purposes of the present investigation are to look for the best heat transfer
efficiency configuration of the heat sink microchannel. This research also seeks to determine and
reveal the effects of heater length (B), Knudsen number (Kn), Darcy number (Da), medium
porosity (g), flow behaviour index (n), Hartmann numbers (Ha), and magnetic field inclination
angle («) on the momentum and heat transfer characteristics via offering and discussing the
different statistical quantities such as the local and average Nusselt numbers, velocity profiles,
streamline and isotherm distributions carefully. The second study gives special consideration
to examining the effects of the rheological properties of the Ostwald de Waele fluid on heat

transfer characteristics and rheological and hydrodynamic behaviour.

Scientific problematic

The present study concerns a steady-state laminar magnetohydrodynamic (MHD) flow for-
ced convection heat transfer inside a fully and partially filled microchannel occupied by Cu-
AlsO3/water hybrid, pseudoplastic and dilatant fluids permeated by a uniform transverse
magnetic field (By) and inclined by an angle (a). The present investigation consists of a
set of simulations for wide ranges of heat source lengths (5 < B < 30), Knudsen numbers
(0.001 < Kn < 0.1), Darcy numbers (107 < Da < 1072), medium porosities (0.1 < e < 0.9),
Hartmann numbers (0 < Ha < 160), and magnetic field inclination angles (0° < « < 90°) for
the following fixed parameters : Reynolds number, Re=50; nanofluid concentration, ¢ = 1%;
porous thermal conductivity ratio, Ks=0.613. The porous medium is modelled by employing the
Brinkman-Darcy model with a local thermal equilibrium (LTE) approach between the working

fluid and the porous matrix for energy transfer.

The second investigation of this thesis is based on the slip flow and non-Newtonian
fluid through a porous metal foam, with a two-dimensional steady laminar flow forced
convection heat transfer of Ostwald de Waele fluid through a partial microchannel heat

sink. These investigations were performed for the following parameters : flow behaviour in-
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dices (0.2, 0.4, 0.6, 0.8, 1, 1.2, 1.4, 1.6, 1.7), Reynolds numbers (10, 25, 50, 75, 100), Darcy
number (1071, 1073), at fixed porosity & = 0.5.

Outline of the Thesis

This thesis is structured into five chapters and is organised as follows :

Chapter I reviews the literature on non-Newtonian fluids, covering fluid classification based
on different rheological models ; this chapter presents the relevant fluid mechanics equations for
each material type.

Chapter II presents a comprehensive literature review on the experimental and theoretical
studies of Newtonian and non-Newtonian flowing through microchannels.

Chapter III presents the various techniques and configurations used in innovative industrial
engineering applications.

Chapter IV presents the governing equations, the mathematical formulations, and the physical
boundary conditions. In addition, the numerical procedure is also described in this chapter.

Chapter V devotes to the laminar fluid of hybrid nanofluid and Ostwald de Waele fluid
through a heat sink microchannel.

Finally, the conclusions are drawn from the findings of the research work and recommenda-
tions for future work are made. Additional details and information relevant to the research work

conducted are presented in the appendices.
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RHEOLOGY AND NANOFLUIDS

I.1 Rheological behaviour

I[.1.1 Rheology Definition

he term rheology was invented in 1920 by Professor Eugene Bingham at Lafayette Col-
T lege in indiana USA. A colleague, Martin Reiner, a professor in classical languages and
history, inspired him. Bingham, a professor of chemistry, studied new materials with strange
flow behaviour, particularly paints [1]. Rheology is the science of deformation and flow. It is
a branch of physics and physical chemistry since the most important variables come from the
field of mechanics : forces, deflections and velocities. The term "rheology” originates from the
Greek :”"rhein” meaning "to flow”. Thus, rheology is literally "flow science”. However, rheo-
logical experiments reveal information about liquids” flow behaviour and solids” deformation
behaviour. The connection here is that a large deformation produced by shear forces causes

many materials to flow [2].

All kinds of shear behaviour, which can be described rheologically scientifically, can be viewed
as being between two extremes : the flow of ideally viscous liquids on the one hand and the
deformation of ideally elastic solids on the other. The behaviour of all real materials is based
on the combination of a viscous and an elastic portion ; therefore, it is called viscoelastic. For

example, wallpaper paste is a viscoelastic liquid, and a gum eraser is a viscoelastic solid [3].

There are two basic kinds of flow with relative movement of adjacent liquid particles : shear
and extensional flows. In shear flows, liquid elements flow over or past each other. In contrast,
in extensional flow, adjacent elements flow towards or away from each other ; see Figure 1.1 for

illustrations of shear and extensional deformation and flow, respectively [4].



I.1. Rheological behaviour

Liquids Solids
(ideal-) viscous Viscoelastic Viscoelastic (ideal-) elastic
Flow behaviour Flow behaviour Deformation Deformation
Behaviour Behaviour

Newton’s law

Maxwell’law

Kelvin/Voigt’s Hooke’s law

Flow/Viscosity

curves

Creep tests,relaxation

tests,oscillatory tests

Table 1.1 — Overview

of different kinds of rheological behaviour [2].

~—

SHEAR FLOW
<+—0
o—r
Adjacent particles moving
over or past each other

=]

Adja

Me=====o,
e o1
nr-----°n

EXTENSIONAL FLOW

—00—
cent particles moving away
from or towards each other

~00-

A

-l
=

Figure I.1 — Partic

(a)

Shear flow

Newtonian

Apparent
viscosity

Shear rate

Figure 1.2 — Schematic

le motion in shear and extensional flows [3].

(b)

Extensional flow

Newtonian

i Shear {  “Shear
 thinning | thickening”|

Apparent
viscosity

Deformation rate

illustration of viscoelastic polymer rheology [4].
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(a) shear flow, such as in rotational rheometers and capillary rheometers showing shear thin-

ning where a relaxation of the largest polymer chain occurs (b) extensional flow, such as in

porous media with converging-diverging geometry showing shear thickening, where polymer

coils are stretched due to extensional flow [4].

Many industries frequently work with products in a liquid phase during all or some of the

industrial operations carried out (concentration, evaporation, pasteurisation, pumps, and those

in between), thus a good design of each process installation is indispensable for good operation.

In the design of all processes, it is necessary to know the individual physical characteristics dif-

ferentiating each process. One characteristic is the rheological behaviour of the fluid processed.

Knowledge of its rheology can avoid possible excess dimensions of pumps, pipes, evaporators,

etc., all of which could cause a negative rebound in the economy of the process [5].

Rheology is very important in the following area of the food industry [5] :

1.

2.

10.
11.

12.

13.

Mixing-Two or more materials are blended manually or mechanically.

Flow Control-Flowablity of material varies from very thin to highly viscous.

. Dispensing- Material comes out easily or with difficulty.

Settling/ Floating — Material with different specific gravity either settle or float depending

on viscosity of the material.

. Pumping- Liquids or semi-solids are forced through the pipe.

. Coating- Spreading of one material as thin layer over other.

Cleaning — Soil removal from the surface of the equipments and pipeline.

. Control of processing parameters- velocity, magnitude of pressure drop, piping design,

pumping requirement for fluid transport system, power requirement of agitation, power

requirement of mixing and blending, amount of heat generated during extrusion etc.

Influence on unit operations — Heat transfer, Mass transfer, mixing, grinding, sedimenta-

tion, separation, filtration, evaporation and drying etc.
Study of rheology helps to select proper method of harvesting and sorting of raw materials.
Study of rheology helps to select proper ingredients to manufacture processed foods.

Study of rheology helps to select proper technology /equipment to manufacture processed

foods.with desirable sensory and rheological properties.

Study of rheology helps in newer product development (e.g. dietetic ice cream, paneer,

low fat mozzarella cheese etc.)
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14. Study of rheology helps in designing processing equipment, packaging machines, trans-

portation system etc.
15. Study of rheology helps to improve sensory quality of the products.

16. Study of rheology helps in marketing the products.

I.1.2 Shear rate and shear stress

As we have seen in Figure 1.2, simple shear flow is the continual movement of liquid par-
ticles over or past each other, while extensional (or elongational, or stretching) flows are where
particles of liquid flow towards or away from each other (see below). In Figure 1.3 we visualise
shear flow alternatively as the movement of hypothetical layers sliding over each other. In the
simplest case the velocity of each layer increases linearly with respect to its neighbour below so
that layers twice the distance from any stationary edge move at the double the speed, etc. The
velocity gradient in the direction at right angles to the flow is called the shear rate (sometimes
called the velocity gradient or strain rate), and the force per unit area creating or producing by
the flow is called the shear stress. In our simple example, the shear rate is V/h and is described
by the symbol ¥ (pronounced ’gamma dot’), while the shear stress is given by F/A and is given
the symbol o [3].

<«4— hypothetical layers

Figure 1.3 — Hypothetical layers in shear flow [3].

The shear rate has the units of velocity divided by distance, i.e., metres per second / metres,
leaving us with the units of reciprocal (i.e., one over) seconds, or s~!. Shear stress force per
unit area has the units of newtons per square metre, N m~2 but in the SI system, stress,

like pressure, it is given in units of pascals, Pa, in honour of the famous French scientist. For
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reference, standard atmospheric pressure, previously known to many as 14.7 pounds per square

inch (psi), is 10° Pa [3].

The approximate value of the shear rate encountered in a wide variety of circumstances
found in everyday life or in industrial situations is shown in Table [.2 Readers may relate these
numbers to their own field of interest by simply dividing a typical velocity in any flow of interest

by a typical dimension [3].

Situation Shear Rate Range /s ! Examples
Sedimentation of Fine Powders in liquids 1076 - 1073 Medecines, paints, salad, dressing
Levelling due to surface tension 1072 - 107! Paints, printing inks
Draining off surfaces under gravity 10-1 — 10! Toilet bleaches, paints, coatings
Extruders 10° — 10° Polymers, foods soft solids
Chewing and swallowing 10t — 10° Foods
Dip coating 10" — 10° Paints, confectionery
Miwing and stirring 10t — 108 Liquids manufacturing
Pipe flow 109 — 103 Pumping liquids, blood flow
Brushing 10% — 10% Painting
Rubbing 10* — 10° Skin creams, lotions
High-speed coating 10* — 108 Paper manufacture
Spraying 10° — 10° Atomisation, spray drying
Lubrification 103 — 107 Bearings, engines

Table 1.2 — Typical shear rate ranges of various physical operations [3].

(a) 5] Elastic solid
5 Velocity Area Strain
t T B ; Fe
tuid | Veloily v N il i Stress I
'h | = v - Distance ]
s L bctween 4 = s e
=T —— r Viscous liquid 5=0
L plates .
o Vedeslly—o L3 Strain
= P i
Stress | ™, #
Mgatle
5 Viscoelastic material
w | L Infini -
shear Shear thinning TR bl
—_— : : shear rate
rate . Tegime Stress
N
\\
™,
-y ~ 0<d
5 \ )
a \
: " co S5
a By [}
H e

Shear Rate

Figure 1.4 — The shear stress - shear rate relationship [4].

(a) Schematic representation of fluid flow in simple shear flow (b) Rheogram curve of shear
viscosity versus shear rate (c) Illustration of the stress response during oscillatory rheology for
elastic, viscous and viscoelastic material (d) Storage and loss modulus as a function of frequency,

showing the intersection point of the modulus [4].
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I.1.3 Rheometry

The term ”rheometry” is usually used to refer to a group of experimental techniques for
investigating the rheological behaviour of materials. It is of great importance in determining
the constitutive equation of a fluid or in assessing the relevance of any proposed constitutive law.
Most of the textbooks on rheology deal with rheometry. The books by Coleman et al (1966),
Walters (1975), and by Bird et al (1987) provide a complete introduction to the viscometric
theory used in rheometry for inferring the constitutive equation.The book by Coussot & Ancey
(1999Db) gives practical information concerning rheometrical measurements with natural fluids.
Though primarily devoted to food processing engineering, Steffe’s book presents a detailed

description of rheological measurements, (Steffe, 1996) [6].

Rheometry is the measuring technology used to determine rheological data. The emphasis
here is on measuring systems, instruments, and test and analysis methods. Both liquids and
solids can be investigated using rotational and oscillatory rheometers. Rotational tests which
are performed to characterise viscous behaviour. In order to evaluate viscoelastic behaviour,

creep tests, relaxation tests and oscillatory tests are performed [2].

Rheometers

I Extensional Rheometers

| ]
! |

Capillary tube Rheometers Slit Rheometers

Sliding plate rheometer Rotational Rheometers

R Eolling object Squeeze Flow Rheometers
rheometers

Figure 1.5 — Some classical types of rheometers.
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I.1.4 Classification of fluid behaviour

A fluid is a substance that deforms continuously when subjected to a shear stress or tangential
force Figure 1.6, even if the applied shear stress is very small. In simple words, a fluid is a
substance capable of flowing and conforming to the containing vessel. A real fluid is one that
has some finite viscosity (resistance to flow) and thus can exert a tangential (shearing) stress

on a surface with which it is in contact. The flow of real fluids is called a viscous flow. A real

fluid can be further subdivided into Newtonian fluids and non-Newtonian fluids [7].

e

A — F — 7V

H

B A

Figure 1.6 — Fluid deformation by the application of force, where the applied force per unit area is

called stress (o = %) and the resulting rate of change of deformation is called shear rate (¢ =

I.1.5 Simple fluid

v

H

) [7]-

A simple fluid is defined to be a fluid that exhibits only a single type of behaviour. In the case
of a simple viscous fluid, which is by far the most relevant to real fluid models, the fluid has
a linear response to stress. Called Newtonian fluids, the viscous response follows Newton’s law
for fluids, a simple linear relationship between stress and strain rate. More rigorously, a fluid is
considered to be Newtonian if the stress tensor is constant. If the stresses throughout the fluid
may be considered isotropic, then the stress tensor is diagonalisable under the transformation
T:E — Ey Where Eg = {n,¢'9,¢'3} is defined in terms of the surface normal. This means that
the viscosity can be completely reduced two terms, the shear and normal viscosities since only 1
of the 3 principal viscosities will be normal and the other two will be in the plane of the surface.
Under the assumption of incompressibility, normal stresses may be neglected. Therefore, the

shear viscosity is the sole parameter of interest for Newtonian fluids [8].
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Surface area A

— dVx
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Figure 1.7 — Simple shear of a Newtonian fluid between two parallel planes.

I.1.5.1 Newtonian Fluids

Fluids that show a departure from Newtonian behaviour are termed as non-Newtonian fluids.
When the flow behaviour of a material follows the basic law of viscosity proposed by Isaac
Newton, then it is said to depict Newtonian behaviour. The constitutive equation for Newtonian
fluids, which show constant viscosity without any yield stress and/or elastic component, is given

as [9] :

T =y (L.1)

where 7 is the shear stress, 7 is the shear rate, and the constant u is termed as the Newtonian
viscosity. In general, for determining velocity distributions and stresses, incompressible Newto-
nian fluids at constant temperature can be characterised by two material constants, namely, the
shear viscosity p and the density p. Once these quantities are measured, the velocity distribution
and the stresses in the fluid, in principle, can be found for any flow situation. In other words,
different isothermal experiments on a Newtonian fluid would yield a single constant material
property, namely, its viscosity u whose units are milliPascals seconds . Some examples of the
commonly known Newtonian fluids are water (u ~ 1 mPa s), coffee cream (u ~ 10 mPa s),

olive oil (u ~ 102mPa s), and honey (u ~ 10*mPa s).

The graphical representation of shear stress versus shear rate is a straight line, which passes
through the origin as shown in Figure 1.8. The slope of the straight line gives the value of
viscosity for the given fluid. Thus, the viscosity is constant for Newtonian fluid at a given
temperature and pressure. Newtonian’s fluids can be represented by rheogram as shown in

Figure 1.9 given below [7].
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Figure 1.8 — Representation of flow curves of different types of fluids : Newtonian, shear-thinning
and shear-thickening [10].
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Figure 1.9 — Flow curve and viscosity curve for Newtonian fluids [7].

Examples of Newtonian fluids are air, steam, milk, vegetable oils, fruit juices, sugar solutions,

salt solutions, almost all gases and water.

1.1.6 Complex fluid

Much more often in nature, a fluid will possess more than a single type of stress response.
A fluid is deemed complex if it exhibits multiple types of behaviours. While this definition is
largely vague, most complex fluids can be regarded as twofold ; a complex fluid usually exhibits
two types of behaviours, such as a solid-liquid mixture, or liquid-gas mixture. Modelling the
dynamics of flow in complex fluids is convoluted due to the coexistence of multiple matter
phases, and non linear effects may arise from the interaction between matter phases. In optical

microrheology, microparticles are used to track flows in complex fluids to better understand
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the microfluidics created by the interaction of multiple matter phases. This paper will restrict
the scope to non-Newtonian fluids, which are a special type of complex fluid resulting from a

mixture of liquid and solid behaviours [8].

I.1.6.1 Non-Newtonian Fluids

A non-Newtonian fluid can be described as a fluid whose rheogram is non-linear and/or does
not pass through the origin (Steffe, 1996). The viscosity Eq 1.2 of a non-Newtonian fluid is
not constant. It is referred to as the apparent viscosity (Perry, 1997) and is dependent on the
shear rate. Several mathematical equations have been derived to describe the rheograms of

non-Newtonian fluids, some of which are discussed below [11].
po= (1.2)

Non-Newtonian fluids are commonly divided into three broad groups, although in reality

these classifications are often by no means distinct or sharply defined [12] :

1. Time-independent fluids are those for which the strain rate at a given point is solely

dependent upon the instantaneous stress at that point.

2. Viscoelastic fluids are those that show partial elastic recovery upon the removal of a

deforming stress. Such materials possess properties of both viscous fluids and elastic solids.

3. Time-dependent fluids are those for which the strain rate is a function of both the ma-
gnitude and the duration of stress and possibly of the time lapse between consecutive

applications of stress.
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Figure I1.10 — Classification of fluids.

1.1.6.2 Time-Independent Fluids

Shear rate dependence is one of the most important and defining characteristics of non-
Newtonian fluids in general and time-independent fluids in particular. When a typical non-
Newtonian fluid experiences a shear flows the viscosity appears to be Newtonian at low shear
rates. After this initial Newtonian plateau, the viscosity is found to vary with increasing shear
rate. The fluid is described as shear-thinning or pseudoplastic if the viscosity decreases, and
shear-thickening or dilatant if the viscosity increases on increasing shear rate. After this shear-
dependent regime, the viscosity reaches a limiting constant value at high shear rate. This region
is described as the upper Newtonian plateau. If the fluid sustains initial stress without flowing,
it is called a yield-stress fluid. Almost all polymer solutions that exhibit a shear rate dependent
viscosity are shear-thinning, with relatively few polymer solutions demonstrating dilatant be-
havior. Moreover, in most known cases of shear-thickening there is a region of shear-thinning

at lower shear rates [12].
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Figure I.11 — Qualitative flow curves for different types of non-Newtonian fluids [13].
1.1.6.2.a Power-Law Model

The power-law, or Ostwald-de Waele model, is one of the simplest time-independent fluid models

as it contains only two parameters. The model is given by the relation [12] :

p= Ky (L.3)

where p is the viscosity, K is the consistency factor, 4 is the shear rate and n is the flow be-
havior index. In Figure 1.12, the bulk rheology of this model for shear-thinning case is presented

in a generic form as viscosity versus shear rate on log-log scales.

The power-law is usually used to model shear-thinning though it can also be used for modeling
shear-thickening by making n > 1. The major weakness of power-law model is the absence of
plateaux at low and high shear rates. Consequently, it fails to produce sensible results in these

shear regimes.
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Figure I1.12 — The bulk rheology of a power-law fluid on logarithmic scales for finite shear rates.

1.1.6.2.a.a Shear-thinning or pseudoplastic fluids

The most common type of time-independent non-Newtonian fluid behaviour observed is pseu-
doplasticity or shear-thinning, characterised by an apparent viscosity which decreases with in-
creasing shear rate. Both at very low and at very high shear rates, most shear-thinning polymer
solutions and melts exhibit Newtonian behaviour, i.e., shear stress—shear rate plots become
straight lines, as shown schematically in Figure 1.13 and on a linear scale will pass through
origin. The resulting values of the apparent viscosity at very low and high shear rates are
known as the zero-shear viscosity, 1o, and the infinite shear viscosity, i, respectively. Thus, the
apparent viscosity of a shear-thinning fluid decreases from g to g with increasing shear rate.
Data encompassing a sufficiently wide range of shear rates to illustrate this complete spectrum
of pseudoplastic behaviour are difficult to obtain, and are scarce. A single instrument will not
have both the sensitivity required in the low shear rate region and the robustness at high shear

rates, so that several instruments are often required to achieve this objective [14].
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Figure I.13 — Schematic representation of shear-thinning behaviour [14].

1.1.6.2.a.b Shear-thickening or dilatant fluid behaviour

Dilatant fluids are similar to pseudoplastic systems in that they show no yield stress but their
apparent viscosity increases with increasing shear rate ; thus, these fluids are also called shear-
thickening. This type of fluid behaviour was originally observed in concentrated suspensions and
a possible explanation for their dilatant behaviour is as follows : At rest, the voidage is minimum
and the liquid present is sufficient to fill the void space. At low shear rates, the liquid lubricates
the motion of each particle past others and the resulting stresses are consequently small. At
high shear rates, on the other hand, the material expands or dilates slightly (as also observed
in the transport of sand dunes) so that there is no longer sufficient liquid to fill the increased
void space and prevent direct solid—solid contacts which result in increased friction and higher
shear stresses (as shown schematically in Figure 1.14) This mechanism causes the apparent
viscosity to rise rapidly with increasing rate of shear. The term dilatant has also been used for
all other fluids which exhibit increasing apparent viscosity with increasing rate of shear. Many
of these, such as starch pastes, are not true suspensions and show no dilation on shearing. The
above explanation therefore is not applicable but nevertheless such materials are still commonly
referred to as dilatant fluids. Of the time-independent fluids, this sub-class has received very
little attention ; consequently, very few reliable data are available. Until recently, dilatant fluid
behaviour was considered to be much less widespread in the chemical and processing industries

[14].
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Figure 1.14 — Schematic representation of shear-thickening behaviour [14].
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Figure I1.15 — Flow curve and viscosity curve for shear thinning fluids (solid line), and shear thickening
fluids (dotted line).

1.1.6.2.b The Cross model

First, we will consider one equation that describes the whole curve : this is called the Cross
model, named after Malcolm Cross, an ICI rheologist who worked on dyestuff and pigment
dispersions. He found that the viscosity of many suspensions could be described by the equation
of the form [3] :

1 — Neo 1

- 1+ (K4)" .4

where, written in this particular way, K has the dimensions of time, and m is dimensionless.
When this model is used to describe non-Newtonian liquids, the degree of shear thinning is
dictated by the value of m, with m tending to zero describes more Newtonian liquids, while the
most shear-thinning liquids have a value of m tending to unity. If we make various simplifying

assumptions, it is not difficult to show that the Cross equation can be reduced to Sisko, power-
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law and Newtonian behaviour, see below. There is another Cross-like model which uses the
stress rather than the shear rate as the independent variable, it has been called the Ellis or
sometimes the Meter model, and for some specific values of the exponent, it has been gives
other names : for an exponent of unity, it has been called the Williamson or Dougherty and
Krieger model, while for an exponent of two it has been called the Philippoff model, etc.

The Carreau model is very similar to the Cross model, but with the whole of the bottom line

m/

within brackets, i.e., (1 + (K#)?) ? . the two are the same at very low and very high shear

rates, and only differ slightly at Ky ~ 1.

1.1.6.2.c Viscoplastic fluid behaviour

This type of fluid behaviour is characterised by the existence of a yield stress 7y which must be
exceeded before the fluid will deform or flow. Conversely, such a material will deform elastically
(or flow en masse like a rigid body) when the externally applied stress is smaller than the yield
stress. Once the magnitude of the external stress has exceeded the value of the yield stress, the
flow curve may be linear or non-linear but will not pass through origin. Hence, in the absence
of surface tension effects, such a material will not level out under gravity to form an absolutely
flat free surface. One can, however, explain this kind of fluid behaviour by postulating that
the substance at rest consists of three-dimensional structures of sufficient rigidity to resist any
external stress less than 7y . For stress levels greater than, however, the structure breaks down
and the substance behaves like a viscous material.

A fluid with a linear flow curve for |7,,| > |79| is called a Bingham plastic fluid and is
characterised by a constant plastic viscosity (the slope of the shear stress versus shear rate
curve) and a yield stress. On the other hand, a substance possessing a yield stress as well as a
non-linear flow curve on linear coordinates (for|7y,| > |7|), is called a ’yield-pseudoplastic’
material. Figure 1.16 illustrates viscoplastic behaviour as observed in a meat extract and in a

polymer solution [14].
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Figure 1.16 — Representative shear stress—shear rate data showing viscoplastic behaviour in a meat
extract (Bingham Plastic) and in an aqueous carbopol polymer solution (yield-pseudoplastic) [14].

1.1.6.2.c.a The Bingham fluid

The Bingham fluid model is characterized by a yield stress 79 which, if exceeded, makes the
material flow like a viscous Newtonian fluid or else behave like a solid at all values below critical

stress. Hence, the equations for this fluid are as follows [9] :

=10+ (%) for |7| > |79l (L5)

4 =0 for || < |70

Here, is called plastic viscosity.

Figure 1.17 shows the typical form of the results that would normally have been measured
and plotted graphically over the last 50 years. Over a reasonable range of shear rates, the shear
stress seemed to be a linear function of shear rate, but now displaced upwards by a constant
value, which is called the yield stress. This was found by extrapolation to where the shear rate
was zero. This seemed to show that there would be no flow at all unless the stress was higher
than this critical value. Bingham investigated systems like this, and this simple straight-line-
with-intercept-type behaviour bears his name, and such liquids are called Bingham plastics,

and as we have said above, the intercept is called the Bingham yield stress and the slope of the
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straight line is called the plastic viscosity, 7, [3].

— el

-
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Shear rate

Figure 1.17 — Definition diagram of the Bingham model.

1.1.6.2.c.b The Herschel-Bulkley Model

The Herschel-Bulkley is a simple rheological model with three parameters. Despite its simpli-
city it can describe the Newtonian and all main classes of the time independent non-Newtonian

fluids. It is given by the relation [12] :

=10+ ' (%)" for || > |7l
(1.6)
4 =0 for || < |70

Where 7 is the shear stress, 7 is the yield-stress above which the substance starts to flow, is
the consistency factor, 4 is the shear rate and n is the flow behavior index. The Herschel-Bulkley
model reduces to the power-law when 79 = 1, to the Bingham plastic when n=1, and to the

Newton’s law for viscous fluids when both these conditions are satisfied.

There are six main classes to this model [12] :
1. Shear-thinning (pseudoplastic) [rp = 0, n < 1]
2. Newtonian [1p =0, n = 1]
3. Shear-thickening (dilatant) [rop = 0, n > 1]
4. Shear-thinning with yield-stress [ro > 0, n < 1]
5. Bingham plastic [ > 0, n = 1]

6. Shear-thickening with yield-stress [1p > 0, n > 1].
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I.1.6.2.d The Carreau Model

This is a four-parameter rheological model that can describe shear-thinning fluids with no
yield-stress. It is generally praised for its compliance with experiment. The distinctive feature

of this model is the presence of low- and high-shear plateaux [12].

The Carreau fluid is given by the relation [12] :

H = oo + Ho = Mool_J (17)

[1+Gt)?] 2

Where p is the fluid viscosity, peo is the viscosity at infinite shear rate, pg is the viscosity at
zero shear rate, 7 is the shear rate, t. is a characteristic time and is the flow behavior index. A

generic graph demonstrating the bulk rheology is shown in Figure I.18.
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Shear rate
Figure 1.18 — The bulk rheology of a Carreau fluid on logarithmic scales for finite shear rates (§ > 0).

I.1.6.2.e The Carreau-Yasuda Model

Carreau and Yasuda developed a model that accounts for the observed Newtonian plateaus

and fits a wide range of strain rates (Osswald and Rudolph, 2014)[15] :

n—2

BT (1 ()7 T (18)
70 — Too
Where 1) is the zero-shear rate viscosity, 7~ is an infinite shear rate viscosity of the second
Newtonian plateau, A is a time constant, and n is the Power Law index, which accounts for the

shear thinning behavior, see Figure 1.19.
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Some features of these Generalised Newtonian Fluid Models (Shogin, 2019) [15] :
. Predict shear thinning.
. Worked for steady shear flow.
. Fail when flow is unsteady.

. Don’t predict the normal stress.

Log viscosity

Log shear rate

Figure I1.19 — Viscosity approximation using the Bird-Carreau-Yasuda model.

I.1.6.2.f The Ellis model

When the deviations from the power-law model are significant only at low shear rates, it is
perhaps more appropriate to use the Ellis model. The three-constant Ellis model is an illustration
of the inverse form, namely. In simple shear, the apparent viscosity of an Ellis model fluid is
given by [14] :

= Ho (L9)

- 1+ (7’/7'1/2 )a_l

In this equation, g is the zero-shear viscosity and the remaining two constants (> 1) and
712 are adjustable parameters. While the index is a measure of the degree of shear-thinning
behaviour (the greater the value of « , greater is the extent of shear-thinning) represents the
value of shear stress at which the apparent viscosity has dropped to half its zero-shear value.
Eq 1.9 predicts Newtonian fluid behaviour in the limit of 7, , — co. This form of equation has
advantages in permitting easy calculation of velocity profiles from a known stress distribution,

but renders the reverse operation tedious and cumbersome.
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1.1.6.3 Time-dependent Fluids

These are the fluids for which viscosity of the fluid does not depend only on shear rate but

also on the time during which shear rate is applied [7] :

n=mn(¥1) (1.10)

These fluids are very difficult to model. Their behavior is such that for a constant shear rate
4 and at constant temperature the shear stress 7 either increases or decreases monotonically
with respect to time, towards an asymptotic value 7(¥), see Figure 1.20 The fluids regain their

initial properties sometime after the shear rate has returned to zero.

The time dependent fluids are divided into two subgroups [1] :
1. Thixotropic fluids : At a constant shear rate the shear stress decreases monotonically.

2. Rheopectic fluids : At a constant shear rate the shear stress increases monotonically. These
fluids are also called antithixotropic fluids. There is another fascinating feature with these
fluids. When a thixotropic fluid is subjected to a shear rate history from to a value and

back to , the graph for the shear stress as a function of shows a hysteresis loop, see Figure

1.21.
T
7 (7) —
Rheopectic Fluid
Thixotropic Fluid
7,(7)

4

Figure I.20 — The viscosity function 7(5).
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Rheopectic Fluid

Figure I.21 — Shear rate histories.

1.1.6.3.a Thixotropic Behaviour

Thixotropic fluids as drilling muds, paints, cosmetics, pharmaceuticals and grease exhibits a
decrease in viscosity with time under a constant shear rate, whereas rheopectic fluids are the
fluids that exhibit an increase in viscosity with time under a constant shear rate. They are
also called negative thixotropic or anti-thixotropic fluids. The graphical representation of these

fluids can be seen in Figure 1.22 [7].

Viscosity

Time

Figure 1.22 — Graphical representation of viscosity for thixotropic fluids (solid line), and rheopectic
fluids (dotted line) under constant shear rate [7].

Thixotropic behaviour is characterised by shear rate-dependent and time-dependent viscosity.
For a well-rested sample (that is, one that has been allowed to rest for a time to recover from
the effects of previous shear) when a step increase in shear rate or shear stress is applied the

viscosity decreases with the time of shear. Thixotropic behaviour is generally associated with
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particulate systems (that is, solid/liquid suspensions, colloids, slurries, pastes and emulsions)

[16].

1.1.6.3.b Rheopectic Behaviour

The deformation process in some systems may lead, not to a decrease but to an increase
in viscosity. This is called “antithixotropy” or “rheopexy”. Sometimes, these effects are distin-
guished. Both terms are related to a continuous increase of viscosity with time at a constant
shear rate, and/or thickening of material with increase in shear rate, and the difference between
them lies in the time scale. Both effects are much more rare than thixotropy, but they occur
in some materials, especially in systems containing active chemicals, e.g., ionic or polar groups.

Deformation may enhance the intermolecular interaction, resulting in viscosity increase [17].

1.1.6.4 Viscoelastic Fluids

When an undeformed material, solid or fluid, is suddenly subjected to a state of stress history,
it deforms. An instantaneous deformation is either elastic, or elastic and plastic. The initial
elastic deformation disappears when the stress is removed, while the plastic deformation remains
as a permanent deformation. If the material is kept in a state of constant stress, it may continue
to deform, indefinitely if it is a fluid, or asymptotically towards a finite configuration if it is
a solid. This phenomenon is called creep. When a material is suddenly deformed and kept in
a fixed deformed state, the stresses may be constant if the material behaves elastically, but
the stress may also decrease with respect to time either toward an isotropic state of stress
if the material is fluid-like or toward an asymptotic limit anisotropic state of stress if the
material is solid-like, this phenomenon is called stress relaxation. Creep and stress relaxation
are due to a combination of an elastic response and internal friction or viscous response in the
material, and are therefore called viscoelastic phenomena. If the material exhibits creep and
stress relaxation, it is said to behave viscoelastically. When the material is subjected to dynamic
loading, viscoelastic properties are responsible for damping and energy dissipation. Propagation
of sound in liquids and gases is an elastic response. Fluids are therefore in general both viscous
and elastic, and the response is viscoelastic. However, the elastic deformations are very small

compared to the viscous deformations [1].

Broadly speaking, viscoelasticity is divided into two major fields : linear and nonlinear.
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1.1.6.4.a Linear viscoelasticity

Linear viscoelasticity is the field of rheology devoted to the study of viscoelastic materials
under very small strain or deformation where the displacement gradients are very small and
the flow regime can be described by a linear relationship between stress and rate of strain.
In principle, the strain has to be sufficiently small so that the structure of the material re-
mains unperturbed by the flow history. If the strain rate is small enough, deviation from linear
viscoelasticity may not occur at all. The equations of linear viscoelasticity are not valid for
deformations of arbitrary magnitude and rate because they violate the principle of frame inva-
riance. The validity of linear viscoelasticity when the small-deformation condition is satisfied
with a large magnitude of rate of strain is still an open question, though it is widely accepted
that linear viscoelastic constitutive equations are valid in general for any strain rate as long as
the total strain remains small. Nevertheless, the higher the strain rate the shorter the time at

which the critical strain for departure from linear regime is reached [12].

The linear viscoelastic models have several limitations. For example, they cannot describe
strain rate dependence of viscosity or normal stress phenomena since these are nonlinear effects.
Due to the restriction to infinitesimal deformations, the linear models may be more appropriate
for the description of viscoelastic solids rather than viscoelastic fluids. Despite the limitations
of the linear viscoelastic models and despite being of less interest to the study of flow where
the material is usually subject to large deformation, they are very important in the study of

viscoelasticity for several reasons [12] :
1. They are used to characterise the behavior of viscoelastic materials at small deformations.

3. They serve as a motivation and starting point for developing nonlinear models since the

latter are generally extensions to the linears.

3. They are used for analysing experimental data obtained in small deformation experiments

and for interpreting important viscoelastic phenomena, at least qualitatively.

I.1.6.4.a.a Maxwell Model

Maxwell model consists of a spring connected in series with a dashpot as shown in Figure 1.23

[7]-
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Figure 1.23 — Mechanical analog to Maxwell model comprised of a spring and adashpot in series [7].

In Maxwell model, the stress is the same in both elements i.e.

o=05=04 (I.11)

Where o4 and o4 represent the stress in the spring and dashpot respectively. The deformation
(strain) of the Maxwell model is equal to the sum of the individual deformations of spring and
dashpot.

Y=+ Vd (I.12)

Where 75 and 7, represent the strain in the spring and dashpot respectively.

Again, from equation we get

Y =9+ (1.13)

By putting the values of 45 = % and g = % in equation, we will have :

K (L.14)
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This is the standard form of Maxwell model showing the relationship between stress and
strain, and clearly is an ordinary differential equation. This equation appears to be the first

attempt to obtain a viscoelastic constitutive equation [7].

1.1.6.4.a.b Jeffreys Model

This is a linear model proposed as an extension to the Maxwell model by including a time
derivative of the strain rate, that is :

el

or )
T+ M — = po(Y+ A2 ot

o (L15)

Where Ay is the retardation time that accounts for the corrections of this model and can
be seen as a measure of the time the material needs to respond to deformation. The Jeffreys
model has three constants : a viscous parameter, and two elastic parameters, Ay and \s. The
model reduces to the linear Maxwell when Ao = 0, and to the Newtonian when A\ = Ao = 0.
As observed by several authors, the Jeffreys model is one of the most suitable linear models to

compare with experiment [12].

1.1.6.4.b Non-linear viscoelasticity

Non-linear viscoelasticity is the field of rheology devoted to the study of viscoelastic materials
under large deformation, and hence it is the subject of primary interest to the study of flow
of viscoelastic fluids. Nonlinear viscoelastic constitutive equations are sufficiently complex that
very few flow problems can be solved analytically. Moreover, there appears to be no differential
or integral constitutive equation general enough to explain the observed behavior of polymeric
systems undergoing large deformations but still simple enough to provide a basis for engineering

design procedures [12].

As the linear viscoelasticity models are not valid for deformations of large magnitude because
they do not satisfy the principle of frame invariance, Oldroyd and others tried to extend these
models to nonlinear regimes by developing a set of frame-invariant constitutive equations. These
equations define time derivatives in frames that deform with the material elements. Examples
include rotational, upper and lower convected time derivatives. The idea of these derivatives is

to express the constitutive equation in real space coordinates rather than local coordinates and
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hence fulfilling the Oldroyd’s admissibility criteria for constitutive equations. These admissibility
criteria ensures that the equations are invariant under a change of coordinate system, value
invariant under a change of translational or rotational motion of the fluid element as it goes
through space, and value invariant under a change of rheological history of neighboring fluid
elements. There is a large number of rheological equations proposed for the description of
nonlinear viscoelasticity, as a quick survey to the literature reveals. However, many of these
models are extensions or modifications to others. The two most popular nonlinear viscoelastic

models in differential form are the Upper Convected Maxwell and the Oldroyd-B models [12].

I.1.6.4.b.a Upper Convected Maxwell (UCM) Model

To extend the linear Maxwell model to the nonlinear regime, several time derivatives (e.g.,
upper convected, lower convected and corotational) have been proposed to replace the ordinary
time derivative in the original model. The most commonly used of these derivatives in conjunc-
tion with the Maxwell model is the upper convected. On purely continuum mechanical grounds
there is no reason to prefer one of these Maxwell equations to the others as they all satisfy frame

invariance. The popularity of the upper convected form is due to its more realistic features [12].

The Upper Convected Maxwell (UCM) is the simplest nonlinear viscoelastic model and is
one of the most popular models in numerical modeling and simulation of viscoelastic flow. Like
its linear counterpart, it is a simple combination of the Newton’s law for viscous fluids and the
derivative of the Hook’s law for elastic solids. Because of its simplicity, it does not fit the rich
variety of viscoelastic effects that can be observed in complex rheological materials. However, it
is largely used as the basis for other more sophisticated viscoelastic models. It represents, like
the linear Maxwell, purely elastic fluids with shear-independent viscosity, i.e., Boger fluids.UCM
also predicts an elongation viscosity that is three times the shear viscosity, like Newtonian, which
is unrealistic feature for most viscoelastic fluids. The UCM model is obtained by replacing the
partial time derivative in the differential form of the linear Maxwell with the upper convected

time derivative, that is [12] :
v .
T+ MT = poy (I.16)

Where 7 is the extra stress tensor, A; is the relaxation time, ug is the low-shear viscosity, is

v
the rate of strain tensor, and 7 is the upper convected time derivative of the stress tensor. This
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time derivative is given by :

¥ = % +o.vr — (Vo)Tr = 7.V (1.17)

1.1.6.4.b.b Oldroyd-B Model

The Oldroyd-B model is a simple form of the more elaborate and rarely used Oldroyd-B
constant model which also contains the upper convected, the lower convected, and the corota-
tional Maxwell equations as special cases. Oldroyd-B is the second simplest nonlinear viscoelastic
model and is apparently the most popular in viscoelastic flow modeling and simulation. It is
the nonlinear equivalent of the linear Jeffreys model, as it takes account of frame invariance in

the nonlinear regime [12].

Oldroyd-B model can be obtained by replacing the partial time derivatives in the differential

form of the Jeffreys model with the upper convected time derivatives.

v . v
THMT = po(Y+ A2y) (1.18)

\Y%
Where * is the upper convected time derivative of the rate of strain tensor given by [12] :

v _ 0¥

e A (Vo)L 4 — 4.V (1.19)

1.1.6.4.b.c Bautista-Manero Model

This model combines the Oldroyd-B constitutive equation for viscoelasticity and the Fre-
drickson’s kinetic equation for flow-induced structural changes which may by associated with
thixotropy. The model requires six parameters that have physical significance and can be es-
timated from rheological measurements. These parameters are the low and high shear rate
viscosities, the elastic modulus, the relaxation time, and two other constants describing the

buildup and break down of viscosity [12].

The kinetic equation of Fredrickson that accounts for the destruction and construction of

structure is given by [12] :
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dp _ p u) ( u) .
— =T (1-=)+k - =) r: 1.2
dt /\( Ho T Moo T (120)

Where p is the viscosity, ¢ is the time of deformation, A is the relaxation time upon the
cessation of steady flow, 110 and o are the viscosities at zero and infinite shear rates respectively,
k is a parameter that is related to a critical stress value below which the material exhibits
primary creep, 7 is the stress tensor and  is the rate of strain tensor. In this model A is a
structural relaxation time whereas k is a kinetic constant for structure breaks down. The elastic

modulus G is related to these parameters by Gy = u/\.
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Model

Constitutive Equation

Viscosity

Rheological
Parameters

Newtonian

T= Y

1= [N

pn (Pa s)

Ostwald de Waele

T=KA4"

p= Ky

K (Pa s™)
n dimensionless

Bingham Plastique

T = TyB +:UB'7

TyB

p=-5 tuB

TyB (Pa)
ps (Pas)

Herschel-Bulkley

T=TyuB + Ky"

_ TyHB n—1
=5 + K7

Tyup (Pa)
K (Pa s™)
n dimensionless

Casson

VT = TyC + Ve

[vAct vVicd]

p= e

Tyc (Pa)
pe (Pas)

Vocadlo

T = (" + K4)"

M _ (Tyvl/n_,’_K,;/)n
5

Tyv (Pa)
K (Pa s™)
n dimensionless

Prandtl-Eyring

7 = asinh ™! (bY)

[a sinhi1 (b"y)]

p=—

a (Pa)
b (s)

Powell-Eyring

T = ¢y + asinh ™1 (b¥)

. [a sinh_l(b"y)]
p=cti—s"

a (Pa)
b (s)
¢ (Pas)

Cross

7= {lioo + Bt T4

HOo—Hoo

,U/ = ,uOO + 1-‘1-(1’.}/7"

po (Pa s)
oo (Pas)
a (S™)

m dimensionless

Sisko

7= {Hoo + K" 1} 5

M= Moo +K;Yn_1

fioo (Pas)
K (Pa s")
n dimensionless

Carreau

1+(a%)?]

T = {ﬂoo + [ “0_“"‘3n/2 } Y= feo + [ o=l

1+(a)?]

m/2

o (Pas)
fioo (Pas)
a (9)

m dimensionless

Van Wazer

m = {oe + it

— HO—Hoo
W= oo T Toraqpsm

po (Pas)
oo (Pas)
a (S)

b (S™)

m dimensionless

Williamson

™= oo+ M 1

— Ho—Hoo
K= oo + 1+ar

po (Pa s)
oo (Pas)
a (Pa™!)

Reiner-Philippoff

7= { oo + Btz 1 5

— Ho—H
P = Hoo + 1+a7'%o

po (Pa s)
oo (Pa s)
a (Pa?)

Meter

m={uoe + R}

_ Ho—1
K= oo + 1—|—a'r$’<lj

o (Pas)
fioo (Pas)
a (Pa™™)
m dimensionless

Ellis

_ HOo 3
T= {1+a7—m*1 } v

_ 1o
H= 1+arm—1

o (Pas)
a (Pa™™)
m dimensionless

Table 1.3 — flow curve models [16].
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Fluid type Definition Typical examples
Pseudoplastic  Fluids that depict a decrease in vis- Blood
cosity with increasing shear rate and Filled polymer systems
hence often referred to as shear- Polymer melts
thinning fluids. Printing inks
Dilatant Fluids that depict an increase in Aqueous suspension of tita-
viscosity with increasing shear rate nium dioxide
and hence often referred to as shear- Gum solutions
thickening fluids. Wet sand
Bingham Fluids that do not flow unless the Certain asphalts and bitumen
plastics stress applied exceeds a certain mi- Jellies
nimum value referred to as the yield Sewage sludges
stress and then show linear shear Thickened hydrocarbon
stress versus shear rate relationship. greases
Tomato ketchup
Toothpaste
Pseudoplastic  Fluids that have non-linear shear Heavy crude oils with high

with a yield
stress

stress versus shear rate relationship
in addition to the presence of yield
stress.

wax content Filled polymer

systems

Thixotropic Fluids that exhibit a the reversible Coal-water slurries
decrease in shear stress with time at  Crude oils
a constant rate of shear and fixed Drilling muds
temperature. The shear stress, of Filled polymer systems
course, approaches some limiting va- Mayonnaise
lue. Salad dressing

Yoghurt

Rheopectic Fluids exhibit a reversible increase in
shear stress with time at a constant
rate of shear and fixed tempera- Some clay suspensions
ture. At any given shear rate, the
shear stress increases to approach an
asymptotic maximum value.

Viscoelastic Fluids that possess the added fea-

ture of elasticity apart from visco-
sity. These fluids exhibit process pro-
perties which lie in-between those of
viscous liquids and elastic solids

Filled polymer systems
Polymer melts
Polymer solutions

Table 1.4 — The various types of non-Newtonian fluids [9)].
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I.2 Nanofluids and Hybrid nanofluids
I.2.1 Nanofluids

Cooling is one of the most important technical challenges facing numerous industries such
as electronics, automobiles and manufacturing. New technologies, with their increased thermal
loads, are the driving mechanism behind the demand for faster and better cooling techniques.
The conventional methods to increase the cooling rate such as fins and microchannels are
stretched to their limits. Hence, there is an urgent need for new and innovative coolants to
achieve this high-performance cooling. Thermal conductivities of traditional heat transfer fluids,
such as engine coolants and water, are very low. It increasing global competition, industries
have a strong need to develop energy efficient heat transfer fluids with significantly higher
thermal conductivities than the available fluids. Nanofluids offer us novel and truly innovative
solutions ; heat transfer fluids containing suspended nanoparticles, have been developed to meet

such cooling challenges [18].

I.2.1.1 Base fluids

Water, glycols (in particular ethylene glycol) and mixtures of both, as well oils are the common
heat transfer fluids employed in heating and cooling applications. So, they are logically the most
used fluids to produce nanofluids. Some important properties about water and propylene glycol
liquids, that compose the commercial base fluid used in this study, are provided in the following.
Water (H20), molecules consist of hydrogen and oxygen atoms joined by covalent bonds, is an
inorganic compound. At atmospheric conditions, it does not have any color, odor or taste.
As its molecules create hydrogen bonds with other molecules easily, and because of its strong
polarity, water was identified as a good solvent. Besides, water can be freely mixed with other
liquids (alcohols for example). Regarding its physical properties, water presents some unusual
behaviors. At atmospheric pressure, its density decreases with temperature in the majority of
the liquid-state range, as usual, while it increases from the freezing point to 277 K. While
heat capacity usually increases with temperature, a minimum value occurs in case of water at
around 308 K. Furthermore, most liquids under higher pressures become more viscous while

the viscosity of water shows a minimum as a function of pressure [19].
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1.2.1.2 Nanofluids and their applications

Nanofluids are a new class of solid/liquid mixtures engineered by dispersing nano-
meter size particles (NPs). or any nanostructures in conventional base liquids. Accor-
ding to the literature, NPs could be metallic/intermetallic compounds (such as Ag, Cu,
Ni, Au, Fe, etc.), ceramic compounds such as oxides, sulfides and carbides. Among
the ceramics, AloOsz, MoSs, FesOs, FesOy, CuO, TiOo, Si0Os, CeOs, ZnOs, mesoporous
Si09, SiC, and WS, are some nanostructured ceramic materials reported in the literature.
Nanostructured materials can be also carbon-based compounds, such as carbon nanotube, gra-
phene, graphene oxide, graphite, etc. Base liquids are selected from water, ethylene glycol (EG),
mixture of water and EG (W/EG), diethylene glycol (DEG), polyethylene glycol, engine oil,
vegetable oil, paraffin, coconut oil, gear oil, kerosene, pump oil, etc. This new dispersion can
be considered a suspension with three phase system as Figure 1.24 shows : solid phase (NPs),
solid/liquid interface and the liquid phase. From more than a decade ago since the introduction
of NF concept was originated, the potentials of NFs applications in different area have attracted
increasing attention. For this reason, many researchers are working in NF area for different aims

and applications [20].

Nanoparticle

XM Base Liquid
Interface

According to Boutin adding nano-spherical particles to a conventional fluid can improve
heat transfer up to 40%. Choi envisions using these kinds of nanofluids to cool miniaturised
high heat flux devices such as supercomputer circuits and high-power microchips. In the past,
microparticles were used to enhance heat transfer, but these particles were so large that they
quickly settled out of the fluid, and sank to the bottom of the pipe or tank. Additionally, as
these particles flow through tubes they might damage the inner surface of the tubes. Because

nanoparticles operate with Brownian motion, adding nanoparticles solved this problem. These

Figure 1.24 — Schematic of (NPs) dispersion systems (NFs) as a three-phase suspension system [20].
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particles are permanently suspended in Brownian motion and when they are in equilibrium with

no flow, they are distributed in a balance between buoyant weight and thermal agitation [20].

A wide range of applications for NFs in different areas such as biomedical applications, lubri-
cation, surface coating, and petroleum industry have been reported in the literature. Figure 1.26
displays some of NFs potential applications in different areas. As literature reports NFs have
been used in several biomedical and nano-medicine applications such as nanodrug delivery,
cancer therapeutics and sensing and imaging and Nano-cryosurgery. For instance, there are nu-
merous applications that involve magnetic NFs such as hyperthermia, magnetic cell separations
and contrast improvement in magnetic resonance imaging. About application of NFs in non-
renewable energy fields such as petroleum industry, some reports can be found in the literature.
For example, recent experiments have exposed that some NFs have successfully been formu-
lated and applied in enhanced oil recovery (EOR) process, anticorrosive coatings, wettability
alteration and drilling technology are other applications of NFs concerning oil and petroleum
industry. Recently, NFs systems prepared by dispersing NPs (such as M oSy, TiOy and copper
oxide) in the conventional lubricating oil have successfully enhanced as anti-wear properties and
friction-reduced. These features exhibit the potential of NFs applications as effective lubricants.
Several reports in the literature also show the remarkable potential of NFs for use in surface
coating, environmental remediation (for example soil remediation), inkjet printing and as fuels

additifs [20].
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Thermal
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Petroleum ' Fuel
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Printing Coating
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Figure 1.25 — Different applications of NFs [20].

Metal
Processing

Transport | NFS Thermal

Data Centres
. Applications y

Energy

Figure 1.26 — Potential of NFs for thermal application.
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1.2.1.3 Thermophysical properties of nanofluids

1.2.1.3.a Nanofluid Density

The nanofluid density based on nanofluid volume fraction can be obtained from [21] :
pug = dpp+ (1 =) py (1.21)

The density of the Al,O3/propanol nanofluid at room temperature was obtained, then the
measured and calculated densities were compared and indicated that the differences between

both densities was found to be less than 5% when the weight concentration is up to 5%.

1.2.1.3.b Nanofluid Specific Heat

Two expressions were commonly used to determine the specific heat of nanofluids based also

on nanofluid volume fraction [20] :
Cpnf = Pcpp+ (1 —9@)cpy (1.22)
And :

(pep)yp = d(pcp), + (1 — 8) (pcp), (1.23)

1.2.1.3.c Nanofluid viscosity

Nanofluid pressure drop in forced convection is affected by nanofluid viscosity, so the experi-
mental measurements and the numerical investigations can be performed. Generally, increasing
in the viscosity by adding nanoparticles to base fluids is significant. The viscosity also depends

on particle volume fractions, particle sizes, temperatures, and extents of clustering [20].

1.2.1.3.c.a Experimental investigation of nanofluid viscosity

The viscosities of nanofluids were investigated experimentally, which showed some different
viscosities between base fluids and nanofluids. The viscosity correlations were also proposed for

different nanoparticles and base fluids. An expression for determining the dynamic viscosity of
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dilute suspensions that contain spherical particles can be considered with neglecting particles

interactions, the well-known Einstein’s formula [20] :

tug = (1+2.50) iy (1.24)

and Einstein’s equation was extended by Brinkman as :

1
SEILf (1.25)

T 1)

Einstein’s equation was extended by taking Brownian motion of the nanoparticles and the

interaction between them into account by Batchelor model :
_ 2
g = (1+ Cr6+ C26?) iy (1.26)

And by taking the influence of liquid layering into account to calculate volume fraction as in

Ward model and renewed Ward model :

where C1, Cs, and (5 are constant from the experimental studies. The correlations proposed

for the viscosity of the nanofluids were introduced as for 36 nm Al203/water nanofluid :
finf = (1 1250+ 150¢2) 1y (L.28)
For 19.4 vol.%. AlyO3/water nanofluid :
fing = (1.125 — 0.007T) puy (1.29)
For 19.4 vol.%. CuO /water nanofluid :
ping = (2:1275 = 0.0215T — 0.000272) pi5 (1.30)
For 47 nm AlsO3/water nanofluid :

ping = (0.9041452) 1 (1.31)
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For 06 vol.%. AlaO3/water nanofluid :

finf = (1 1 7.30+ 123¢2) I

(1.32)
Y = (0_90464.91¢/0.20927¢) n
And, for 40 nm M gO /water nanofluid :
g = (141161 + 1096?) 1y (L.33)

1.2.1.3.c.b  Numerical investigation of nanofluid viscosity

Most of the viscosity studies obtained viscosity enhancement with the dispersion of nanopar-
ticles in the base fluid and with the increase of volume fraction, no exact theoretical mechanism
or common empirical correlations with effect of volume fraction, size, and temperature were

available for nanofluid viscosity estimations [21].

The rheological behavior of nanofluids was categorised into four groups as (1) dilute nano-
fluids (volume concentration less than 0.1 vol.%) whose viscosity fits the Einstein equation and
there is no visible shear-thinning behavior; (2) semi-dilute nanofluids (with 0.15 vol.%) with
aggregation of nanoparticles, whose viscosity fits the modified K — D. Equation and there is
no obvious shear-thinning behavior; (3) semi-concentrated nanofluids (with 510 vol.%) with
aggregation of nanoparticles whose viscosity fits the modified K — D equation and there is no-
ticeable shear-thinning behavior; and (4) concentrated nanofluids (volume concentration more
than 10 vol.%) with interpenetration of aggregation and this is out of the normal concentration

range of nanofluids [20].

1.2.1.3.d Nanofluid thermal conductivity

Nanofluid thermal conductivities were investigated theoretically and experimentally to find
the conductivity enhancements, which can also affect the convective enhancements. Many theo-

retical models were compared with experimental data available in their literatures [22].

The nanofluid thermal conductivity can be measured using techniques as summarised by
Paul et al. In three main measurement techniques : transient techniques (transient hot-wire,

thermal constant analyser, temperature oscillation, and 3w technique), steady state technique
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(steady state parallel plate and cylindrical cell), and thermal comparator. The transient hot-
wire technique was carried out dominantly. The most attractive advantages of this method were
its capacity for experimentally eliminating the error due to natural convection, its fast results,

and its simple conceptual design compared to other techniques [22].

The earlier empirical correlations of nanofluid thermal conductivity, Maxwell model, Hamilton
and Crosser model, Brownian motion model, clustering model, liquid layering model, Yamada
and Ota model for carbon nanotube were concluded in previous review works. Maxwell offered
the model that expressed an effective thermal conductivity equation for nanofluids containing

spherical nanoparticles [22] :

- kp+2kf+2(k'p_k’f)¢
T Tk 2k + (ky — kp) &

k¢ (1.34)

Note that the effect of the size and shape of the particles and particle interactions were not

included in Maxwell’s equation.

Hamilton and Crosser model represented the model for non-spherical particles with the shape

factor (n) as experimental parameters for different types of nanoparticles [23]

(= Dk — (0= 1) 6 (ky — k)

TR P Y S T B (1.35)

Eny

where n is defined as :

(1.36)

n =

3
(G
where 1 is the sphericity. Sphericity is the ratio of the surface area of a sphere with the same

volume as the particle to the surface area of the particle, so n = 3 fors ont sphere.

Brownian motion model focused on Brownian motion which was the random motion of par-
ticles suspended in nanofluids. Brownian dynamics simulation was used to determine the effec-

tive thermal conductivity of nanofluids as :

knf = ¢k'p + (1 - ¢) kf (137)
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Note that k, includes the effect of the Brownian motion of the nanoparticles on the thermal

conductivity.

Koo and Kleinstreuer model proposed the combination model of two thermal conductivity

parts as [24] :
knf = kstatic T KBrownian (138)

Where £ static represents the thermal conductivity enhancement due to the higher thermal
conductivity of the nanoparticles such as the Maxwell model, £ Brownian represents the effect

of Brownian motion, which the effect of nanoparticles moving around the nanofluid was taken

[kT
kBroumian =5 X 104/B¢pfcp,f idf (139)
PpQp

into account as :

Where :

T represents the temperature in k .
C, , represents specific heat capacity of base fluid .

(3 represents a constant obtained from their experiment .

I.2.2 Hybrid nanofluids

The suspension of metallic nanoparticles in base fluid also caused the enhancement in pumping
power. In other words, while dealing with forced convection of nanofluids no one can decide the
effectiveness of unitary and hybrid nanofluids on the basis of heat transfer only. It is the trade-
off of advantages (heat transfer enhancement) and disadvantages (cost and pumping power),
as shown in Fig 1.27 [25]. One of the advantages of hybrid nanofluid is that the rate of heat
transfer can be controlled by varying the particle concentration or altering the combination
of nanoparticles. Qin et al investigated the performance of direct absorption solar collector

employing plasmonic nanofluid [26].

Hybrid nanofluid is a very new type of nanofluids that contains two or more various nanopar-

ticles. Turcu et al. is one of the first researchers who have begun studies on hybrid nanoparticles
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[27]. But the main step in the way of introducing hybrid nanofluids taken by Hemmat Esfe
research group. Also, they worked on a new field about controlling the viscosity of hybrid nano-
fluids in comparison to pure base fluid. The use of hybrid nanofluids is aimed at simultaneously
using the physical and chemical properties of two or more different types of nanoparticles,
while improving fluid properties, such as water. Studies show the growth of thermophysical and

rheological properties of hybrid nanofluids compared to conventional nanofluids [28].

The composition of the nanoparticles used to make the hybrid nanofluids can be divided into

three different categories, depending on their type :

1. Metal compounds such as AlyO3/Cu, AloO3/Ni, MgO/Fe, and Al/CNT
2. Ceramic compounds such as AloO3/Cu, AloO3/Ni, MgO/Fe, and Al/CNT

3. Polymer compounds such as polymer/CNT and polymer/TiOs.

Obviously, the issue of choosing the right combination of nanoparticles and their relative
proportions has a significant effect on the efficiency and enhancement of the thermophysical
properties of nanoparticles, and this issue can be considered as one of the considerations that
need to be studied. In composite of results of many studies, the results of some studies show a
decline in the thermal properties of hybrid nanofluids compared to conventional ones that could

be because of the following reasons [28] :

1. Non compatibility of the used nanoparticles with each other.
2. The size of the used nanoparticles.

3. Base fluid type.

4. Fluid temperature and working temperature of fluid.

5. Stability.
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Two types of nanoparticles suspended in
the same base fluid

Nanocomposites suspended in a base
fluid

Two mixed nanofluid suspensions

Nanoparticles added to an existing
nanofluid

Hybrid nanofluids

Figure 1.27 — Hybrid nanofluids types [28].

I.2.2.1 Natural convection heat transfer

Natural convection is the phenomenon most frequently occur in many engineering applica-
tions. During the past few decades, investigators compiled a number of research articles on
natural convection in closed and open cavities. The suspension of nanoparticles in base fluid
found to be an effective technique to augment the rate of heat transfer. Abu-Nada and Oztop
[29] numerically investigated the effect of fluid flow and natural convective heat transfer inside
a two-dimensional enclosure filled with water-based copper (Cu) nanofluid varying the incli-
nation angle (0 — 120 degrees) and particle concentration. Finite volume method was used to
solve the governing equations and found that the augmentation in Nusselt number (Nu) was
more prominent at low particle volume fraction than that of high concentration. In addition,
inclination angle was found to be a good control parameter for pure water and nanoparticles

suspended fluid filled enclosure [28].

I1.2.2.2 Forced convection heat transfer

Investigators analysed the forced CHT of unitary and hybrid nanofluids in many applica-
tion areas such as : in manufacturing industry as a coolant, electronic industry to maintain
the temperature of electronic components like microprocesses in a combination of heat sinks,
automotive industry, refrigeration and air conditioning, and solar energy. Figure 1.28 shows the
graphical illustration of the application of hybrid nanofluid in different arenas. Hybrid nanofluid

is the advanced class of nanofluids and devised few years ago that is why limited studies are
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available on hybrid nanofluids [28].
nanofluid
Figure 1.28 — Forced convective heat transfer in different applications [28].
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Figure 1.29 — Factors that needed careful consideration while investigating the hybrid nanofluids as

a heat transfer media, graphical illustration [28].

1.2.2.3 Applications of hybrid nanofluids in different fields

Hybrid nanofluid can be synthesized using single-step or two-step technique and TC is the

main parameter for HT enhancement of hybrid nanofluids. The efficiency of hybrid nanofluid

(HyNF) affects by several parameters such as synthesis of NPs, level of purity of NPs, and

dispersion of NPs. HT through fluid is due to convection which largely depends on convective HT

coefficient. The expected results are hybrid nanofluids that can be performed better compared to
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nanofluids in same type of applications. Nanotechnology has been used in many applications that

make more efficient in working. This results in decrement in cost of construction, maintenance,

and repair [28].

Solar energy
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Automotive industry
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Figure 1.30 — Major areas of applications of hybrid nanofluids.
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PREVIOUS WORK

II.1 Previous work

Fluid mechanics is the branch of physics that studies the flow of fluids, how fluids move, and
the forces that develop as a result. The concept of liquids and gases is when they are subjected

to efforts or stresses, and fluid flow can be either laminar or turbulent.

Heat transfer is the movement of heat across the system’s border due to a temperature
difference between the system and its surroundings. It is classified into various mechanisms,
such as thermal conduction, thermal convection, thermal radiation, and energy transfer by
phase changes. Convection is the process of heat transfer by the bulk movement of molecules
within fluids such as gases and liquids. The initial heat transfer between the object and the
fluid occurs through conduction, but the bulk heat transfer happens due to the motion of the

fluid.

A nanofluid is a fluid containing nanometer-sized particles called nanoparticles. These fluids
are engineered colloidal suspensions of nanoparticles in a base fluid. The nanoparticles used
in nanofluids are typically made of metals, oxides, carbides, or carbon nanotubes. Common
base fluids include water, ethylene glycol, and oil. It can be considered the future of heat
transfer fluids in various heat transfer applications. They are expected to give better thermal
performance than conventional fluids due to the presence of suspended nanoparticles with high
thermal conductivity. Lately, numerous investigations have revealed the enhancement of thermal
conductivity and higher heat transfer rate of nanofluids. Significant enhancement in the heat
transfer rate with the use of various nanofluids in various applications compared to conventional

fluids has been reported by several researchers [35], [36], [37], [38], [39].
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Heat exchangers play an important part in energy conservation, conversion and recovery.
Several studies have focused on direct transfer type (recuperator) heat exchangers, where heat
transfer between fluids occurs through a separating wall or into and out of a wall in a transient
manner. Two important phenomena happen in a heat exchanger : fluid flow in channels and heat
transfer between fluids and channel walls. Thus, heat exchangers can be improved by improving
the processes occurring during those phenomena. Firstly, the heat transfer rate depends on the
surface area to volume ratio, which means the smaller channel dimensions provide a better heat
transfer coefficient. Secondly, improving the properties of the heat transfer fluids (nanofluids)
can yield a higher heat transfer coefficient in a heat exchanger. Heat transfer and fluid flow in
microchannels have been topics of intense research in the past decade. Increased heat transfer
and cost reduction have been significant challenges facing large industries and factories [40],

[41], [42].

Microchannel heat sinks constitute an innovative cooling technology for removing a large
amount of heat through a small area. It is one of the potential alternatives for replacing conven-
tional finned tube heat exchangers, mainly used in industries such as automobiles, air conditio-
ning and refrigeration. The heat sink is usually made from a high thermal conductivity solid
such as silicon or copper. The microchannels are fabricated into their surface using precision
machining or micro-fabrication technology. Micro-channel heat sinks typically contain a large
number of parallel microchannels. Coolant is forced to pass through these channels to remove
heat from a hot surface. In Microchannel heat exchangers, flow is typically laminar, and heat
transfer coefficients are proportional to velocity. Micro-channel heat sinks provide a very high
surface area-to-volume ratio, significant convective heat transfer coefficient, small mass and

volume, and small coolant inventory [43], [44], [45], [46].

In recent decades, microchannels have been presented as a solution to this problem. The
microchannel heat exchanger is used in industries such as microelectronics, aerospace, biomedi-
cal, robotics, telecommunications and automotive. These microscale devices, commonly known
as MEMS (Micro Electromechanical Systems), are getting more advanced and complex as mi-
crofabrication technology progresses well with the trend. However, two factors limit the heat
transfer coefficients in a micro heat exchanger : the reduction in the channel dimensions was
accompanied by a higher pressure drop, and the amount of heat transfer was limited by the

heat transfer fluid used.
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Singh et al. (2012) [35] studied experimentally and numerically the hydrodynamics of na-
nofluids in microchannels. They used three microchannels of hydraulic diameters of 130, 211
and 300um , the nanofluid of this study was Alumina base fluid water and Ethylene Glycol
prepared with three values of concentrations 0.25 vol.%, 0.5 vol.% and 1.0 vol.%,, stabilised
and characterised with the help of TEM and zeta potential. It was found nanofluids do not
behave as single-phase liquids in a microchannel. The friction characteristics of nanofluids in
microchannels depend on channel size, particle concentration and viscosity and are visible in
turbulent regimes. An early transition phenomenon is observed for 211um and 301um chan-
nels, probably due to high surface roughness. As well as the numerical simulation was done
by considering the mixture rule and discrete phase approach, and the discreet phase modelling

were found to be more accurate at higher Reynolds number.

Nikkhah et al. (2015) [36] performed a forced convective heat transfer of water/functionalised
multi-walled carbon nanotube (FMWCNT) nanofluid in a two-dimensional microchannel Walls
of the microchannel are under a periodic heat flux, and slip boundary conditions along the
walls have been considered. The effect of different values of shear forces, solid nanoparticles
concentration, slip coefficient, periodic heat flux of the flow and temperature fields, and heat
transfer rate has been evaluated. The Reynolds number was in the range of 1 and 100, 0 — 25%
for the weight percentage of solid nanoparticles and 0.001 — 0.1 for the velocity slip coefficient.
Results of the current study showed a good agreement with the numerical and experimental
studies of other researchers. Results showed that local Nusselt numbers along the length of the
microchannel change in a periodic manner and increase with the increase in Reynold’s number.
The rise in slip coefficient and weight percentage of nanoparticles leads to an increase in Nusselt

number, which is greater in higher Reynolds numbers.

Akbari et al. (2016) [37] studied a forced convection heat transfer of water—Al2O3 nanofluid
in a two-dimensional microchannel with two rectangular ribs according to the finite volume
methods. Boundary conditions include the insulated upper wall and bottom wall being subjected
to a constant temperature. The Reynolds number for the laminar flow was selected to be 10
and 100. The volume fractions of solid particles were 0, 2% and 4%. The results marked in this
investigation show that heat transfer rate can be enhanced by increasing the rib height and
volumetric percentage of nanoparticles and Reynolds number. However, the existence of ribs
within the path causes a velocity gradient and enhanced contact between the fluid/microchannel

surfaces, which engenders an increase in the average friction factor. Furthermore, the existence
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of nanoparticles does not have a major effect on hydrodynamic parameters such as fluid velocity
and causes mere variations in the streamlines through the inlet section of the microchannel. In
lower Reynolds numbers, the heat transfer rate between the surface and the fluid increases, and
fluid has more opportunity for thermal exchange with the surface; on the other hand, more
contact of the fluid with the surface causes an increase in friction factor. Among the studied
cases, case (2), with the greatest rib height, has the maximum heat transfer due to better mixing

of the fluid layers, and case (1), with the lowest rib height, owns the lowest Nusselt number.
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Figure II.1 — Dimensionless temperature variation profiles along dimensionless length of the micro-
channel in different cross-sections of the microchannel for Re=10.
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Figure I1.2 — Dimensionless temperature variation profiles along dimensionless length of the micro-
channel in different cross-sections of the microchannel for Re=100.

The numerical investigation of the turbulent flow and heat transfer of nanofluid inside a wavy
microchannel with different wavelengths has been simulated by Bazdar et al. (2019) [38]. This

investigation aims to reveal the effects of changing the wavelength of the sinusoidal microchannel
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and CuO nanoparticle concentration on flow and heat transfer properties. Reynolds numbers
are assumed to be 3000, 4500, 6000, and 7500 with volume fractions of 0, 1.5, and 3% in three
different geometries. The present results validated the previous results, and it showed that there
is an excellent agreement between them. Such as, at a lower Reynolds number, the Nusselt
number was not changed, but at Re = 7500, the Nusselt number increases. Also, the change in
wavelength increases heat transfer, and the maximum wall temperature of microchannel (b) is

lower than other microchannels.

Yang and Du (2019) [39] carried out numerically a forced convective heat transfer of wa-
ter/alumina nanofluid in a rectangular microchannel, this study investigated the effect of three
techniques on heat transfer and pressure drop. In the first technique, three top and three bottom
injections (six injections) were added to the base microchannel. In the second technique, the
nanofluid was added to the base geometry, and the heat transfer improvement was investigated.
In the last technique, the fluid injection was added to a microchannel containing nanofluid.
Therefore, all three techniques entailed both a positive effect (increased heat transfer) and a
negative effect (increased pressure drop). In the most effective technique, the pressure drop was

30% higher than the base microchannel at the point with maximum heat transfer.

Karimipour et al. (2011) [40] investigated the gravity effects on the mixed convection heat
transfer in a microchannel using lattice Boltzmann method. And to include these effects, hydro-
dynamic boundary condition equations were modified. The present results are compared with
previously available results for validation, and computations were performed for a wide range
of inlet Knudsen number Kn. It was observed that with the increase of Kn, the slip velocity
and temperature jump were increased, and Nu and Cf were reduced. The maximum value of
these parameters occurs at the inlet, and they approach asymptotically to the corresponding
constant value along the microchannel. Moreover, the effects of gravity generate buoyancy mo-
tions, particularly in the entrance region that has the largest temperature gradient between the

fluid and the walls, and thus increases the entrance length.

Tavakoli et al. (2018) [41]. provided a study of mixed convection heat transfer inside a verti-
cal microchannel with a two-phase approach numerically. In their research, they used the finite
volume method in two-dimensional coordinates. Because most of the miniature equipment’s
affected by the oscillating heat flux, The present research has been carried out in Reynolds
numbers of 150 — 1000 and Ag nanoparticles volume fractions of 0 — 4% by applying slip and

no-slip boundary conditions. Also, in order to estimate the heat transfer behaviour and the com-
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putational fluid dynamics, the two-phase mixture method was employed. Results were analysed
and presented as the contours of Nusselt number, friction coefficient, pressure drop, thermal re-
sistance and temperature. As well as, applying slip boundary conditions on microchannel walls
and enhancing fluid velocity, Grashof number, and volume fraction of nanoparticles cause the
improvement of Nusselt number, reduction of thermal resistance and total entropy generation
and the augmentation of pressure drop. Additionally, the presence of oscillating heat flux af-
fects the changes in the Nusselt number significantly. In comparison with the pure water fluid
with Reynolds numbers of 1000, 700 and 400, in Grashof number of 1000 with no-slip boundary
condition on microchannel walls, the enhancement of average Nusselt number in volume fraction

of 4% in the same Reynolds numbers is 45%.

D’Orazio and Karimipour (2019) [42] demonstrated a mixed air convection inside a two-
dimensional microchannel numerically by using the lattice Boltzmann method. This study
conducted the effect of buoyancy forces on slip velocity, and temperature profiles were pre-
sented while the microchannel side walls were under a constant heat flux boundary condition.
Three states were considered as having no gravity, and the value of the Knudsen number was
chosen as Kn=0.005, Kn=0.01 and Kn=0.02, respectively ; while Reynolds number and Prandtl
number were kept fixed at Re=1 and Pr=0.7. Density-momentum and internal energy distri-
bution functions were used to simulate the hydrodynamic and thermal domains in the lattice
Boltzmann method approach. As a result, it was shown that suitable models for slip velocity
and heat flux boundary conditions in terms of LBM’s hydrodynamic and thermal distribution
functions were developed to consider both the effects of gravity and velocity inlet. Additionally,
Larger Kn led to larger Us; Although the influence of Kn on Us decreased at higher amounts of
Gr. Moreover, the negative slip velocity phenomenon due to the buoyance forces was observed
for the first time at the present work. Also, Lower Kn corresponded to higher Nu. Moreover, the
amplitude and number of fluctuations of Nu increased severely with Gr because of the strong

cell generated by buoyancy forces.

Thansekhar and Anbumeenakshi (2017) [43] investigated the effectiveness of the nanofluids
AlsO3/ water and SiOy water experimentally in enhancing the heat transfer performance of
a microchannel heat sink having 25 numbers of rectangular microchannels of 0.42 mm width,
4.2 mm depth and 100 mm length. Nanofluids of AlsO3/water and SiO,/water with a volume
concentration of 0.1% and 0.25% and deionised water were used as heat transfer fluids. The

nanofluid and its volume concentration were the key parameters affecting the thermal perfor-
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mance of the microchannel heat sink. Nanofluid AlyO3/ water exhibits better heat transfer
performance than SiOz/ water due to the higher thermal conductivity. This makes AlsO3/
water a suitable fluid for cooling of photovoltaic cells. And The heat transfer performance of
the microchannel heat sink was affected significantly by the volume concentration of nanofluids.
Nanofluids with higher volume concentration exhibit higher heat transfer enhancement, which
was attributed to the stronger thermal dispersion and thermophoresis. Moreover, the additional
pressure drop caused by the nanofluids was not so large that nanofluids are viable cooling fluids
for the microchannel heat sink. [44] (2017) They also examined the collective effect of nanofluid
and non-uniform heating on the cooling enactment of a MCHS. Three individual heaters of
identical dimensions were placed at the bottom of the microchannel heat sink. Nanofluid of
AlyO3/water of volume concentration 0.25% and 0.1% and deionised water were used as wor-
king fluids. And they publicised that the position of heater has a noteworthy influence on the
maximum temperature of the heat sink. The maximum surface temperature of the MCHS is

the lowermost when the heaters are located at the upstream of the flow.

Through conducting numerical analysis on heat transfer and laminar flow of kerosene/ multi-
walled carbon nanotubes (MWCNTS) nanofluid in the microchannel heat sink with slip boun-
dary condition Arabpour et al [45] (2018), the considered microchannel is two layers in which
the length of bottom layer was truncated and was equal to half of the length of the bottom
layer. The results evidenced that in different Reynolds numbers, applying oscillating heat flux
considerably influences the profile figure of Nusselt number, and this impressionability is ob-
vious in Reynolds numbers of 100 and 10. Also, by enhancing the slip velocity coefficient on
the solid surfaces, the amount of minimum temperature of the surface decreases significantly
which causes a remarkable increase in heat transfer. Furthermore, the friction coefficient de-
creases remarkably by enhancing the dimensionless slip velocity coefficient and depreciation.
The amount of average friction coefficients in the Reynolds number of 1 is more significant in
each of the studied Reynolds numbers. Increasing the Reynolds number and volume fraction
of nanoparticles and due to better mixture of fluid flow and heat transfer enhancement and

augmentation of convection heat transfer reduces the maximum temperature factor.

Ho et al. (2020) [46] examined the effects of dispersing Al;O3 nanoparticles and nanoencapsu-
lation PCM particles in the working fluid on the heat transfer improvement in the mini-channel
heat sink, separately. In addition, the contributions of AloO3 nanoparticles and nanoencapsula-

tion PCM particles to boost the thermal efficiency of the coolant in the mini-channel heat sink
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were presented. Several important factors in the system were investigated at various concentra-
tions of AlsO3 nanoparticles and nanoencapsulation PCM particles, flow Reynolds numbers, and
heat fluxes. The numerical results clearly reveal that the maximum thermal resistance reduction
of 1.2% and 6.9% can be observed by adding the nanoencapsulation PCM suspension with 2%
and 10% concentrations, respectively. For the water-based suspension of AloO3 nanoparticles,
the heat transfer coefficient ratios are larger than unity for all heat flux values and Reynolds
numbers. The usage of AlosO3 nanoparticles provides better cooling performance as compared
with the case of nanoencapsulation PCM particles. As a result, the beneficial effect of AlsO3

nanoparticles is much greater as compared with that of nanoencapsulation PCM particles.

Metal foam is a particular kind of porous medium that can absorb significant heat from the
solid by conducting and rejecting it to the fluid by convection. Metal foam shows different at-
tractive features in comparison with its solid material counterparts. Its advantages include low
volume, low density, high thermal conductivity, high effective heat transfer surface area, high
flow-mixing capability, and low manufacturing cost. It is used in several thermal systems, such
as heat exchangers, heat sinks, fuel cells, and solar collectors. It was shown that metal foam
insertion could enhance thermal performance significantly up to 40 times. The solid/fluid ther-
mal conductivity was observed to be an important parameter in increasing the heat dissipation
by coolants. Researchers observed a high-pressure drop penalty accomplished to the thermal
performance enhancement with the existence of metal foam. Microchannel heat sinks embedded
in porous media can be considered as micro pin-fin heat sinks in which the pins act as grains,

and the area between the pins accounts for the pore space in the porous media.

The enhanced heat transfer mechanism and thermal energy storage, optimised energy and
energy efficiency in these innovative applications have reached the point where they are of signi-
ficant interest and have become one of the greatest heat transfer performance challenges. Many
attractive passive enhancement techniques have been employed to improve heat transfer perfor-
mance effectiveness and efficiency, including porous metal foams [47], [48], [49], nano-additive
nanoparticles, encapsulated phase change materials (NEPCMs), enclosure shape change, groo-
ved surfaces, dimpled surfaces, surfaces with arrays of protrusions, plane fins, pin fins, and

artificial surface roughness.

Ghazvini and Shokouhmand (2009) [47] numerically investigated the influence of NFs on
the cooling of a heat sink microchannel using fins and a porous medium. They showed that a

porosity coefficient increment can enhance the dimensionless temperature and Nuave.
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Nojoomizadeh et al. (2018) [48] studied numerically investigated the forced heat-transfer and
laminar flow in a two- dimensional microchannel whose lower half was filled with a porous me-
dium. They used the nanofluid Fe30,/water which contains nanoparticles FesO,4 and the water
as based fluid, this nanofluid flow was modelled employing the Darcy—Forchheimer equation. It
is hypothesised that there was a thermal equilibrium between the solid phase and nanofluid for
energy transfer, and the walls of the microchannels were assumed at a constant temperature hi-
gher than the inlet fluid temperature. Also, the slip boundary condition was assumed along the
walls. The effects of Darcy number, porosity and slip coefficients, and Reynolds number on the
velocity and temperature profiles and local Nusselt number were presented in both porous and
non-porous regions. In this work, the Darcy number was assumed to be Da=0.1 and 0.01 with
three values of Reynolds number Re=25, 50, and 100, slip coefficient B=0.1, 0.01, and 0.001,
the porosity e = 0.5 and 0.9, and the volume percentage of the nanoparticles ¢ = 0%, 2%,
and 4%. The result obtained in this investigation showed that with the increase of Reynolds
number, the nanofluid velocity increased, thus increasing the local Nusselt number. In addition,
the presence of a velocity difference at the same cross-section of the microchannel due to the
presence of a porous medium in the lower half of the microchannel, led us to be witnessing an
increase in the slip velocity in the upper half and a decrease in the slip velocity in the lower

half of the microchannel as the Darcy number was decreasing.

A numerical study of water/FMWCNT nanofluid forced convection in a microchannel filled
with porous material under slip velocity and temperature jump boundary conditions was discus-
sed by Gholamalizadeh et al [49] (2019), for the study parameters, they considered the following
ranges : slip factor B=0.001, 0.01, and 0.1; The Re and solid nanofluid concentrations ranges
were 10 — 100 and 0.0012 — 0.0025, respectively ; A Darcy number between 0.001 and 0.1 and
a porosity coefficient range of 0.4 — 0.9 solid nanoparticle mass fraction rang 0.0012 — 0.0025.
In addition, the thermophoresis and Brownian effects were disregarded. Consequently, it was
discovered that the existence of a porous medium in microchannels has a very interesting im-
pact, such as increasing the Darcy number had a more pronounced effect on the velocity profile
than increasing the Reynolds number. However, increasing porosity was less pronounced at the

growth rate of the velocity profile.

The magnetohydrodynamic MHD phenomenon has received considerable attention from engi-
neers and scientists over the last two decades owing to its relevance in many MHD applications

like MHD generators, MHD accelerators, electric transformers and cooling of the metallic plate
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Figure I1.3 — Non-dimensional velocity profile obtained for nanofluid along the perpendicular line
passing through the microchannel center at x=L/2, Re=100, Da=0.001, £ = 0.4, and ¢ = 0.0012.
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Figure I1.4 — Non-dimensional velocity profile obtained for nanofluid at the perpendicular line passing
through the microchannel center at x=L/2, Re=100, Da=0.1, ¢ = 0.9, and ¢ = 0.0012.

in a cooling bath. Magnetohydrodynamic MHD pumps are already used in chemical energy
technology for pumping electrically conducting fluids at some atomic energy centers. For such
modern applications, figuring out properly the effects of magnetic fields and the behaviour of
the Newtonian fluids, even in narrow ducts, acquired a great importance : miniaturised ap-
plications, several experiments and tests started to be performed along with numerical and

theoretical evaluations [50], [51], [52], [53], [54].

Afrand et al. (2016) [50] studied the forced convection heat transfer of water/FMWCNT
nanofluid in a two-dimensional microchannel under a magnetic field. The effects of Hartmann
number, Reynolds number, slip coefficient and solid volume fraction on velocity, temperature

and Nusselt number were investigated. They observed that increasing the strength of the ma-
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gnetic field led to a significant increase in the amount of slip velocity. And at higher Hartmann
numbers, the effects of the slip coefficient on the slip velocity were more than that at lower
Hartmann numbers. Higher values of Nu were achieved at larger amounts of Hartman number

and volume fraction at higher Reynolds numbers Re=200.

Karimipour et al. (2016) [51] numerically investigated on laminar forced convection of nano-
fluids in the microchannels by using a FORTRAN code. A novel mixture of water and FMWNT
carbon nanotubes as the working fluid. The mixture of FMWNT carbon nanotubes suspended
in water was considered as the nanofluid. Slip velocity was supposed as the hydrodynamic
boundary condition while the microchannel’s lower wall was insulated and the top wall was
under the effect of a constant heat flux; the flow field was subjected to a magnetic field with
a constant strength. Here, the effects of pertinent parameters were explained. It was indicated
that increasing the Hartmann number reduced the maximum velocity in the centerline of the
microchannel and increased the velocity near the walls. Furthermore, it was marked that impo-
sing the magnetic field was very effective at the thermally developing region, In contrast, the
magnetic field effect at the fully developed region is insignificant, especially at a low Reynolds

number.

Karimipour et al. (2016) [52] reported The effects of different nanoparticles of AloO3 and Ag
on the MHD nanofluid flow and heat transfer in a microchannel, including slip velocity and
temperature jump. Microchannel domain is under the influence of a magnetic field with the
strength of By Reynolds number chosen as Re=10 and Re=100. Slip velocity and temperature
jump boundary conditions were simulated along the microchannel walls at different slip coeffi-
cient values : B=0.05, and 0.1 for different amounts of Hartmann numbers Ha=0, 20, and 40.
And Different types of nanoparticles, such as AloO3 and Ag are examined while the base fluid
was considered as water. It was found that the Slip coefficient (B) has significant effects on
U profiles from B=0.01 to B=0.1 at a range of Y=0.1 and Y=1, with various axial positions.
Therefore, it is seen that the Magnetic field makes the Lorentz force in the opposite direction
of fluid flow ; Hence larger Hartmann number (Ha) leads to a smaller Uy, at Y=0.5 and also
generates a core of uniform flow from Y = 0.15 to Y ~ 0.85. Moreover, larger Ha leads to larger
Num at higher values of Re, also, It was recommended to use AloO3—water nanofluid instead
of Ag water to increase the heat transfer rate from the microchannel walls at low values of
Re. However, the nanofluid composed of nanoparticles with higher thermal conductivity works

better at larger amounts of Re.
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Alipour Lalami et al. (2019) [53], hydrodynamics and heat transfer of FMWCNT-water nano-

fluid flow in the hydrophobic microchannel were comprehensively studied for a range of magnetic

field intensities ( Ha=0,15,30), dimensionless slip coefficients 0 < B < 0.1 and suspension

volume fractions (¢ = 0,0.1%,0.2%) at a fix Reynolds number (Re=100) and a uniform exter-

nal heat flux ¢”. The adjustable parameter of v was appropriately selected in the range of 0.5

to 0.8. It was concluded that with magnetic field presence and realistic temperature jump, the

surface material of superhydrophobic walls should be chosen properly to avoid inevitable and

uncontrolled reduction in heat transfer, such that the highest hydrophobicity was not always

the best choice.
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Figure I1.5 — Effects of magnetic field on dimensionless velocity profile for nanofluid with ¢ = 0.2%
at B=0 and 0.1. Profiles are plotted at two fully developed regions, x=0.2L and x=L, Ha=15 (Top)

and Ha=30 (Bottom).

Madhu et al. (2019) [54] analysed The entropy generation and heat transfer characteristics

of magnetohydrodynamic (MHD) third-grade fluid flow through a vertical porous microchan-

nel with a convective boundary condition. Entropy generation due to the flow of MHD Non-

Newtonian third-grade fluid within a microchannel and temperature-dependent viscosity was

studied using the entropy generation rate and Vogel’s model. An appropriate comparison was

made with the previously published results in the literature as a limiting case of the considered

problem. The comparison confirms excellent agreement. The effects of the Grashof number, the

Hartmann number, the Biot number, the exponential space, and the viscous dissipation para-

meter on the temperature and velocity were studied and presented graphically. The entropy

generation and the Bejan number were also calculated, so the main results of the problem were



II.1. Previous work

63

summarised. In the case of Ha and Bi, the temperature profile heightens at the left plate and
declines at the right plate. The temperature profile enhanced with larger values of A and , and
declined with larger values of Aj, A2, A and Bi. Also, The Bejan number heightens on increasing
values of A1, A, and As,, and lessens by increasing A , Gr, and Bi. The profile of Be showed
an increasing behaviour at the right plate and a decreasing behaviour at the left plate for in-
creasing values of Ha . Together with Ns increased with increasing values of A, Gr, and Bi, and
deteriorated by increasing values of A\; and \9. The profile of Ns increased at the right wall and

declined at the left wall with higher values of Ha.

0.35 1.0
0.30'--:.:.:_:_;\\\ ‘Ha:0.4, 0.6,0.8, 1.0 09l
0.251
i 0.8
s 3 |
S 0.15F = o7k :
N ‘[ Ha=0.4,0.6,0.8,1.0
0.10}
0.6 -
0.05|
1 1 1 1 05 1 1 1 1
0 02 04 06 08 10 00 02 04 06 08 10
Yy Yy
@) u(y) (b) ()
0.5
0.4
Ha=04,06,08,10 ==~
0.3 O
n QD g
2 Qq
0.2
0.1
1 1 1 1
0 02 04 06 08 1.0
Yy
(c) Ny (d) Be

Figure 11.6 — Effects of Ha on u (y),6 (y), Ns, and Be.

Many fluids of interest in industrial practice exhibit non-Newtonian fluid behaviour ; several
rheological models, such as power-law and Bingham and Herschel Bulkley models, can charac-
terise these industrial fluids of the non-Newtonian type. Materials that exhibit a shear-thinning
non-Newtonian behaviour include slurries, pastes, suspended solids in liquids, and emulsions.
The shear-thinning materials are frequently encountered in industries dealing with composite
materials, rubber, pharmaceuticals, biological fluids, plastics, petroleum, soap and detergents,
cement, food products, paper pulp, paint, light and heavy chemicals, oil field operations, fermen-

tation processes, plastic rocket propellants, electrorheological fluids, ore processing, printing,
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and radioactive waste [55], [56], [57], [58], [59], [60], [61].

A Numerical study on the heat transfer performance of non-Newtonian fluid flow in a manifold
microchannel heat sink was done by Li et al. (2017) [55], this study presented a three-dimensional
simulation, and concerning the non-Newtonian fluid, they described the power law. They in-
vestigated the effect of the non-Newtonian fluid on the heat transfer performance, including
the heat transfer efficiency and uniformity of temperature distribution, as well as the influence
of inlet/outlet configurations on fluid flow and heat transfer, Compared with Newtonian fluid
flow. For the heat transfer performance, introducing pseudoplastic fluid flow greatly improved
the heat transfer efficiency due to the generation of secondary flow due to the shear thinning
property. So, the heat transfer enhancement in pseudoplastic fluid flow can be attributed to
the emergence of secondary flow therein, which disturbs the flow and thus promotes the mixing
of the cold and heat fluid. However, in dilatant fluid flow, the heat transfer is dominated by
conduction, and the shear-thickening property of the dilatant fluid has little contribution to the
generation of secondary flow. Moreover, as for the heat transfer performance of non-Newtonian
fluid flow, it was found that the application of dilatant fluid has little change in the heat transfer
efficiency compared to that of Newtonian fluid. However, the introduction of pseudoplastic fluid

flow can significantly improve heat transfer efficiency.

Laminar flow of the non-Newtonian fluid in a rectangular microchannel with triangular ribs
has been numerically studied by Shamsi et al. (2017) [56], for the best non-Newtonian, solid na-
noparticles of Aluminum Oxide have been added to the non-Newtonian fluid in volume fractions
of 0 — 2% with 25, 45 and 100 nm diameters. The power law has been used to speculate the
dynamic viscosity of the cooling nanofluid. The field of the numerical solution is simulated in
the Reynolds number range of 5 < Re < 300. A constant heat flux of 10,000 W /m? is exercised
on the lower walls of the studied geometry. The effect of triangular ribs with the angle of attacks
of 30°, 45° and 60° have been marked flow parameters and heat transfer due to the fluid flow.
The results were analysed for three different angles of attacks of the triangular ribs. Regarding
the analyses, it can be said that an increase in the volume fraction of solid nanoparticles in the
non-Newtonian fluid causes improved heat transfer which is due to the increase in the micron
surface and boosting of the heat transfer mechanisms. Furthermore, the increase in Nusselt
number was more significant when there were solid nanoparticles in higher Reynolds numbers
and smaller nanoparticle diameters. Additionally, the changes in mean friction coefficient in
lower Reynolds numbers were significant and were a result of the total contact between the

cooling fluid and all the rib surfaces reaching its maximum level in the angle of attack 30° and
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Reynolds number of 5. In higher Reynolds numbers, the mean friction coefficient is almost in-
dependent of the nanoparticle diameter and the triangular rib’s angle of attack. In the analysis
of the changes of the pressure drop, because pressure changes in the input and output of the
channel were considered, the changes of the solid nanoparticle diameters make relatively few

changes across the entire flow.

Kiyasatfar (2018) [57] examined hydrodynamically a convective heat transfer and thermally
fully developed slip flow of power-law fluids through microfluidic channels with parallel-plate
and circular cross-sections. In order to verify the analytical model proposed in this study, the
analytical results were compared with the related experimental and numerical results available
in the literature. The effects of key parameters such as slip coefficient, power-law index and
Brinkman number on the flow, heat transfer and entropy generation characteristics have been
discussed. And the following major conclusions were presented that the effects of slip and
viscous dissipation on heat transfer and entropy generation are considerable and should not
be neglected, particularly for dilatant fluids. Nusselt number has a decreasing trend with both
n and Br, where the effect of Br becomes stronger for dilatant fluids. Together, at the same
conditions, parallel-plate microchannel has a lower Bejan number and tends to produce more

entropy than circular microchannel.

Tanveer et al. (2020) [58] simulated a non-Newtonian blood flow in a theoretically microchan-
nel according to the Bingham fluid induced by applied electrostatic potential. The transformed
equations for electroosmotic flow were solved to seek values for the nanofluid velocity, concen-
tration and temperature along the channel length. The effects of key parameters like Brinkmann
number, Prandtl number, Debey Huckel parameter, thermophoresis parameter, and Brownian
motion parameter were plotted on velocity, temperature and concentration profiles were discus-
sed briefly. They concluded that the nanofluid temperature was found an increasing function
of electro-osmotic parameter x if U is positive while it is a decreasing function if U is negative.
A completely reverse response was seen in the case of the concentration profile. The thermo-
phoresis parameter Nt, the Brownian motion parameter Nb and Brinkman number Br cause an

enhancement in temperature.

Javidi Sarafan et al. (2020) [59] treated heat and mass transfer and thermodynamic analysis of
power law fluid flow in a porous microchannel. The considered configuration was assumed to be
geometrically and thermally asymmetric. The power-law behaviour was assumed for the fluid,

and the porous medium was set under local thermal non-equilibrium. The resultant nonlinear
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system of partial differential equations was then solved numerically by using a finite volume
solver. This led to the developing of two-dimensional solutions for the temperature concentration
and local entropy generation fields and evaluating Nusselt number and total entropy generation.
It was concluded that for the Newtonian fluids. It was shown that increases in the power-law
index value reduce the heat transfer rate and thus drop the value of the Nusselt number. Hence,
the local and total generations of entropy are both strongly affected by the value of the power-
law index in which increases in this parameter highly enhance the local and total irreversibilities.
The other qualitative characteristics of the investigated system were found to remain consistent

with those reported for the Newtonian fluids.

A density-based topology optimisation method for thermal-fluid systems has been developed
by Dong and Liu (2021) [60] to reduce pressure drop (energy dissipation) and enhance heat
transfer. The non-Newtonian fluid effects on the optimal structures of the flow channels and
heat transfer performance were studied. In the numerical method, the interpolation term in the
density-based topology optimisation method was modified, while the filtering method was used
to solve the problems of grayscale and the flow channel discontinuity. When the thermal conduc-
tivity of fluid is smaller than that of solid, the heat sources were surrounded by solid material,
increasing the multi-objective coefficient w. Therefore, better heat dissipation performance can
be obtained by placing materials with a higher thermal conductivity around the heat sources.
As well as, the optimal results for Newtonian and non-Newtonian fluids were compared. The
differences between the optimal structures of the two fluids were more obvious with Re=0.01 in
the dual terminal system. The optimal designs of heat transfer performance for non-Newtonian
fluid are better than that for Newtonian fluid while consuming more energy. In biochemical
thermal-fluid devices, better heat transfer performance can be obtained by changing water to

blood, but at the same time, a more powerful pump is needed to drive the flow.

The thermal and entropy generation nature in magneto Carreau non-Newtonian material
induced by convectively heated microchannel has been addressed by Shehzad et al. (2021) [61],
finite element-based numerical scheme was adopted for the solutions of the physical model.
The application of EGM in microchannel heat sink design was reviewed and discussed in this
paper, entropy generation minimisation EGM as a new optimisation theory, stated that the rate
of entropy generation should also be optimised. Dimensionless variables were executed for the
simplicity of basic equations. The subsequent system was treated by using the finite element
method. Behaviours of effective parameters on velocity, Bejan number, entropy generation rate

and temperature were interpreted, as well as the Reynolds number with four values Re=0.5, 1,
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1.5, 2. The results of various quantities were addressed by plotting graphs. It was noted that the
Bejan number Be and rate of local entropy generation Ns have sinusoidal nature for increasing
values of magnetic field constraint M( 1.5, 2, 2.5, 3). Furthermore, the velocity f of liquid was
reduced first, but it starts to boost up after n = 0.6 for increasing trend of Reynolds number Re.
The behaviors of Ns and Be for increasing Re are similar in a qualitative way. Both quantities

decreased firstly and then boost up when the values of 7 increased from 0.7.
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Why Enhancing Heat Transfer Rate Is Crucial ?

or the past century, reducing energy consumption has attracted considerable attention
F from engineers and scientists. Whether it is energy saving, energy conservation, or energy
efficiency, many efforts have created more professional equipment. Other factors like space li-
mitations and economic incentives have accelerated this concept in heat exchange equipment.
Firstly, the focus was on boosting the heat transfer coefficient by improving the thermal pro-
perties. This has enabled us to solve other significant problems, such as lowering the maximum

temperature of surfaces and reducing the mass and size of heat exchangers [62].

I11.1 Microchannel

IT1.1.1 Flow channel classification

Channel classification based on hydraulic diameter is intended as a simple guide for conveying
the dimensional range under consideration. Channel size reduction has different effects on dif-
ferent processes. Deriving specific criteria based on the process parameters may seem to be an
attractive option, but considering the number of processes and parameters that govern tran-
sitions from regular to microscale phenomena (if present), a simple dimensional classification
is generally adopted in the literature. The classification proposed by Mehendale et al. (2000)
divided the range from 1 to 100 um as microchannels, 100 um to 1mm as meso-channels, 1 to

6mm as compact passages, and greater than 6mm as conventional passages [63].

In biological systems, the flow in capillaries occurs at very low Reynolds numbers. A different

modelling approach is needed in such cases. Also, the influence of electrokinetic forces begins
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to play an important role. Two-phase flow in channels below 10 pm remains unexplored. The
earlier channel classification scheme of Kandlikar and Grande (2003) is slightly modified, and

a more general scheme based on the smallest channel dimension is presented in Table III.1 [63].

In Table III.1, D is the channel diameter. In the case of non-circular channels, it is recom-
mended that the minimum channel dimension; for example, the short side of a rectangular
cross-section should be used in place of the diameter D. We will use the above classification
scheme for defining minichannels and microchannels. This classification scheme is essentially
employed for ease in terminology ; the applicability of continuum theory or slip flow conditions

for gas flow must be checked for the actual operating conditions in any channel.

Conventional channels > 3 mm
Minichannels 3 mm > D > 200 um
Microchannels 200 pym > D > 10 um
Transitional Microchannels 10 ym > D > 1 um
Transitional Nanochannels 1 ym > D > 0.1 ym

Nanochannels 0.1 ym > D

Table ITI.1 — Channel classification scheme [63].

I11.1.2 Heat Transfer and Pressure Drop in Channels

I11.1.2.1 Concept of Fully Developed and Developing Flow

Developing and fully developed flow are basic concepts in fluid flow and heat transfer through
channels. These concepts divide the flow into free streams and a boundary layer near the surface.
Since the fluid stream is surrounded by the channel walls, the formed boundary layers at the
walls may run parallel to each other for a significant length of the channel. After this length,
known as the hydrodynamic or thermal entrance length, the flow becomes fully developed. In
the fully developed region, hydrodynamic or thermal boundary layers arrive at the same point

and travel unaffected through the channel. This concept is shown in Figure III.1 [62].
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Figure III.1 — As coolant flows through a channel, the flow pattern changes from ”developing” to
“fully developed” flow.

The distinctive feature of developing flow is a change in the velocity profile of the coolant.

The profile vectors change in the region of developing flow, but remain constant in the fully

developed region.

I11.1.2.2 Navier-Stokes Equations

The laminar and incompressible fluid flow in channels that obey the well-known Navier Stokes

equations is as follows [62] :

Op + 0i(pu;) =0 (IIL.1)
O (pui) + 0j(puiug) = —0ip + 0;u(Oiu; + djus) (II1.2)
O (pcT) + 0;(pcu; T) = 0;(ko;T) (I11.3)
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Figure II1.2 — Hydrodynamic entrance length and fully developed region.
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where u; represents the velocity components; T represents local temperature, and p will be
pressure. Eq III.1 represents the continuity equation, whereas Eq III.2 considers the momen-
tum, and Eq II1.3 is the energy equation. These equations are solved many times by different
researchers for special geometries and conditions. However, the similarity among all the equa-
tions is that they first divide the equations into developing and fully developed regions. For the
fully developed region, the governing equations can be reduced to simplified equations. In some
cases, they can be solved analytically. The following subsection will explain the fully developed

concept.

111.1.2.3 Fully Developed Region

Fully developed regions are defined for both hydrodynamic and thermal boundary layers. The
first is called the hydrodynamic fully developed flow and the latter is called the thermally fully
developed flow. Providing the hydrodynamic boundary layer (velocity profile) does not change
flow direction, this flow is called hydrodynamic fully developed flow. Likewise, provided that the
thermal boundary layer (nondimensional temperature profile) does not change flow direction,
this flow is called thermally fully developed flow. Based on the Prandtl number, (the ratio of
momentum diffusivity to thermal diffusivity), either condition may occur first, shown in Figure
II1.3 ; small values of the Prandtl number, Pr<< 1, show the thermal diffusivity dominates,

whereas, with the large values, Pr>> 1, the momentum diffusivity dominates the behavior [62].
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Figure II1.3 — Effects of Prandtl number on the size of hydrodynamic and thermal entrance length

62].

111.1.2.3.a Hydrodynamic Fully Developed Flow

The hydrodynamic entrance region refers to the portion of the pipe prior to the velocity
profile reaching full development. When fluid enters the pipe at a uniform velocity, the fluid
particles in the layer in contact with the surface of the pipe come to a complete stop due to
the nonslip condition. Due to the fluid’s viscosity, the layer in contact with the pipe surface
resists the motion of adjacent layers and gradually slows them down. For the conservation of
mass to hold true, the velocity of the middle layers of fluid in the pipe increases (since the
layers of fluid near the pipe surface have reduced velocities). This develops a velocity gradient
across the cross-section of the pipe. However, with hydrodynamic fully developed conditions,
the hydrodynamic boundary layers converge with each other, and the velocity profile becomes

constant. Thus, the hydrodynamic fully developed region has the following flow limitations [62].

du J9s =0

Where s represents the flow stream direction.

(111.4)
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111.1.2.3.b Thermally Fully Developed Flow

On thermal fully developed conditions, the hydrodynamic boundary layers clash into each
other, and the temperature profile remains constant. The thermal fully developed condition is

not similar to the hydrodynamic condition [62].

For instance, the bulk mean fluid temperature (T}) is defined to refer the axial convected

thermal energy rate as follows [62] :
mcly = /pucT dA (IIL.5)
A

where u represents the streamwise velocity, ¢ represents specific heat capacity, and A signifies the
surface cross-section. If the non-dimensional temperature is defined in terms of wall temperature
(Tw), the bulk mean fluid temperature (T},), and the nondimensional temperature profile is
invariant to the flow direction. This will result in the following relation.

o (Tw-T\
%(ﬂy—ﬂ)o (11L.6)

Which can be written in the following form :

GT_GTW_(TWT) 8TW+<TWT) aTy (I1L.7)

ds  Os Tw —T,n/) 0Os Tw —T,n) 0Os

The temperature gradient in s direction will not vanish and will strongly depend on wall

temperature (thermal boundary condition).

Let us consider two possible conditions and simplify Eq II1.7 For the case of constant wall

heat flux, the convection rate can be written as [62] :
aw = h (Ty — Tp) = constant (IIL.8)

Since h is a constant

(Tw — Tp) = constant (I11.9)

So, from Eq II1.7 it can be written
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OTw T,

Os Os
or ot om (I11.10)

ds  ds  0Os

For the case of constant wall temperature, the following relation can be obtained from Eq

II1.7 -
T
%320
or (TW_T) or, (ITL.11)
ds \Tw—T,) Os

111.1.2.3.c  Fully Developed Flow in Circular Channels

To further explain, an analytical solution for the fully developed flow and heat transfer of
a steady and incompressible fluid is presented in Figure I11.4 Axial conduction is assumed to
be small (high Pecklet number). For the hydrodynamic fully developed flow, the governing

equations can be reduced to [62] :

dp 1 d du
el (Tdr> = constant (I11.12)

Hi o

u
L
..... e I 1] 4

(iR

Figure II1.4 — Fully developed flow in circular channels [62].

Solving Eq II1.12 subjected to the nonslip condition at the walls

r=R: u=0
. @_0 (I11.13)
U

Results in the well-known Hagene Poiseuille solution

e [1 . (;> ] 7 (I11.14)
B R? dp

8u dx
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Where U symbolizes mean velocity. The shear stress at the wall can be evaluated from the
velocity gradient as follows :

4
du o (I11.15)

Thus, the local friction coefficient can be expressed as :

. W 16
f = 72 = —,

1/2

( 2/ U)EU Re (I11.16)
Re = 7p,u

To consider the thermally fully developed flow as well as the hydrodynamic, the thermal
boundary condition should reflect upon. For the constant wall heat flux, substituting Eq II11.10

into Eq II1.2, we may have

wdl, 1 d dr
- — = 1.1
el L < ) constant ( 7)

,7715

and for the constant wall temperature, equating Eq I11.11 into Eq II1.2 leads to :

w /Tw—-T\ dI, 1 d ( dT)
(v -y 220 2 T ) = tant IIT.18
«Q (TW — Tb) dx rﬂdr " dr cotstait ( )

Substituting the fully developed velocity profile Eq I11.14 into Eq II1.17 and Eq II1.18, the

fully developed temperature profile can be written as :

Constant wall heat flux :

2U dT, |3R? r r?
T _ 22 20 _— II1.1
b ad:z:[lG 16R> 4| (HIL.19)
Constant wall temperature :
Co=1
1
Cy = —-\}
Tw — T oo 2n 2 0
W N0y, (7") , ‘4 (IT1.20)
Tw — Ty — R Ao
n=0 Cop = — (Copn—g — Cop2)
2n
Ao = 2.704364

It can appear that for the constant wall temperature, the bulk mean fluid temperature in-

creases exponentially to obtain the wall temperature. However, for constant wall heat flux, both
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Figure III1.5 — Temperature variations for different thermal boundary conditions.

wall temperatures (Ty,) and bulk mean fluid temperature (T},) increase gradually with equal

rates such that (T}, Ty,) is constant [62].

I11.1.3 Heat Transfer Enhancement Classification

Heat transfer enhancement methods can be classified into two main groups : passive and
active techniques. Passive techniques are those which do not require direct application of ex-
ternal power, while active techniques require external power. Except for extended surfaces like
fins, which enhance the effective heat transfer surface area, the passive techniques improve the
heat transfer coefficients by disturbing or altering the existing flow behaviour which is usually
accompanied by a rise in the pressure drop. In the case of active techniques, on the other hand,
the addition of external power essentially facilitates the desired flow modification and the conco-
mitant improvement in the rate of heat transfer. As shown in Figure III.6, the various ways of

passiveand active heat transfer enhancement are as follows [62].
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Figure II1.6 — Different methods of heat transfer enhancement.

I11.1.4 Heat Transfer and Fluid Flow in Microchannels

Fluid flow inside channels is at the heart of many natural and man-made systems. Heat
and mass transfer is accomplished across channel walls in biological systems, such as the brain,
lungs, kidneys, intestines, and blood vessels, as well as in many man-made systems, such as heat
exchangers, nuclear reactors, desalination units, and air separation units. In general, transport
processes occur across the channel walls, whereas bulk flow takes place through the cross-
sectional area of the channel. The channel cross-section thus serves as a conduit to transport

fluid to and away from the channel walls.

A channel serves to accomplish two objectives : (i) to bring a fluid into intimate contact with
the channel walls, and (ii) to bring fresh fluid to the walls and remove fluid away from the
walls as the transport process is accomplished. The rate of the transport process depends on
the surface area, which varies with the diameter D for a circular tube, whereas the flow rate
depends on the cross-sectional area, which varies linearly with D?. Thus, the tube surface area
to volume ratio varies as 1/D. Clearly, as the diameter decreases, the surface area to volume
ratio increases. In the human body, two of the most efficient heat and mass transfer processes
occur inside the lungs and the kidneys, with the flow channels approaching capillary dimensions

of around 4 pm [63].
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I11.2 Heat Sink

The challenge of heat removal has been a challenge for most of the engineering applications
irrespective the kind of application whether it is electronics, microelectronics, thermal plants
etc. whether the application is micro or macro the heat removal was always challenging for the
engineers as the heat removal comes with a cost i.e., increasing the surface area thereby increa-
sing the space. One such technique of increasing heat dissipation rate from microelectronics is
the provision of microchannels heat sink. The microchannel heat sink can be single phase or

two phases depending upon the amount of heat to be dissipated [64].

The microchannels were introduced in early 1980 which were able to enhance heat transfer
than conventional channels as they had good surface area to volume ratio and high heat transfer
coefficient. Microchannels could easily handle heat flux of about 100 W/cm?. The microchannels
generally have hydraulic diameter below 1mm. The heat sink is usually made of materials which
have high thermal conductivity viz copper. The miniaturisation of electronic gadgets is the trend
of the day and more miniaturisation has led to the overheating of devices due to accumulation
of high heat fluxes in a small space which demands of a device to remove high heat fluxes within
a confined space without compromising the thermal performance. The cross section of the heat
sink serves as a passage for the liquid so that heat transfer can occur between the source of
heat flux and fluid. The study of microchannel is gaining importance due to the necessity of

dissipating large amount of heat with space as a great constraint [64].

However, dissipation of increased heat load has been a problem for simple microchannel heat
sink due to high pressure penalty and temperature gradient along the flow. Various studies
have been done on graded microchannel heat sinks to overcome the difficulties encountered in
simple microchannel heat sink. For example, heat sink with pillars of various shapes, heat sink
involving flow boiling (two phase) heat sink with pillars with jet impingement etc. are some of

the graded microchannel heat sink that are the hot topics in the study of microchannels.

As with other heat-dissipation analyses, thermal and fluid performance for microchannel heat
sinks can be modeled with Reynolds numbers, apparent friction factors, Nusselt numbers. And
parameters that describe the thermal and fluid performance of the coolant. The thermal per-
formance depends, in part, on whether the coolant flow is laminar or turbulent. As coolant
enters a channel, a boundary layer develops within the coolant. This boundary layer sepa-

rates the uniform-velocity core from the stationary coolant at the wall (the "no-slip” boundary
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condition). The boundary layers will increase in thickness as the coolant flows through the
channel. until the velocity profile achieves a "fully developed” profile, which does not change
with downstream distance. The flow upstream from that point is said to be "developing” ; the

flow downstream is "fully developed” [64].

I11.2.1 Requirement of Microchannels

The microchannel heat sink is gaining importance due to two main reasons [64] :
1. Enhancement in heat transfer rate.
2. High heat flux removal required for microelectronics.

Increase in heat generation rates from micro electronic systems demand smart cooling tech-
niques. The development of such thermal systems has been a challenge to micro fluidic indus-
tries and academicians. Microchannel coolers have number of coolant channels through which
fluid is passed. Depending upon the thermo physical properties of fluid and amount of heat
to be dissipated, the appropriate fluid with suitable dimension of heat sink is selected. Many
studies had been done on microchannel coolers with different dimensions and with different
coolants with varying thermo physical properties. The studies had demonstrated the pros of
single-phase microchannel heat sink like handling of large heat load with small surface area,
large heat transfer coefficient and minimum cooling inventory. The only purpose of these studies

was to optimise the geometry of the heat sink.

I11.2.2 Applications of Microchannels

Micro-channel heat sinks are used for variety of cooling applications. These applications in-
clude cooling of components in computer (CPUs, memory storage devices and GPUs etc.),
cooling of high-powered electronic components (IGBTs), cooling of proton exchange membrane
fuel cells, cooling laser diode arrays, cooling of combustors and evaporator/condenser in minia-
ture refrigerator. Major applications of the MCHS are found in the field of thermal management
electronics. The existing conventional cooling methods cannot dissipate the huge amount of heat

releases from modern high powered electronic components effectively [65].
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Microchannel heat sinks can be used in a wide variety of applications, including microelec-
tronics, diode laser arrays, and high-energy-laser mirrors. Heat sinks that can be used to cool
diode laser arrays have been fabricated in indium phosphide with a thermal resistance as low as
0.072°C'/(W/em?), which allows these devices to dissipate loads in excess of 1,000 W/cm?. This
thermal resistance is nearly two orders of magnitude lower than that achieved by the methods
presently used in the microelectronics industry. A heat- : sink thermal- and fluid-performance

model is presented ; microchannel fabrication techniques are described for aluminum [66].

Studies on
MCHS
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Figure II1.7 — Schematic of studies on micro channel heat sinks.

I11.2.3 Enhanced microchannels

I11.2.3.1 Flow disruption structures

Flow disruption structures enhance heat transfer by disrupting the normal development of
thermal and flow boundary layers, reducing the thickness of thermal boundary layer, and pre-
venting bubbles from blocking in two-phase boiling flow. In recent years, a large number of flow
disruption structures have been developed to enhance heat transfer in microchannel heat sinks.

They can be roughly divided into two means, i.e., micro pin fins and crosslinked microchannels

[67]
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I11.2.3.2 Reentrant cavity structure

Reentrant cavity structures have been widely known to promote boiling nucleation as a vapor
trap in pool boiling systems. The merits of reentrant cavity structures can be also extended
to the flow boiling in microchannels. They enlarge the heat transfer area, and increase active
bubble nucleation density by providing artificial nucleation sites in microchannels. Therefore, the
reentrant cavity structures help to initiate nucleation earlier at smaller wall superheat, enhance
boiling heat transfer performance and mitigate two-phase flow instability. In recent years, three
types of reentrant cavity structures, i.e., reentrant cavity structures on the sidewall, artificial
nucleation cavity structures on the bottom, and reentrant flow passages of microchannels, have

been proposed for flow boiling enhancement in microchannels [67].

I11.2.3.3 Porous structure

Porous structures, such as porous coating, porous powder matrix, porous foams, provide
numerous tiny pores for bubble nucleation, which supply as ideal spaces for bubble growth.
Besides, the heat transfer area can be significantly increased. Therefore, they are excellent
structures to reduce the wall superheat for boiling initiation, and improve both flows boiling
heat transfer and CHF. In recent years, two types of porous structures have been reported to

enhance the boiling heat transfer, i.e, porous surface structures and porous microchannels [67].

I11.2.3.4 Nano structure

Nano structures feature a series of unique properties, such as extraordinary high thermal
conductivity, large specific surface area, wettability manipulation and etc. Therefore, the in-
troduction of nano structures onto microchannels helps to enlarge heat transfer surface areas,
modify the surface wettability and flow behaviors, and enhance capillary wicking for liquid
rewetting. Many reports have been documented in recent years on microchannels with nano
structure. Nanowires, carbon nanotubes (CNTs) and nano coating are the most common nano-

structures in enhanced microchannels [67].
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111.2.3.5 Micro-mechanical cutting process

With the advancement of micromachining and high-precision machining, micro-mechanical
cutting process has been widely utilized to fabricate microchannels and microstructures. By
using the ultra-precision machine tools, it is able to process microstructures with high machining
speed, high level of machining accuracy, and good surface finish. A wide range of materials, such
as steel, aluminum, brass, plastic and polymer, can be processed by micromechanical cutting
process. Moreover, it does not require expensive and complicated fabrication equipments like

laser beam machining and etching techniques [67].

1~ Intercomnectsd recatrant
microchannels

Figure III.8 — Fabrication of enhanced microchannels [67].

Micro-mechanical cutting process (a) cross-connected microchannels by micromilling with a

thin slotting cutter, (b).

I11.2.4 The flow and heat transfer through Microchannels

I111.2.4.1 Mean Free Path

The mean free path, A is defined as the average distance traveled by gas molecules between

successive collisions and is expressed as [68] :

Ao i [2RT (IT1.21)
P m

Where p is the dynamic viscosity, P is the pressure, (Kj) is the Boltzmann constant

(kB = 1.38 x 1072*J/K), T is the temperature, and m is the mass of the gas molecule.

The temperature dependent dynamic viscosity can be determined as :
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T w
= — 111.22
s MO(TO) (I11.22)

Where T, is the reference temperature and p is the reference viscosity at the reference tempe-
rature (pg = 1.86 X 107° Pa.s at Ty = 273.15 K). The exponent w in Eq II1.22 depends on
the gas nature for the Variable Hard Sphere VHS intermolecular collision model. In this work,

the Hard Sphere HS model will be used, leading to w = 0.5 regardless of the gas nature.

111.2.4.2 Knudsen Number and Regimes of Rarefaction

To determine the level of rarefaction of a gas, the Knudsen Number [68] :

Kn = (I11.23)

A
Le
defined as the ratio of the mean free path, A, to the characteristic length of a system, L., is often
employed. The characteristic length is typically the smallest length within the system. As the
Knudsen Number increases, the gas becomes more rarefied. This can be achieved by decreasing
the pressure (which increases the mean free path, see Eq I11.23 and/or the characteristic length

of the system.

Using the Knudsen number, four regimes of rarefaction can be characterized as shown in Fig

II1.9 These four regimes as follows [68] :

1. Continuum Regime (Kn < 107?), where the Navier-Stokes and Convective Energy equa-
tions may be used with no-slip boundary conditions. In this regime, the number of colli-
sions between molecules is high enough to assume equilibrium of the macroscopic proper-

ties (temperature, velocity, and pressure) between the gas and the wall at the interface.

2. Slip Regime (1072 < Kn < 107'), where the Navier-Stokes and Convective Energy
equations still apply for gas far from the wall but slip boundary conditions should be
employed at the gas-solid interface. In this regime, the number of collisions between the
gas molecules and the walls is not sufficient to reach equilibrium, which causes a discon-

tinuity in velocity, temperature, and partial pressure at the gas-solid interfaces.

3. Transitional Regime (10*1 < Kn < 10)7 where the collisional Boltzmann equation must
be used. The Navier-Stokes equation, even with slip boundary condition, is no longer

capable of solving the flow and heat transfer in this regime. The mean free path and
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characteristic length are of the same order of magnitude in this regime, which means that
the number of molecule-molecule collisions is almost equal to the number of molecule-wall
collisions. This is the most computationally expensive regime to model since there is still

a large number of molecules to be solved using the Boltzmann equation.

4. Free Molecular Regime (Kn > 10), where the collisionless Boltzmann equation can be
used to solve for flow and heat transfer. At this high level of rarefaction, the flow is driven
by molecule-wall collisions, since the mean free path is at least ten times larger than the
characteristic length, which implies molecule-molecule collisions are rare to occur. Based
on the internal pressure and characteristic length of UNF casks, Vacuum drying occurs
in the slip regime. At this regime of rarefaction, the Navier-Stokes equation subjected to

the slip boundary conditions can be used to model heat transfer.

111.2.4.3 Gas flow regimes and main models

Usually, according to the range of the Knudsen number Kn, the gas microflows may be
classified into four regimes : the continuum regime, the slip flow regime, the transitional regime
and the free molecular regime. The appropriate models must be chosen according to the value of
the Knudsen number. Figure I11.9 presents the gas flow regimes and their main related models

[69].

0« Kn 0.001 0.1 10 Kn— o
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B T e T e T R e e e T e R e B R R !
Governing | ..o iiooocoionios NS O 1
Equations
Euler Eq | Navier- Stokes Eq (With slip
or No slip Boundary Burnett Eq
conditions)
Finite Type Macro Method
No Slip : Slip Boundary

Numerical : i . i

o Direct Simulation Monte Carlo

Kinetic Models

Figure II1.9 — Gas flow regimes and main models according to the Knudsen number.
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I11.2.4.4 Thermal Accommodation Coefficient

One of the important parameters characterizing the interaction between gas molecules and the
wall is the accommodation coefficient. The accommodation coefficient describes how a molecule
is reflected from a wall upon collision. Several accommodations coefficients are used in the
literature. In this thesis, the focus is on the Thermal Accommodation Coefficient (TAC), which
is the fraction of energy exchanged with the wall. If a molecule collides with a wall, it will
transfer a certain amount of its thermal energy to the wall. Based on this definition, the (TAC),
also referred to as «, can be expressed using the incident (T;) and reflected (T,) temperatures

as [68] :

E*Tr

LTy

(I11.24)
where Tw is the temperature of the wall . The (TAC) varies from 0 to 1, where a value of
0 corresponds to specular reflection (the molecule does not transfer any of its energy to the
wall, or (T, = T;). A value of 1 would mean that the reflection is diffuse, or the molecule fully
accommodates to the energy of the wall . (TAC) values depend on several parameters, such as
the wall material and its cleanliness, surface condition such as polishing, and the nature of the

gas.

I11.2.4.5 Temperature Jump

The temperature jump effect is shown visually in Figure II1.10 If a solid is bounded on one
side by a heater, and the other by gas, one can expect to see a temperature jump at the solidgas
interface at low pressures. If the gas is not rarefied, then the temperature of the gas is the
same as the temperature of the wall at the interface, and the temperature distribution in the
solid will follow the dashed line. However, if the gas is rarefied (low pressure), there will be
a discontinuity of temperature at the gas-solid interface, so that the gas temperature will be
different from the wall temperature, as shown by the solid line in Figure I11.10 This temperature
discontinuity is called “temperature jump” and is defined as the difference between the gas and

solid temperatures at their interface [68].

According to Smolan and Smoluchowski, the temperature jump can be written as [68] :

T
T, ~ Ty = N 2L (I11.25)
: 9y lw
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Figure II1.10 — Temperature jump diagram.

where Tgis the gas temperature, and ¢ in Eq I11.25 is the temperature jump coefficient. The

partial derivative term is the temperature distribution in the bulk of the gas.

111.2.4.6 Slip flow regime

111.2.4.6.a Boundary conditions

Maxwell (Maxwell 1879) developed the theoretical basis for modeling the velocity slip at the

wall. He postulated that when molecules collide with a surface, there are two possibilities [69] :

1. The molecules are reflected specularly and only change the direction of their normal

velocity to the wall.

2. The molecules may have a more complex interaction with the surface and are reflec-
ted diffusely : the molecules leaving the surface scatter with an equilibrium Maxwellian
distribution which is related to surface properties, such as the surface temperature and

velocity.

Maxwell treated the reaction between molecules and surfaces as a combination of these two
reflections. A fraction «,, of the molecules reflects diffusely while the complementary fraction
1 — «, of the molecules reflects specularly. The coefficient o, is generally called tangential
momentum accommodation coefficient (TMAC), although Sharipov considers that the (TMAC)
can be different from the fraction of the molecules reflected diffusely (Sharipov 2011). Based
on a momentum balance, the famous Maxwell slip boundary was derived in the following form

[69] :
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on 2 pT 0sOn

o= (I11.26)

Uslip =
all 4pT 85 wall

Qy

20{“[6% 3 u 32T] 3 p 0T

where s and n denote the directions tangent and normal to the wall Figure II1.11, respectively,
and p is the gas density. The equation of Maxwell is generally cited in the literature under the

form :

2 —qy T
20wy Ous| o 3 OT (I11.27)
Qy on wall 4 pT ds wall

Uslip =

The "no-slip” boundary condition is one of the cornerstones on which the mechanics of the
linearly viscous liquid is built. In his original paper, Navier had proposed a slip boundary condi-
tion wherein the slip velocity depended linearly on the shear stress. Helmholtz and Pitrowski
introduced the notion of the ”coefficient of slip” (Gleitungskoeffizient) for the slip occurring
adjacent to a wall. Kundt and Warburg studied the damping of a vibrating disk in a gas and

found that the coefficient of slip was inversely proportional to the pressure.

Knudsen layer

Figure III.11 — Structure of the Knudsen layer and slip velocity [69].

The "no-slip” boundary condition is one of the cornerstones on which the mechanics of the
linearly viscous liquid is built. In his original paper, Navier had proposed a slip boundary condi-
tion wherein the slip velocity depended linearly on the shear stress. Helmholtz and Pitrowski
introduced the notion of the "coefficient of slip” (Gleitungskoeffizient) for the slip occurring

adjacent to a wall. Kundt and Warburg studied the damping of a vibrating disk in a gas and
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Figure II1.12 — Velocity profile for Slip and No-slip.

found that the coefficient of slip was inversely proportional to the pressure [70].

I11.2.5 Configuration of optimized micro-channel heat sinks

Various types of copper foam fins were attached on a copper plate as optimized micro-channel
heat sinks. The copper foam fins were glued to the copper plates with silicone grease. In this
process, the contact area is very tight and the thermal resistance can be neglected under the
working condition of heat sinks compared with brazed method and other assembly technology.
Three types of copper foam fins were used here including the cube copper foam, column foam
and strip copper foam, which are shown in Figure II1.13. The bottom layer (gray) represents the
copper plate. The upper layer (blue) represents the different copper foams. The colored arrows

represent the various flow directions of air cooling [71].
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Figure II1.13 — Configuration of different types of micro-channel heat sinks [71].
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IT1.3 Porous media and Magneto Hydrodynamics (MHD)
I11.3.1 Porous media

I11.3.1.1 Introduction

By a porous medium we mean a material consisting of a solid matrix with an interconnected
void. We suppose that the solid matrix is either rigid (the usual situation) or it undergoes small
deformation. The interconnectedness of the void (the pores) allows the flow of one or more fluids
through the material. In the simplest situation (single-phase flow) the void is saturated by a

single fluid. In “two-phase flow” a liquid and a gas share the void space [72].

Forced convection heat transfer in porous media has many important applications such as
geothermal energy extraction, catalytic and chemical particle beds, petroleum processing, trans-
piration cooling, solid matrix heat exchangers, packed-bed regenerators, and heat transfer en-
hancement. Therefore, fluid flow and convective heat transfer in porous media have received

much attention for the past five decades.

There have been numerous investigations with experimental research, theoretical analysis,
and numerical simulation of convection heat transfer in fluid saturated porous media. At the
present time, the Darcy-Brinkman-Forchheimer model simultaneously considering the inertia
and boundary effects is used in most numerical investigations of forced or mixed convection

heat transfer in porous media [73].
I11.3.1.2 Porosity

The volume fraction occupied by voids, i.e., the total void volume divided by the total volume
occupied by the solid matrix and void volumes, is called the porosity. Each void is connected to
more than one other pore (interconnected), connected only to one other pore (dead end), or not
connected to any other pore (isolated). Fluid flows through the interconnected pores only. The
volume fraction of the interconnected pores is called the effective porosity. In nonconsolidated
media, e.g., particles loosely packed, the effective porosity and porosity are equal. In some

consolidated media, the difference between the two can be substantial [74].
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111.3.1.3 Momentum Equation : Darcy’s Law
We now discuss various forms of the momentum equation which is the porous medium analog
of the Navier—Stokes equation. For the moment we neglect body forces such as gravity; the
appropriate terms for these can be added easily at a later stage [72].
I11.3.1.3.a Brinkman-Corrected Darcy’s Law
Consider the simplest layout of flow in a parallel plate channel of length L. and opening 2H,
filled with homogeneous isotropic porous media of permeability K, driven by an overall pressure
difference. The governing equation for pressure reduces to :
d*p
“2_0 I11.28
The pressure variation is thus linear in the flow direction; using Darcy’s law, the velocity
components are evaluated as :
K po —
SN b (I11.29)
w L

The velocity components predicted by Darcy’s law are seen here to be independent of the
axial coordinate and hence, fully developed. When the pressure difference changes with time,
the x-component of velocity will change instantaneously, without any time lag. These results
are not unexpected because the characteristic length scale that determines transient duration
as well as the flow development is the pore diameter, which is a small quantity, relative to H

and L [75].

111.3.1.3.b  Forschheimer-Extended Darcy’s Law

Darcy’s law requires correction when the particle-diameter-based Reynolds number exceeds
unity. Such a flow field is commonly encountered in high porosity systems where the fluid
velocities are high. In gas flows, viscosity is low, and Reynolds numbers can once again exceed

unity.

The immediate consequence of increasing Reynolds number is that form drag experienced by
the particles of the solid phase becomes larger in relation to viscous drag. In the limiting case

of high Reynolds numbers, form drag can be substantially larger than viscous drag [75].
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111.3.1.4 Darcy’s Law : Permeability

Henry Darcy’s (1856) investigations into the hydrology of the water supply of Dijon and his
experiments on steady-state unidirectional flow in a uniform medium revealed a proportionality
between flow rate and the applied pressure difference. In modern notation this is expressed, in
refined form, by Here 0P/0z is the pressure gradient in the flow direction and p is the dynamic
viscosity of the fluid. The coefficient K is independent of the nature of the fluid but it depends on
the geometry of the medium. It has dimensions (length)2 and is called the specific permeability
or intrinsic permeability of the medium. In the case of single-phase flow, we abbreviate this to

permeability [72].

uw=——— (111.30)

II1.3.1.5 Applications

The terms porous media refer to class of materials that contains connected, fluid-filled, pores
within a solid matrix. Such a definition covers a wide range material used in a variety of
engineering applications including, but not limited to, oil and gas exploration, fuel cells and
batteries, soil and rock mechanics, and cardiovascular systems. The above applications rely on
fluid flow, through the connected pores, often aided by heat and mass transfer phenomena.
Understanding flow, heat, mass, and charge transfer through porous media, are, therefore,

essential in the analysis of a variety of engineering applications Figure I11.14 [75].
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Figure II1.14 — Schematic drawings of applications where porous media modeling is useful for analysis
[75].

First row : left—groundwater flow ; right—immiscible displacement of oil by water ; second

row : left—charge transfer in a fuel cell ; right—coils embolized in a cerebral artery.
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IT1.3.1.6 Thermal Equilibrium Model (LTE)

Many of the available research works on this topic have assumed Local Thermal Equilibrium
LTE between the porous structure and the fluid inside it. In this case, only one heat equation
would represent the thermal behavior of the porous medium and the fluid filling it. Employing
the thermal equilibrium model of porous media, Basak et al. addressed different aspects of
boundary conditions on the natural convection of a fluid-saturated porous medium in a cavity.
Grosan et al. explored the effect of a magnetic field on the free convection heat transfer in an
enclosure. Sun and Pop studied the natural convection in a triangular cavity. Very recently,
Mehryan et al. considered the problem of free convection heat transfer of hybrid nanofluids in

an enclosure filled with a porous medium using the LTE model of porous media [76].

IT1.3.1.7 Thermal Non-equilibrium Model (LTNE)

The assumption of equal phase temperatures is equivalent to requiring the fluid and the
solid media attain local thermal equilibrium quickly, in relation to the overall timescale of the
transport process. This assumption is violated in several contexts and more so during rapid

transients, namely when the timescale of the superimposed process is itself small [75].

An explicit treatment of individual phase temperatures is more general and will contain the
approximation of thermal equilibrium as a special case. In view of this generality, the thermal
non-equilibrium model is presented below. It is assumed that the porous medium has a solid
phase coexisting with a single continuous fluid phase, leading to the two-equation model for

temperature. These equations solve for the fluid and solid phase temperatures [75].

The respective equations will resemble the energy equations at the pure fluid and the pure
solid limits with a point of difference. For the fluid medium, the solid particles at a distinct tem-
perature will serve as an energy sink (or source, depending on the sign of the local temperature
difference). One can imagine a hot fluid entering a cold porous region ; a substantial part of the
fluid energy will be spent in warming up the solid phase. This process requires a temperature
difference and, clearly, a non-equilibrium model. The fluid—solid energy exchange term is thus
central to the two-equation formalism. The fluid phase energy equation for temperature T f is

written as [75] :

oT’
e(pC); (8t + gVTf ) =kVPT + Qs (ITL.31)
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Similarly, the energy equation for the solid phase is written in terms of temperature Ts as :

(1—)(pC), (a;:> RV 4+ Qe (IT1.32)

I11.3.2 Magneto Hydrodynamics (MHD)

A MHD flow occurs, for instance when the Navier-Stokes governing equations are coupled
with Maxwell ones and both electric conductivity and magnetization appear in the momentum
and energy equations source terms, magnetic and electric fields are applied, perpendicularly to

each other, across the height and width of a channel, a tube or even a micro-channel [77].

IT1.3.2.1 Magneto Hydrodynamics (MHD) Governing Equations

MHD governing equations are derived from the coupling between the Navier-Stokes equations
and the Maxwell equations for electromagnetism. Assuming an incompressible and homogeneous

flow, the Navier-Stokes continuity and momentum equations for a Newtonian fluid are [77] :

% +p(V.u) =0 (I11.33)
)
pa—;l + p(WV)u = pg — Vp + uV2u + f (I11.34)

Introducing now the Maxwell equation :

OB
o = VxE (I11.35)

The Low-frequency Maxwell equation :

V x B = 1] (I11.36)

and the generalized Ohm’s law for moving fluids :

Jn = (E+uxB) (111.37)

The set of MHD equations can be obtained.
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In the MHD, the magnetic field acts through the Lorentz force; which appears in the mo-
mentum equation [77] :
ou 9
rn + p(u.V)u = pg — Vp + uVu+fy (I11.38)
f,=JxB (I11.39)
The Lorentz force expresses the action of the magnetic field on a moving charge ; therefore,
if the fluid is electrically sensitive, the magnetic field generates a Lorentz force on it [77].
The current intensity J is derived from the Ohm’s law :
J=0(E +uxB) (I11.40)
where B, the magnetic flux density, satisfies the divergence-free constrain :
V.B=0 (I11.41)
In absence of the electric field, E, the current intensity J is simplified as follow :
J =o(uxB) (111.42)
And the Lorentz force becomes :
fr=(uxB)xB (111.43)
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IV.1 Introduction

omputational fluid dynamics, usually abbreviated as CFD, is a branch of fluid mechanics
C that uses numerical analysis and data structures to solve and analyze problems related
to fluid flows, heat transfer, and associated phenomena such as chemical reactions. CFD is an
extremely powerful technique in the simulation that involves fluid flows which also spans a wide
range of application areas including aerodynamics of aircraft and vehicles, electrical enginee-
ring, chemical process, marine engineering, environmental engineering, meteorology, biological
engineering. There are many commercial CFD software used in engineering : ANSYS-Fluent is

the most commonly used software [78].

CFD has been accepted as a design tool by many industrial users and is becoming a vital
component in the design of industrial products. It was developed to provide a performance
comparable to other Computer-aided Engineering CAE tools. CFD has been recognized as a
common design tool in the wider industrial community since the 1990s with the availability of
high-performance computing hardware and user-friendly interfaces (Versteeg and Malalasekera,

2007) [79].

CFD simulation can be set up easily and simulation can be done in far less time and expenses
than that compared with the experimental work in the wind tunnel. In CFD, there is no limit
on capacity and no limit on model scale. CFD offers several advantages over experimental

approaches which are summarized as follows (Versteeg and Malalasekera, 2007) [78] :

. Ability to do the simulation and study system where controlled experiments are difficult

or impossible to perform e.g., very large system .

. Reduction in the time and expense of design compared to experimental work.
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. Ability to assess a system under hazardous conditions e.g., safety studies and accident

scenarios.

. Gives unlimited level of detail of results.

IV.2 Generalities on CFD

Computational Fluid Dynamics (CFD) is commonly assumed to be the complex science of
predicting all parameters (thermal, mechanical, chemical and all related ones) of a fluid flow by
computing a numerical solution of its governing equations, often called “Navier-Stokes” equa-
tions. The appearance of supercomputers and availability of strong and efficient CFD software
such as ANSYS Fluent has led to its routine utilization is most engineering-related industries
[80]. Such technology offers a wide range of advantages, among which [81] : A very low operating
cost compared to experimental setups, constantly decreasing due to advancements in computer

science.
. Short computation time (varying from seconds to few days for more advanced problems).
. Flexibility in physical modelling, allowing to extended focus on specific phenomena.

. Comprehensive information within all parts of the simulated space Despite this technology
becoming more and more used in most engineering design industries involving fluid, few
disadvantages can be noted, such as inaccuracies and instabilities due to the numerical

modelling (discretization and physical models).

In practice, (CFD) simulation goes through several steps, listed as below [81] :

- Pre-processing (most critical for simulation success) where the solution domain is set, the
mesh grid is generated, physical properties, models and boundary conditions are chosen

and applied.
- Solving, where the software computes a solution.

- Post processing, where results are interpreted and displayed for easy use.

IV.3 Areas of application of CFD

(CFD) analysis has applications in many sectors to design or improve systems or develop new

products. Some of these are in [82] :

. Automotive and aerospace industries.
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. Process and chemical industries.

. Turbomachinery (fan, turbine, compressor, blowers and pumps, etc.).
. Thermal and nuclear power plant.

. Combustion, fire and environmental pollution.

. Heating and ventilation of buildings, cars, buses and civil aircraft.

. Weather forecasting.

. Defense and space applications.

. Biomedical applications.

Biomedical

Aerospace Turbomachine Ventilation

Figure IV.1 — Some areas of application for CFD.

IV.4 CFD simulation and meshing

IV.4.1 Law of Fluid Motion

The (CFD) problems are stated in a set of mathematical equations and adequate boundary
conditions and solved numerically. For the (CFD) problems related to fluid flow, these sets of

mathematical equations are based on [78] :

. Conservation of Momentum : the rate of change of momentum equals to the sum of forces
on a fluid particle in (CFD), conservation of mass and conservation of momentum are
expressed mathematically as a system of partial differential equations. These equations
are the well-known Navier-Stokes equations together with the continuity equations (Drazin

and Riley, 2006).

. Energy conservation equation : The energy conservation equation is obtained from the

first principle of thermodynamics [83].

. Conservation of mass : the mass of the fluid is conserved.
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IV.4.2 Conservation of Momentum

Momentum conservation theory states that the rate of change of momentum of a fluid particle
is equal to the sum of the forces on the fluid particle. The rate of change of momentum in x, y,
and z-direction per unit volume i.e., force on each fluid particle is expressed as (Versteeg and

Malalasekera, 2007) [78] :

Du Dv Duw

ﬁvpﬁ7pﬁ (IV.l)

p

If we define the contribution of body force per unit volume by the term Smx, Smy and Smz
in x, y and z-direction respectively, then the momentum equations are given by (Versteeg and

Malalasekera, 2007) :

Du . 8(—]9 + Txm) + 8(Tym) a(TZfB)

Dv O(Tay) | O(=p+Tyy) | O(7z)
Pt = on + ay + 5, + Sy (IV.3)
Dw  0(7zz) | O(7y2) , O(=p+72z)

IV.4.3 Energy conservation equation

The energy conservation equation is obtained from the first principle of thermodynamics and

it can be written as [83] :

D (pc,T D
(gf ) _ A ) +q+6TD—,§ +u8=0 (IV.5)
1 2 3 4

With :
1 : The total variation of energy (by accumulation and convection).
2 : The variation of energy by conduction.
q : Power density dissipated.
3 : The energy variation due to compressibility.
4 : Trreversible dissipation due to viscous friction.

¢p, k, B are the heat capacity, the conductivity thermal and the isobaric coefficient of expansion

of the fluid, respectively.
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IV.4.4 Conservation of Mass

It states that the rate of increase of mass in an analytical space is equal to the net rate of

flow of mass into that space [78].

The rate of increase of mass in the fluid element can be expressed as :

0 dp
o _ 9P s IV.
5 (pdxdydz) o (péxdydz) (Iv.6)
Equating the rate of increase of mass in fluid element with the net rate of flow of mass
into fluid element and dividing both sides by element volume (dzdydz) yields (Versteeg and
Malalasekera, 2007) [78] :
9p  O(pu)  O(pv) | 9(pw)

awL o + o + o =0 (IV.7)

This relation can be expressed as the following mathematical form [78] :

0
9P+ div (pu) =0 (IV.8)
ot

This equation is the three-dimensional mass conservation or continuity equation for compres-
sible fluid. The first term in the above equation is the rate of change of density, equal to zero
in case of incompressible fluid (p constant) and the second term indicates the net flow of mass

out of the element.

IV.4.5 Boussinesq approximation

The approximation of Boussinesq indicates an approximation of equations of Navier-Stokes
for incompressible flows with free surface in which exists a gradient of density vertical resulting
in the absence of hydrostatic equilibrium. This approximation is attributed to Boussinesq, but

it was presented for the first time by Oberbeck [84].

Boussinesq’s approximation consists of assuming that all the thermo-physical characteristics
of fluids are constant and uniform, except in the density, it is assumed to vary linearly with

temperature. The relation can be written as follows [83] :

p(T) =po[l —a(T - Tp)] (Iv.9)
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This development in the first order is valid for many problems of natural and mixed convection
since the temperature difference within the fluid always remains less than ten degrees, T)
represents the temperature of the fluid at a given point of the system, Ty is the reference
temperature which generally corresponds to the mean value of the temperature of the system
(operating temperature), « is the coefficient of thermal expansion of the fluid and p, is constant

density of the fluid [83].

IV.5 Methodology of CFD

(CFD) uses numerical methods and algorithms to solve and analyze problems related to fluid
flow. Modeling in (CFD) is based on the fundamental law of fluid motion : conservation of mass
and conservation of momentum. Commercial (CFD) packages are well structured with (CFD)
codes and include a sophisticated user interface with the facility to provide problem parameters

and to examine the results. All the codes in (CFD) contains three primary elements [78] :
1. pre-processor,
2. simulator or solver, and

3. post-processor,

At the preprocessor stage, the first step involved is to define a suitable geometry of the fluid
problem. The fluid domain is then divided into smaller segments which are called as meshing
of the fluid domain. The boundary condition of the fluid domain is then specified in this stage

[78].

The solver stage is the calculation stage that leads to the solution of governing equations
of fluid motion. Three techniques that are used to solve fluid problems are : finite difference

method (FDM), finite element method (FEM), and finite volume method (FVM) [78].

After getting the results, the postprocessor stage is applied to analyze the results andprovide
with variety of plots. These include domain geometry and grid display, contour plot, vector plot,

streamlines, 2D and 3D surface plots, animation for dynamic results, and so on [78].
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Figure IV.2 — Flow chart of CFD simulation

IV.5.1 The general method

A general overview of the followed procedure is seen in IV.3. The gradient of the cost function
with respect to design variables, is computed when both a flow (Navies Stokes equations) and an
adjoint simulation are fully converged. Based on the calculated sensitivity field, the morphing
tool which modifies the boundary as well as the interior mesh inwards or outwards is applied.
What follows, is the flow simulation of the morphed case and the loop of adjoint where the
morphing tool iteratively runs until the optimum solution is obtained. Once the optimization
is over, the boundary mesh is exported, wrapped and re-meshed in ANSA. This geometry is
evaluated through a last flow simulation. The following Figure IV.3 illustrates the described

methodology [79].
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Figure IV.3 — Adjoint methodology.
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The thesis is mainly focused on setting a robust loop procedure which results in a reliable
adjoint solution. It is important that an adjoint loop is fed by an adequate mesh and flow
solution which effect the loop iterations. For example, bad cell quality yield either in a diverged
adjoint solution or in the appearance of negative volume cells during the initial and morphing
loop step, respectively. In both cases, the loop breaks without providing any significant results.
Moreover, the loop robustness is affected by adjoint and morphing setting that are presented

on the upcoming pages [79].

IV.5.2 Numerical methods

The objective of numerical methods is to provide a solution approach to the real behavior
of physical phenomena. Among the most widely used numerical methods for solving partial

differential equations numerically it can be mentioned as follows [83] :
o to finite difference method (FDM).
o to finite elements method (FEM).

* to finite volumes method (FVM).

The finite difference method presents a technic to solve partial differential equations, with
approximating derivatives by finite differences. This method consists of subdividing the domain
of study into a determined number of nodes and in representing the function searched in each
of the nodes of the domain by a taylor series expansion. Thus, the differential equation is
transformed into an algebraic equation for each node. On the other hand, the finite difference
method (FDM) is simple and effective on structured grids and does not conserve momentum,
energy, and mass on coarse grids. As for finite element method consists of transforming the
differential equations into integral forms based on the concept of minimization of a quantity
(such as energy...), leading to the exact solution. In other term, it is about finding a global

function representing the mathematical model in the studied domain [83].

The fundamental principle of this method is consisted of [85] - subdividing the field of study
into elementary regions (Finis Elements) and build the integral forms and also minimize the
integral, then a matrix organization of calculations, in the last a resolution of the algebraic
system. This method that helps for the resolution of partial differential equations especially in
complex geometries. Its implementation, on the other hand, the finite element method (FEM)

is used in structural analysis of solids, but is also applicable to fluids. It is the highest accuracy
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on coarse grids. However, it is slow for large problems and not well suited for turbulent flow

[83].

As for the finite volume method, it is widely used and is well suited to the resolution of
conservation laws (mass, momentum, energy) also, it’s a common approach used in (CFD)
codes. One of its advantages is that the equations are calculated iteratively by imposing initial
conditions and boundary conditions of the domain. The solver then seeks a solution of the fields

of pressure, velocity, temperature, this method can be discussed in the next title [83].

IV.5.2.1 Finite volume method

The principle of the finite volume method is based on a discretization technique, whereby
computation domain is divided into a finite number of elementary subdomains, called control
volumes. In this method, it converts partial derivatives conservation equations into algebraic

equations, which can subsequently be solved numerically [83].

The decisive advantage of this method over other methods is that it is distinguished by the
reliability of its results and solution speed, its ability to deal with complex geometries, its
guarantee for the conservation of mass and momentum, its adaptation to the physical problem.
The technique of the control volumes consists of integration of partial derivatives equations on
each control volume to obtain discretized equations. The different steps of the finite volume

method is [83] :
e The discretization of the domain considered in control volume.
o Writing algebraic equations at the nodes of the mesh.

e Solving the algebraic system obtained.

An example of control volume is shown in the figure below Figure IV.4. A point is positioned
at the center of each and is called the control volume center, it will be denoted P (principal
node), the nodes of neighboring volumes will be noted according to their positions NSWET and
B (relating to the North, South, West, Top and Bottom directions respectively).
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Figure IV.4 — A cell or control volume in three dimensions [83].

IV.5.2.2 Finite Difference Method

The Finite Difference Method (FDM) was among the first methods and was utilized by Euler.
It is directly applied to the differential equations using the Taylor series ex- pansion to discretize
the flow variables. The advantage of this method is its simplicity and ease to obtain high order

approximations and hence accuracy [86].

The disadvantage is that it requires a structured grid and can-not be applied to body fitted

grids which limits its applications. For more details on this method see the reference [87].

Iv.5.2.3 Finite Element Method

The Finite Element Method (FEM) was originally developed for structural analysis, proposed
in 1956 by Turner et al.. It can accommodate an unstructured mesh and the grid nodes are
exclusively used to produce an arbitrarily high order of accu- racy representation of the solution

on smooth grids [87].

hIt works with an equivalent integral form of the governing equations, commonly accomplished
based on the weak formulation. As this method uses an integral formulation and an unstructured
grid, it is preferable for flows featuring complex geometry and is particularly suitable for non-
Newtonian fluids. The finite element methods have a very rigorous mathemati-cal foundation
but can be shown to be mathematically equivalent to the finite volume method for certain cases

and have a higher numerical expense [86].
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IV.6 Presentation of Ansys

ANSYS is a sophisticated and comprehensive finite element software package. It is useful in
many different areas of physics, such as structural and thermal analysis, Ansys fluids, FLO-
TRAN and CFD. It can also be used to analyze coupled domains involving one or multiple
type of these different kinds of physics. Ansys is an integrated program that allows all of these
operations to be performed via a graphical user interface. Model creation and execution, as well
as results postprocessing, can be done without leaving the Ansys environment. Because of its
extremely fast, accurate and reliable numerical simulation tools, Ansys can be used to obtain
accurate solutions to the problems encountered during the design and development of products.
It allows organizations from all activity sectors to predict the performance of their products
aftermarket launch. Ansys is a general-purpose software package for simulating interactions in
all disciplines of physics, structural and vibrational analysis, and fluid dynamics, as well as
heat transfer and electromagnetic analysis in engineering. Ansys allows designs to be tested in
a virtual environment before a product prototype is manufactured. With Ansys, weaknesses
can be identified and improved, the product lifetime can be computed, and likely issues can be

predicted by conducting three-dimensional simulations in virtual environments [88].

Ansys is used by the following non-exhaustive list of industries : aerospace, automotive,
biomedical, bridge and building engineering, electronics and appliances, heavy equipment and
machinery, etc. It is important to note that the computer-Aided Design (CAD) aspect is not
restricted to the finite element model itself, which is just a way of specifying to Ansys the
positions of the nodes and the elements required to implement the finite element method. CAD
consists of finding a mesh in order to create nodes and elements. The Finite Element Method
(FEM) subdivides a structure into a number of elements (pieces of the structure), gives a
simple description of the behavior of each individual element and then reconnects these elements

together once again. This process is described by a set of simultaneous algebraic equations [88].

The key products associated with Ansys include [88] :

e Ansys Structural : this product allows mechanical simulations to be performed in order

to compute structures. Its primary features are as follows :
1. static analysis;
2. modal analysis;

3. harmonic analysis (forced response) ;
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4. temporal analysis ;

handling of various different nonlinear situations (contact, material plasticity, large dis-

placements or deformations).

Ansys Mechanical : this product has the same features as Ansys Structural with the

addition of a thermal solver with radiation modeling.

Ansys CFX and Fluent : these two software programs can be used to perform simulations
in fluid mechanics. They bear the names of the companies that developed them, which
were acquired by Ansys Inc. in February 2003 and February 2006, respectively. Fluent is a
solver : it does not include a mesher (the mesh must be constructed using meshing software,
such as Gambit, which is also published by Ansys). The parameters of the model are
configured using a graphical interface. A scripting interface is also available to automate
the computation procedures. One of the advantages of this general-purpose simulation
software is that it has a relatively large number of models that can be implemented
to solve questions in fluid mechanics : diphasic flows (miscible, immiscible, cavitation,
solidification), turbulence LES, KE, Kw, SA, Reynolds stress), combustion (premixed
and non-premixed), particle transport, flows through porous media, mobile and dynamic
meshes with mesh reconstruction and many others. The temporal and spatial numerical
schemes of these models can be adjusted in order to improve their convergence. Fluent
supports parallel processing and can take advantage of multiprocessor systems both on a

single machine and over a network (cluster, dual core, multi-CPU platforms) [88] :

Gambit : meshing software published by Ansys since 2006 (previously published by
Fluent). This mesher allows custom geometries to be created with high levels of free-
dom and accuracy, or alternatively imported from a CAD file. It can also automatically
mesh surfaces and volumes in parallel to the specification of boundary conditions. Gambit
is often viewed as the gold standard for meshers by Fluent users.

Ansys AUTODYN and Ansys LS-DYNA : these software packages have solvers that use
explicit formulations for the equations to be solved, unlike the products listed above. Their
scope of application is confined to models whose mechanics involve very large deforma-
tions.

Ansys Electromagnetics and Ansoft : this product allows models involving electromagnetic
phenomena to be solved.

Ansys Multiphysics : this product combines all Ansys tools for implicit numerical simu-

lations.

Two software environments can be used to implement Ansys code :
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e Ansys Classic : chronologically, this was the first software solution offered by the deve-
lopers. It is designed for constructing finite element models with simple geometries that
can easily be assembled from basic operations. Within this environment, the user directly
builds finite element models using the scripting language i.e., Ansys Parametric Design
Language (APDL). Ansys Classic is therefore oriented toward users with experience in

numerical simulations.

o Ansys Workbench : this platform takes a different approach to model building by reusing
the original Ansys code. It is particularly suitable for handling problems with complex
geometries (many objects with pieces) and is accessible to users without experience in per-
forming computations. In this environment, the user essentially works on the geometry of
the model and not the model itself. The platform therefore fulfills the task of converting
the commands specified by the user into Ansys code before launching the solving proce-
dure. The finite element models generated in this way may, however, still be manipulated

by inserting custom commands into the Ansys code.

IV.6.1 PERFORMING A SIMULATION IN ANSYS : FLUENT

ANSYSis a software suit that spans the entire range of physics, providing access to lots of
fields of engineering simulation that a design process require. In particular, the module FLUENT
is appropriate for this work. FLUENT’s models are focused on fluids flow and chemical reac-
tions, including a very good model to run a first-approach simulations of combustion systems.
In the next sections, it’s explained the main characteristics of how to perform a simulation
using ANSYS FLUENT. Starting, but not focusing, on the geometry and mesh creation, and
continuing on how to set up the models and run the calculations. To perform a simulation in

ANSYS FLUENT, the next steps are followed [79] :

Design the geometry of the system.

Discretise the geometry by generating an appropriated mesh.

Set up the models to represent the reality adequately.

Configure the calculation’s parameters to run the simulation and obtain results.

Results retrieval and visualization.

A summary of the fundamental methodology for building an ANSYS FLUENT solar DASC

simulation is given in Figure IV.6 below [89] :
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Figure IV.5 — Methodology of Simple Method.

IV.6.2 Presentation of the GAMBIT software

The Gambit (Geometry and Mesh Building Intelligent Toolkit) software is a 2D /3D mesher ;
a pre-processor that allows meshing of geometry domains of a CFD problem. It can generate
a structured or unstructured mesh in Cartesian coordinates, polar, cylindrical or axisymmetric
coordinates. It can produce complex meshes in two or three dimensions with rectangular or
triangular meshes. Gambit’s generation options offer flexibility of choice. The geometry can
be broken down into several parts to generate a structured mesh. Alternatively, Gambit au-
tomatically generates an unstructured mesh that is suitable for the type of geometry being

constructed. With the mesh verification tools, defects are easily detected.

It can be used to build a geometry and generate a mesh for it, or a geometry from another

CAD software can be imported into this preprocessor. It generates .msh files for Fluent.
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Figure IV.6 — CFD ANSYS FLUENT Methodology for solving nanofluid DASC enclosure boundary
value problem [89].

IV.7 Mesh

The generation of the mesh (2D or 3D) is a very important phase in a CFD analysis, given its
influence on the calculated solution. A very good quality mesh is essential for obtaining a precise,
robust and meaningful calculation result. Good mesh quality is based on the minimization of
elements with skewness, and on good "resolution” in regions with a strong gradient. In fact, the
quality of the mesh has a serious effect on the convergence, the precision of the solution and

especially on the computation time [83].

IV.7.1  Mesh cell types

In CFD terminology, every control volume resulting from division of the domain is usually
called a “cell” . Many different types of cells have been developed, allowing for division of
different type of geometries. Figure IV.7 below present the most common cell types used in
CFED today . For commodity in the following parts of the thesis, tetrahedron and hexahedron

shapes will be respectively referred to as “tetra” and “hexa” [80].

IV.7.1.1 Tetra Meshing

A Tetra mesher is an automatic tool used to directly mesh a CAD geometry without extra
geometry manipulation and setup. The volume is then filled by tetra elements using one of
many meshing algorithms. Smoothing tools are used to improve the mesh quality. Despite such

mesh can be very convenient for complex geometries, it unfortunately does not perform very
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Figure IV.7 — Main cell types used in CFD mesh generation software [80].

well to describe boundary layer physics and is very unstructured (one can even called “messy”)

[80].
IV.7.1.2 Hexa Meshing

Hexa meshing is often considered as a more precise and efficient method, where only high
quality hexa elements are used. This method is also more complex to use when the simulated

space has unusual shapes [80].

IV.7.1.3 Hybrid Meshing

Compromise methods between tetra and hexa mesh exist, called (zonal) hybrid meshing.
The goal is to use different methods in separate zones of the domain in order to compromise
advantages of both tetra and hexa meshing. For example, in order to improve tetra mesher
capabilities, some extra layers of prism or hexa cells can be generated close to the boundary

layer in order to capture the physics of those flow parts [80].

The result is a hybrid Tetra / Prism mesh. Prism cells are generated or “inflated” from the

triangular faces of the tetrahedral core.

After convergence, the solution must be independent of the density of the mesh to be sure
of the realism of the solution Figure IV.8. One must carry out a convergence test in mesh, by
reporting the evolution of a variable, for example the temperature values (variable) according

to the size of the mesh which one refines successively [83].
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IV.8 Simulation

The main steps necessary to successfully simulate a problem in fluid mechanics using the

Fluent software [83] :
1. Choice of solver.
2. Choice of laminar model.
3. Definition of the characteristics of the fluid.
4. Operating conditions.
5. Boundary conditions.
6. Choice of convergence criteria.
7. Initialization of calculations
8. Backups.

9. Starting of the simulation.

IV.8.1 Defining boundary conditions

Boundary conditions of the fluid flow problem in CED are used to define the limit of variable
on the particular boundary, which implies that this condition is known. Defining the suitable
boundary condition in CFD is almost close to the experiments. Naming of different boundaries
has been done after the meshing of the solution domain and then boundary condition is applied

to them. Users should define these boundary conditions correctly and understand their role in
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the numerical analysis of the fluid flow problem. There are several boundary conditions as below
[78] :

1. Inlet boundary condition : Flow variable distribution is specified at the inlet boundary.
Uniform fluid flow velocity is known at the inlet of the solution domain, therefore it is
specified as velocity inlet. Inlet is perpendicular to the x-direction. There are three velocity
specification methods in ANSYS-Fluent : Magnitude (Normal to Boundary), Components,
and Magnitude and direction. Apart from the velocity of the fluid, the specification of

turbulence parameters is required at the inlet boundary condition.

2. Outlet boundary condition : If the location of the outlet is chosen far away from the geo-
metrical disturbance, the flow eventually reaches a fully developed condition and pressure

at the outlet is equal to atmospheric pressure. The outlet is specified as a pressure outlet.

3. Wall boundary condition : The wall is the most common boundary in the fluid flow
problems. Free slip boundary condition is employed for the upper and lower wall and no-
slip boundary condition is employed for the cylinder wall. Wall roughness is also defined in
wall boundary condition. For the smooth wall, the roughness height is zero. For the rough

wall, roughness is defined in terms of equivalent sand roughness and roughness constant.

4. Symmetry boundary condition : This boundary condition is a great tool to reduce the

computational effort if the flow is symmetrical about a plane or pair of planes.

5. The constant pressure boundary condition : In the situations where exact details of the
flow distribution is not known but the value of pressure at the boundary is known, this

boundary condition is applied.

6. Periodic or cyclic boundary condition : This boundary condition is applied in the fluid
flow problem in the presence of different types of symmetry and periodically repeating

pattern of flow.

IV.8.2 Convergence Criteria

Scaled residuals for momentum, continuity, turbulence, and volume fraction equations are
monitored and our solution is considered converged when they all reach a value below 10- 5.
However, this criterion alone is not always reachable because it might never be fulfilled even
though the solution is valid in some cases. Therefore, some parameters are being monitored
besides the scaled residuals (for example local void fraction peak in the pipe, average velocities)

and when both scaled residuals and our parameters reach constant values over a large number
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of iterations, our solution can be considered converged [90].

IV.8.2.1 Evaluation Criteria

Results from a numerical simulation can be judged based on the following three different
criteria [90] :
e Accuracy : it means how our different models succeeded in predicting some parameters

like void fraction, phase velocities.
o Computational time : It evaluates how much time is needed by a certain model to converge.

o Stability : It measures how difficult it was to obtain a converged solution using a certain

model.

IV.8.3 Solution Algorithms for Pressure-Velocity Coupling Equation

In solving the governing transport equations of fluid flow, the velocity component appea-
ring in both momentum and continuity equation, and the pressure component appearing in
the momentum equation are needed to be solved first. So, these momentum and continuity
equations are intricately coupled with each other. If the pressure gradient is known, solving
these equations would be easier, but in most of the cases, the pressure gradient is not normally
known beforehand. In these cases, pressure and velocity are coupled with each other i.e., if the
correct pressure field is applied in the momentum equations, the velocity obtained from that
must satisfy the continuity equation. This pressure-velocity linkage can be solved by various
iterative approaches : SIMPLE algorithm, SIMPLER algorithm, SIMPLC algorithm, PISO In
these algorithms, the guessed pressure field is used to solve the momentum equation of fluid
flow, then the continuity equation is solved to obtain the pressure correction field which is used
to update the values of pressure and velocity fields. Initially, a certain value of velocity and
pressure are assumed in these algorithms, which are continuously improved as the algorithm
proceeds. This process continues until there is the convergence in velocity and pressure fields

which yields the correct value of velocity and pressure at the end [78].
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IV.8.3.1 SIMPLE Algorithm

The SIMPLE algorithm was developed by Patankar and Spalding(1972) which stands for
Semi-Implicit Method for Pressure-Linked Equations. In this method, a pressure field is initially
guessed and that guessed value of pressure is used in the momentum equation of fluid flow to
obtain the value of velocity. The pressure correction equation is solved and then the corrected
value of pressure and velocities are obtained. These values are now used as an initial value and
repeat the process. This process is continued until there is the convergence which yields the

value of velocity that satisfies the continuity equation [78].

IvV.8.3.2 SIMPLER Algorithm

This algorithm is the improved version of the SIMPLER algorithm of Patankar (1980). In
this method, the continuity equation is used directly to obtain an intermediate pressure field
instead of using a pressure correction equation as in the SIMPLE algorithm. For the iteration,
velocities are obtained from velocity correction equations. This algorithm is also continued until

there is convergence [78].

IV.8.3.3 SIMPLEC Algorithm

The SIMPLEC algorithm of Van Doormall and Raithby (1984) has the same steps as the
SIMPLE algorithm. This method is different from the SIMPLE algorithm in the way that it
manipulates the momentum equations where the less significant terms are omitted. The sequence

of performance is the same as that of the SIMPLE algorithm [78].

1v.8.3.4 PISO Algorithm

PISO algorithm is a pressure-velocity calculation procedure which was originally developed for
non-iterative computation of unsteady compressible flows by Issa (1986). It has been improved
for the iterative solution of steady-state problems as well. PISO means Pressure Implicit with
Splitting of Operators and is the extended version of the SIMPLE algorithm. This algorithm
has one predictor step and two corrector steps, unlike the SIMPLE algorithm which has one
predictor and one corrector step. In the predictor step of PISO, momentum equations are solved
with a guessed pressure field to get the velocity components. In the first corrector step of PISO,
the velocity correction equation is used to calculate velocity components which are then used in

the pressure correction equation that yields the pressure correction field. This is called the first
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pressure correction equation. The new velocity components can be obtained using the calculated
pressure correction field. These two steps are the same as the SIMPLE algorithm. The second
corrector step is used in PISO to improve the SIMPLE algorithm. In the second corrector step,
the second pressure correction equation is solved, and twice corrected value of pressure and
velocity components are obtained. These values are now used as initial values and repeat the
process. The pressure correction equation is solved twice in PISO, so it requires additional

storage [78].

IV.8.4 Grid Resolution

A particular emphasis should be placed on choosing the best grid resolution in the nume-
rical simulation. The spatial resolution must be sufficiently fine to ensure that the results are
independent of the mesh quality, for limiting the grid resolution influences the accuracy and
reliability of the predicted results. As a result of the independence grid study, the grid resolu-
tion of 400x 200 gridpoints in the axial and radial directions Figure IV.9, respectively, turns out
to be adequate grid resolution over the abovementioned conditions. This mesh is considered a

suitable grid resolution and a good compromise between the required precision and CPU time.

Figure IV.9 — The Grid Resolution.
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RESULTS AND DISCUSSIONS

V.1 Introduction

icrochannels are used in several industries and equipment, such as the cooling of elec-
M tronic packages, microchannel heat sinks, microchannel heat exchangers, microchannel
fabrication, and different device cooling and heating. In recent years, research on characteris-
tics of flow and heat transfer behaviour in microchannels has gotten great attention Sing et
al. [35](2012), Akbari et al. [37](2016). More recently, Magnetism and microfluidics have been
combined in an amazing variety of ways by using magnetic fields, which are usually applied
from outside the channel Afrand et al. [50] (2016), Karimipour et al. [51] (2016), Madhu et
al. [54] (2019). Magnetohydrodynamic MHD is the mutual interaction between the magnetic
fields and electrically conducting fluids flow used for pumping, controlling and mixing fluids, as
well as incorporating switches and valves into lab-on-a-chip devices. The flow behaviour of non-
Newtonian fluid is of high interest in many areas of science and technology. The fluid rheological
behaviour must be considered in practical applications for electroosmosis, such as sample col-
lection, detection, mixing, and separation of various biological and chemical species on a chip
integrated with fluidic pumps and valves. Non-Newtonian fluids’ relevance in predicting the
rheological behaviour of many naturally occurring processes can’t be ignored. At present, a rich
amount of literature is available on flow characteristics of non-Newtonian fluids in microchan-
nels Shamsi et al. [56] (2017), Javidi Sarafan et al. [59] (2020). The primary purposes of the
present investigation are to look for the best heat transfer efficiency configuration of the heat
sink microchannel. This research also seeks to determine and reveal the effects of heater length,
Knudsen number, Darcy number, medium porosity, low behaviour index, Hartmann numbers,
and magnetic field inclination angle on the momentum and heat transfer characteristics via
offering and discussing the different statistical quantities such as the local and average Nusselt

numbers, velocity profiles, and temperature profiles carefully.
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The primary purposes of the present investigation are to look for the best heat transfer effi-
ciency configuration of the heat sink microchannel. This research also seeks to determine and
reveal the effects of heater length, Knudsen number, Darcy number, medium porosity, flow be-
haviour index, Hartmann numbers, and magnetic field inclination angle on the momentum and
heat transfer characteristics via offering and discussing the different statistical quantities such

as the local and average Nusselt numbers, velocity profiles, and temperature profiles carefully.

V.2 Problem description

The present investigation is devoted to analysing momentum and heat transfer characteristics
of a two-dimensional steady laminar incompressible flow MHD forced convection heat transfer
of Cu-AlsO3/ hybrid water nanofluid and power-law fluid. The considered geometry of the
studied problem is a porous rectangular microchannel of length (L) and height (H) subjected to
a uniform external magnetic field By applied along the x-axis inclined by an angle of o from the
x-axis. Furthermore, the induced magnetic field is ignored since this magnetic Reynolds number
is considered low compared to the applied magnetic field. The porous medium is modelled by
employing the Brinkman-Darcy model with a local thermal equilibrium (LTE) approach between

the working fluid and the porous matrix for energy transfer.

As shown in Figure V.1, the heat source attached to the upper and lower enclosure walls
is parameterised with length (B) values of 5, 10, 20, and 30, and it is subjected to constant
heat flux (q) and the remaining parts of the walls are thermally insulated. The first configu-
ration is a fully saturated metal foam occupied by a Cu-AlsO3/ hybrid water nanofluid with
a concentration of 1%. In the second configuration Figure V.2, the multi-layered is used to
enhance the heat transfer mechanism ; the power-law fluid occupies the upper layer without a
porous medium, and the power-law fluid saturates the lower layer through porous media with
flow behaviour index of (0.2, 0.4, 0.6, 0.8, 1, 1.2, 1.4, 1.6, and 1.8). A slip velocity boundary

condition is also imposed on the walls.
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Figure V.1 — The schematic of the studied microchannel.

Bo
L I L
------------------- LU
U — H=1mm POWER LAW =
To | [ Riosms PORQUSMEDIA -
i HmmmnnMmmmmﬂ

L =30mm

Figure V.2 — The schematic of the studied microchannel of power law.

V.3 Governing Equations

V.3.1 Fundamental flow equations

The Navier—Stokes equations were applied as the governing equations for the studied flow
region. The effect of the porous material was included as loss terms in the momentum equation.
The physical properties of the porous material were considered as a function of porosity, fluid
properties and solid material properties. The fluid flow was expressed via three equations : the

continuity equation, the Navier—Stokes momentum equations and the energy equation.

V.3.2 Continuity equation

The continuity equation is based on the conservation of mass principle. According to this
equation, the mass entering a control volume equals that exiting that control volume. The
final form of the continuity equation applied to any control volume within a two-dimensional

steady-state flow field with constant fluid density is obtained as :

0 0
% (pnfu) + aiy (pnfv) =0 (Vl)
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V.3.3 Momentum equations

The second principal law of mechanics is Newton’s second law. Two types of forces can be
applied to a fluid : body forces which are proportional to the fluid volume and surface forces

which are proportional to the fluid surface. The general form of Newton’s second law for an

arbitrary control volume is :

0 0 Op 0 ou 0 ou Hnfth — Onf sin o B?

= =22 )b =) - 2

By (Prfut) + o (prpuv) = =5 + o (:unfax) + 3y (Mnfay) 7 oy (V.2)
0 ~ Op 0 ov 0 v HnfU  Onf cos a B}

5 engu )+ 5 o) == 2L (g )+ 5 (s ) = 2 ey (v

V.3.4 Energy equation

The energy equation can be used to obtain the temperature distribution for a given flow field.
According to the first law of thermodynamics, the net energy change in a given control volume
is always equal to the (algebraic sum of) the energy transferred across that control volume

boundaries in the form of heat and work :

ox x

0 0 0 oT 0 oT
a.. (pnf CnfUT) + 873/ (pnf CnfUT> = ai <knf 856) + 873/ (knf ay) (V4)

The above equations form a system of nonlinear differential equations with four unknowns,
namely, P, v, u and T. The pressure field P is not directly observed in the continuity equation,
but indirectly affects this equation because the velocity obtained from the pressure filed must
satisfy the continuity equation. Eq V.1 to Eq V.4 are written in dimensionless forms as follows

to examine the results :

0 0

ax (O)+ 55 (V) =0 (V.5)
0 0 oP 0 oUu o [oU U sin o Ha?
6X<UU>+8Y(VU)_8X+8X(8X>+8Y<8Y>_DaRe+ Re U (V-6)
0 0 OP 0 1% o [0V Vv cos o Ha?
aX<UV>+ay<VV>:ay+ax(ax) ay(ay)‘page‘ Re " (V.7)

0 0 1 0%0 1 0 (00
ax U0+ 5y VO = gepy (mz) * errar (or) (v:8)
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In Eq V.5 — Eq V.8, the dimensionless numbers are all written with respect to the properties

of the nanofluid, i.e., Re = 2" pr — 1 g — Boh(
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V.4 Thermophysical properties of hybrid nanofluid

In the dimensionless governing Eq V.5 Eq V.8, U and V are the velocity components in
dimensionless coordinates in X and Y directions, 8 is nondimensional temperature, P is non-
dimensional fluid pressure, € is the porosity of porous media, and g is the acceleration due to
gravity. The thermophysical properties are presented by the subscript hnf for the hybrid na-
nofluid. All these properties are estimated on the basis of a mixture of Cu and Al5O3 hybrid

nanoparticles volumetric concentration () in the pure fluid, so that :

Y = YA, T PCu (VlO)

The subscripts f and s are utilized for denoting the thermophysical properties for the pure

fluid and the solid nanoparticles, respectively.

The effective density pp,,, specific heat capacity (cp),,, 2 thermal expansion coefficient of the

hybrid nanofluid are expressed by :

Phnf = (1= @) pr + & 41,05LA1,05 + PCupCu (V.11)
(pcp);mf =(1-9) (Pcp)f + 01,04 (pCp)AlQO3 + ¢Cu(PCp)Cu (V.12)
(pﬁ)hnf = (1 - ¢> (pﬁ)f + d)Aleg (pﬁ)AlQOg + ¢Cu<p6)Cu (V13)

The hybrid nanofluid thermal diffusivity is expressed as :

The effective dynamic viscosity of the hybrid nanofluid is expressed following the classical

Brinkman model as :
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Hhnf = (1_M;)25 (V15)

Furthermore, the effective electrical conductivity of the hybrid nanofluid is calculated follo-

wing the Maxwell model

3 ("S/Jf—l) ¢

Ohmf =0y |1+ (f’s/gf+2) - (US/Uf,l) p (V.16)
Where :
P05 = Peuocu + P AL0;T ALO, (V.17)
The effective thermal conductivity could be obtained by the Maxwell model as :
where
Oks = dcukcou + P a0,k A1,04 (V.19)

In the above equations, the thermal conductivities of Cu and AloO3 and the pure fluid na-
noparticles are expressed kcw, kaipo3,.and kg, respectively. Such expressions have been used
by many researchers as reported in the published literature. However, in reality, such classical
models fail to accurately estimate the thermal conductivity (Maxwell model) as well as viscosity
(Brinkman model) of the CuAl,O3/water hybrid nanofluid. In order to get the correct effective
thermal conductivity and viscosity for the hybrid nanofluid, the available experimental data are
utilized in the present study, which are tabulated in Table V.1 for ¢ = 0.001,0.02 However,
for extending the present numerical study, we have extrapolated the data little bit for a range
of hybrid nanoparticles volume fraction ¢ = 0.03,0.05, which are indicated in the last three
rows of Table V.1. The overall heat transfer characteristics, the quantity of physical interest,
are evaluated by calculating the average Nusselt number (Nu) at the bottom heated wall, which

can be written as :

Kt 1( 0 . )
Nu = _ ) dx V.20
YT o Loy (V.20)
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V.5 Boundary conditions

It is clear that the non-slip boundary condition should be used at the macroscopic level.
However, the slip boundary condition must be used in the slip flow regime in a microchannel
which indicates the presence of slippage (slip velocity) in the fluid particles on the microchannel

wall. The slip velocity value is estimated by the following equation :

e = iﬁ(%)y:m (V.21)

where, [ represents the slip coefficient. The dimensionless form of the Eq V.11 on the wall

is :
o = +5° ()ym (V.22)

where, g* = % is the dimensionless slip coefficient. Other dimensionless boundary conditions

are as follows :

U=1, V=0=0 at X=0 , 0<Y <1 (V.23)
ou
V=0, S5=0 a 30 , 0<Y< (V.24)
00
V=0, U=Us , 55-=0 a Y=0 , 0<X<30 (V.25)
09 20 ky
V=0, U=Us |, 5y 0 or Y " oy a , 0<X <30 (V.26)

(P/% (PCU/% @Alzozs/% khnf/Wmil K-! ,Uhnf/kg m- st

0.1  0.0038 0.0962 0.619982 0.000972
0.33 0.0125  0.03175 0.630980 0.001098
0.75  0.0285 0.7215 0.649004 0.001386
1.0 0.0380 0.9620 0.657008 0.001602
2.0 0.0759 1.9241 0.684992 0.001935
3.0 0.1138 2.8862 0.712976 0.002268
4.0  0.1517 3.8483 0.712976 0.002268
5.0  0.1896 4.8104 0.740960 0.002601

Table V.1 — Effective thermal conductivity and dynamic viscosity of Cu-AlyO3/water hybrid nano-
fluid [91].
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V.6 Results and Discussions

The primary purposes of the present investigation are to look for the best heat transfer effi-
ciency configuration of the heat sink microchannel. This research also seeks to determine and re-
veal the effects of heater length (B), Knudsen number (Kn), Darcy number (Da), medium poro-
sity (g), flow behaviour index (n), Hartmann numbers (Ha), and magnetic field inclination angle
() on the momentum and heat transfer characteristics via offering and discussing the different
statistical quantities such as the local and average Nusselt numbers, velocity profiles, stream-
line and isotherm distributions carefully. A series of computations are carried out on the steady
laminar MHD forced convection heat transfer of Cu-AlyO3/water hybrid nanofluid and power-
law fluids inside a fully and partially porous heat sink microchannel. The present study consists
of a set of simulations for wide ranges of heat source length (5 < B < 30), Knudsen numbers
(0.001, 0.05, 0.01, 0.05, and 0.1), flow behaviour indices (0.2, 0.4, 0.6, 0.8, 1, 1.2, 1.4, 1.6,
and 1.8), the Darcy numbers (107° < Da < 1072), medium porosities (0.1 < ¢ < 0.9), the
Hartmann numbers (0 < Ha < 160), and magnetic field inclination angles (0° < a < 90°)
for the following fixed parameters : Reynolds number, Re=>50 ; nanofluid concentration, ¢ = 1% ;
porous thermal conductivity ratio, Ks=0.613. The porous medium is modelled by employing the
Brinkman-Darcy model with a local thermal equilibrium LTE approach between the working

fluid and the porous matrix for energy transfer

V.7 Validation

The accuracy and reliability of the predicted results and numerical method have been ascer-
tained and confirmed decisively by comparing the current prediction findings to those found in
the literature. The results of a laminar forced convection and slip flow inside a microchannel in
the presence of a magnetic field have been compared reasonably well with those of Afrand et al.
[50] for various slip coefficients of 0.005 and 0.05 with fixed Reynolds number Re=20, and with
those of Karimipour et al. [51] for different slip coefficients 5 (0,0.04,0.05,0.08) at Reynolds
number of Re=10 . As shown in Figure V.3, Figure V.4, Figure V.5, and Figure V.6, the axial
velocity and temperature profiles are in excellent agreement with the results of Afrand et al.
[50] such as Karimipour et al. [51] , where no significant differences were found between them

for all compared cases.
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Figure V.3 — Temperature profiles of 6 at ¢ = 0.0, Re=20, Ha=0, g = 0.05 and § = 0.005 for

different cross sections of the micro-channel.
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Figure V.4 — Velocity profile of U at ¢ = 0.0, Re=20, Ha=40, § = 0.05 for different cross sections

of the microchannel.
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Figure V.5 — Temperature profile of 8 at o = 0.2, Re=10, Ha=0, 8 = 0.08 for different cross sections
of the micro-channel.
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Figure V.6 — Velocity profile of U at ¢ = 0.2, Re=10, Ha=0, for g = 0.0, 8 = 0.04, 5 = 0.08.
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V.8 Hybrid Nanofluid

V.8.1 Effects of heat source length B
V.8.1.1 The Local Nusselt profile

The effect of the heat source length on the local Nusselt number is analysed and discussed
in the following paragraphs. Figure V.7 depicts the local Nusselt number evolution along the
heat source against the axial direction (x) normalised by the microchannel length (L). These
simulations were conducted over various heat source lengths (5, 10, and 20) for a fixed Darcy
number of 10~!, Knudsen number of 0.01 , and Reynolds number of 50. As shown in Figure V.7,
the local Nusselt number decreases gradually with axial distance for each heat source length ;

these profiles seem linear and remain constant along the heat source.

80 T T T T T T T T T

& B=5 A
70 + o B=10 ¢ Da=10" E
A B=20

o Re=350,Kn=0.01,Ks=0.613, Hi=0, =09 7

50 A -

Figure V.7 — Variations of local Nusselt number along the microchannel wall at different values of
heat source length B=5, B=10, B=20 at fixed Darcy number Da = 10~! and Reynolds number Re=50
for Kn=0.01, Ha=0, ¢ = 0.9.

V.8.1.2 The Average Nusselt profile

The following subsection reveals the influence of the heat source length, Darcy number, and
magnetic field inclination angle on the thermal characteristics and the heat transfer mechanism

inside the microchannel. That is via analysing and discussing the average Nusselt number.
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Figure V.8 — Variations of Average Nusselt number at different values of heat source length B=5,
B=10, B=20 at fixed Reynolds number Re=50 for Kn=0.01, ¢ = 0.9.

Figure V.8 demonstrates the average Nusselt number evolutions against Darcy number for
various values of heat source lengths B (5, 10, and 20) at Reynolds number Re=50, Knudsen
number Kn=0.01. The heat transfer mechanism of the nanofluid inside the microchannel de-
pends on the geometry effects and Darcy number ; the heat source length significantly affects the
average Nusselt number over the conditions mentioned above. The heat source length induces
a noticeable improvement in the average Nusselt numbers, which is more significant when the
heat source length increases. The average Nusselt number increases markedly with the increa-
sing length of the heat source for each Darcy number. On the other hand, the average Nusselt
number exhibits a noticeable reduction with increasing Darcy number and this trend is more

obvious as the heat source length decreases.

V.8.2 Effects of dimensionless slip coefficient Kn

The present research focuses on enhancing the heat transfer mechanism by looking for the best
heat transfer performance in the considered configuration. The parametric effects of the heat
source length (B) and Darcy number (Da) on the momentum and heat transfer characteristics
are investigated in the present section by analysing and discussing the mean axial velocity,

temperature profiles, and local and average Nusselt numbers.
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V.8.2.1 Velocity profiles

Figure V.9 illustrates the evaluation of the axial velocity profiles normalised by the bulk
velocity (Up) against the radial direction (y) normalised by the microchannel high (H) along
the normal wall direction located at an axial position of X=1 inside a microchannel with heat
source size of 20. These simulations were conducted over a wide range of Knudsen numbers

(0, 0.001, 0.05, 0.01, 0.5, and 0.1) for a fixed Darcy number of 107!

In the no-slip flow Kn=0, the viscous force considerably influences the axial velocity along the
radial direction when approaching the microchannel wall, where this effect seems stronger at
the wall. It should be noted that the mean axial velocity equals zero value at the microchannel
wall where the shear rate reached the maximum value in this flow region due to the no-slip
condition imposed on the wall. As shown in Figure V.9, the axial velocity increases further
away from the microchannel wall towards the centreline and reaches its maximum value at the
microchannel centre; the axial velocity in the microchannel centreline is 1.5 of the mean bulk
velocity, where the axial velocity profile is characterised by the parabolic shape for the case of

Kn=0.

It can be seen from Figure V.9 that the slip flow considerably influences the hydrodynamic
characteristics, a stronger dependence of the axial velocity profiles on Knudsen number along
the radial coordinates in the fully developed region for all considered Darcy numbers. As shown
in Figure V.9, the axial velocity profiles exhibit a pronounced redistribution along the radial
direction as the Knudsen number varies; these profiles differ from each other with increasing
Knudsen number. The axial velocity profile of the no-slip flow seems higher than those of slip
flow in the microchannel centreline, denoting that the shear rate of the no-slip flow is lower than
those of slip-flow in the microchannel centreline. On the contrary, the axial velocity profiles of
the slip flow marked positive values at the microchannel wall ; the axial velocity of the slip flow
marked a high value at the microchannel wall compared with that of no-slip flow, where the

axial velocity reaches 0.9 for Kn=0.5 and equals to zero for Kn=0.

Further away from the microchannel wall, the velocity profiles of the slip flow seem more
flattened in the microchannel centreline. This trend is more pronounced as the Knudsen number

increases due to the imposed slip condition on the microchannel wall.
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The increased Knudsen number results in a pronounced increase of the axial velocity and
a reduction in the shear rate at the wall, resulting in a noticeable decrease of the velocity in
the microchannel centre and a marked increase of the axial velocity at the microchannel wall.
It should be noted that the axial velocity profile redistribution is caused by the jump velocity

induced by the slip flow. This trend is more evident as the Knudsen number increases.
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Figure V.9 — Velocity profile of U/U, for different values of Knudsen numbers at fixed Darcy number
Da = 10" and B=20, for X=20

The Figure V.10 depicts the evaluation of the axial velocity profiles normalised by the bulk
velocity (Up) against the radial direction (y) normalised by the microchannel high (H) at three
axial positions (X=0.1, 0.5, and 1), for (Kn=0.05, 0.1) at a fixed Darcy number Da = 10~}
and a heat source length (B=20). The axial velocity profile of the increased Knudsen number
(Kn=0.1) is lower and seems more flattened than that of decreased Knudsen number (Kn=0.05)
in the microchannel centreline at every axial position (X=0.1,0.5, and 1). In the fully developed
flow region, the axial velocity profile becomes progressively parabolic further away from the
microchannel inlet for the Knudsen number equals 0.05. As for Kn=0.1, the axial velocity
profile flattens apparently in microchannel centreline and this trend is more pronounced in the

fully developed region.
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Figure V.10 — Velocity profile of U/U;, for Kn=0.05, Kn=0.1 at fixed Darcy number Da = 10~! and
B=20, for different cross sections of the micro-channel.

V.8.2.2 Temperature profiles

Figure V.11 demonstrates the evaluation of the dimensionless temperature against the radial
direction (y) normalised by the microchannel high (H) along the normal wall direction located
at an axial position of X=21, 25, and 30, for Knudsen number of 0 and 0.1. As shown in Figure
V.11, the heat slip flow considerably affects the heat transfer mechanism; the temperature
profile exhibits a significant redistribution along the radial direction as the Knudsen number

varies.

The temperature profile develops progressively further away from the entrance region towards
the developed region flow for all considered cases; these profiles seem to be more flattened in
the entrance region for both Knudsen numbers. It can be seen from Figure V.11 that the
temperature distributions are nearly independent of the Knudsen number ; these profiles are

consistent with each other along the radial direction.
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Figure V.11 — Temperature profile of # for Kn=0, Kn=0.1 at fixed Darcy number Da = 10~! and
B=20 for different cross sections of the micro-channel.

V.8.2.3 Local Nusselt number

The present subsection reveals the influence of the dimensionless slip coefficient Kn on the
heat transfer mechanism. That is via analysing and discussing the local Nusselt number along
the heat source. The Figure V.12 describes the local Nusselt profiles along the microchannel
wall normalised by the axial direction (x) normalised by the microchannel length (L) for several
values of Knudsen numbers Kn (0, 0.05, and 0.1) at fixed heat source length B=5, and one
Darcy number Da = 10~'. As shown in Figure V.12, the Knudsen number appears to have a
limited effect on the local Nusselt number ; the local Nusselt number profiles are almost identical
and coincide along the heat source with varying Knudsen numbers as (0, 0.05, and 0.1) in
the considered configurations. As shown in Figure V.12, the local Nusselt number decreases
gradually with axial distance (X), and the local Nusselt number remains constant and equal to

5 beyond X/L=0.5 for all Knudsen numbers.



V.8. Hybrid Nanofiuid 135

60 4 — 1 T T T T 1T T T T T T T T T 7

O
50 E
40, 4
0O Kn=0
. Kn=0.05
= 30 O Kn=0.1 1

Figure V.12 — Variations of local Nusselt number along the microchannel wall at different values of
Knudsen numbers Kn=0, Kn=0.05, and Kn=0.1 at fixed Darcy number Da = 10~" and B=5.

V.8.2.4 Average Nusselt number

As shown in Figure V.13, the average Nusselt number seems affected by the Knudsen number
with varying heat source length and Darcy number. The heat transfer mechanism enhances si-
gnificantly under the slip flow condition ; the Nusselt number increases markedly as the Knudsen
number increases and this trend is more pronounced as the Knudsen number and heat source

length increase for all Darcy numbers.
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Figure V.13 — Variations of Average Nusselt number at two values of Darcy numbers Da = 107!,
Da = 1073 for B=5, B=20 at fixed Reynolds number Re=50, ¢ = 0.9.

V.8.3 Effects of Ha and «

The present section concerns a steady-state laminar flow magnetohydrodynamic (MHD) for-
ced convection natural convective inside a fully porous horizontal microchannel occupied with
Cu-Al2O3 /water hybrid nanofluid ; the thermal conductivity and nanofluid viscosity are cor-
related experimentally. The Darcy-Brinkmann model is adopted to model the flow through
the porous medium foam with a local thermal-equilibrium (LTE) approach between the wor-
king fluid and the porous matrix for energy transfer. A uniform transverse magnetic field per-
meates the nanofluid (By) inclined by an angle (a) over a wide range of the Hartmann numbers
(0 < Ha < 160) and magnetic field inclination angles (0° < a < 90°) for the following fixed
parameters : heat source length, B=20; Knudsen number, Kn=0.01; medium porosity, ¢ = 0.9;
Reynolds number, Re=50; Darcy number, Da = 10~'; and porous thermal conductivity ra-
tio, Ks=0.613). The present analysis reveals the dependency of the average Nusselt number,
streamline and isotherm contours on the externally imposed magnetic field (By) and its different

orientations.
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V.8.3.1 Velocity profile

The velocity profiles are analysed and discussed in the following paragraphs to examine the
effects of the Hartmann number and magnetic field inclination angles on the heat transfer inside

the considered geometry.

Figure V.14a, Figure V.14b, Figure V.14c illustrate the evaluation of the axial velocity profiles
normalised by the bulk velocity (Up) against the radial direction (y) normalised by the micro-
channel high (H) along the normal wall direction located at an axial position of X=30 inside a
microchannel with heat source size of 20. These simulations were conducted over wide ranges
of Hartmann numbers (20, 80, 160) and magnetic field inclination angles (0°, 30°, 60°, and
90°) at a fixed Darcy number of 10~!. The Hartmann number and magnetic field inclination
angle considerably affect the momentum characteristics; the mean axial velocity profiles differ
from each other with varying Hartmann numbers and magnetic field inclination angles for all

considered configurations.

As shown in Figure V.14a, Figure V.14b, Figure V.14c, the velocity profiles exhibit a signi-
ficant redistribution along the radial direction by varying the magnetic field inclination angle
for all Hartmann numbers. The axial velocity increases gradually further away from the mi-
crochannel pipe towards the centreline, where the axial velocity profile is characterised by the
parabolic shape for the case of magnetic field inclination angle of o = 90° for all Hartmann
numbers. The axial velocity profile of 90° seems higher than those of 0°, 30°, and 60° along
the normal-wall direction. As shown in Figure V.14a, Figure V.14b, Figure V.14c, the axial
velocity in the microchannel centreline is 1.6 of the mean bulk velocity for the case of 90°. It
is worth noting that the decreased magnetic field inclination angle reduces the axial velocity
profile along the radial direction. For all Hartmann numbers, these profiles seem more flattened

in the microchannel centre as the magnetic field inclination angle decreases.

On the other hand, the mean axial velocity profiles are strongly affected by the Hartmann
number for each magnetic field inclination angle. As shown in Figure V.14d, the axial profiles
exhibit a noticeable redistribution along the radial direction, the profiles of the Hartmann
number 160 lie down those of 20 and 80 along the radial direction for all magnetic field inclination

angles.
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Figure V.14 — Velocity profile of U/U, for different magnetic field inclination angles and Hartmann
numbers at fixed Darcy number Da = 10~ and B=20.
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The axial velocity profiles are flattened near the lower microchannel wall, and the maximum
velocity value deviates significantly towards the upper microchannel wall with varying Hartmann
numbers. It can be said that the increased Hartmann number results in a marked deviation in
the maximum axial velocity profile when approaching the magnetic field, resulting in a marked

decrease in the axial velocity profile further away from the magnetic field.

V.8.3.2 Temperature profile

Figure V.15 shows the evaluation of the temperature profiles normalised by 6 versus the radial
direction (y) normalised by the microchannel high (H) along the heat source. This subsection
demonstrates the effects of Hartmann number (Ha) as well as the axial positions on the tempe-
rature profiles under various values of magnetic field inclination angles « (0°, 30°, 60°, 90°) at
different cross sections (X=21, 30) of microchannel for the considered fluid, at ¢ = 0.01, Re=50,
B=5, Da = 10!, with fixed slip coefficient Kn=0.01. Where, Ha=20 and Ha=160 in Figure
V.15a Figure V.15b respectively. It can be seen that the fluid temperature profile exhibits a
significant redistribution along the heat source by varying the magnetic field inclination angle
for all axial positions and Hartmann numbers. The results suggest that the magnetic field in-
clination angle affects the fluid temperature significantly for all considered cases. The parabolic
shape for all magnetic field inclination angles characterises the fluid temperature profile. As
shown in Figure V.15, the temperature decreases significantly as the magnetic field inclination
angle increases ; the highest temperature is marked in the case of the magnetic field inclination

angle equal to 0 for all considered cases.

V.8.3.3 Average Nusselt number

As shown in Figure V.16, The Nusselt number seems affected by the Hartmann number and
the magnetic field inclination angle. The average Nusselt number of 90 seems independent of the
Hartmann number for both heat source lengths 5 and 20. The Nusselt number varies significantly
as the magnetic field inclines, the Nusselt number increases markedly magnetic field inclination
angle decreases for all considered cases and this trend is more obvious for Hartmann number
equals 20. On the other hand, the increased Hartmann number results in a pronounced increase

in the average Nusselt number for all magnetic field inclination angles.
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Figure V.15 — Temperature profile of 6 for two values of heat source length (B=5, B=20) at fixed
Darcy number Da = 107! and Hartmann number B=160 for different cross sections of the micro-
channel.

V.8.4 Effects of porosity ¢

The Darcy-Brinkmann model is adopted to model the flow through the porous medium foam
with a local thermal-equilibrium (LTE) approach between the working fluid and the porous
matrix for energy transfer. The present section focuses on enhancing the heat transfer efficiency
and improving the forced convection heat transfer mechanism by looking for the best heat
transfer performance in the considered configuration. This section investigates the parametric
effects of the medium porosity and the Darcy number on the momentum and heat transfer fields
of the Cu-AlyO3/water hybrid nanofluid inside a heat sink microchannel. That is via analysing

and discussing the axial velocity and local and average Nusselt numbers in detail.

This analysis is conducted over wide ranges of porosities (0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
and 0.9), Darcy numbers (10=%, 1073, 1072, and 10~!), for the fixed following parameters :
heat source length, B=20; Knudsen number, Kn=0.01 ; Reynolds number, Re=50, and porous
thermal conductivity ratio, Ks=0.613.
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Figure V.16 — Variations of Average Nusselt number at two heat source length B=5, B=20 with
fixed Reynolds number Re=50, ¢ = 0.9 for different magnetic field inclination angles.

V.8.4.1 Velocity profiles

Figure V.17 illustrates the evaluation of the axial velocity profiles normalised by the
bulk velocity (U,) against the radial direction (y) normalised by the microchannel high (H)
along the normal wall direction located at an axial position of X=1 inside a microchan-
nel with heat source size of 20. These simulations were conducted over various porosities

(0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9) for a fixed Darcy number of 10~ and 10~

The parametric study indicates that the momentum characteristics and heat transfer me-
chanism strongly depend on the media porosity; the axial velocity distributions seem to be
strongly influenced by the porosity in the considered geometry. As shown in Figure V.17, the
velocity evolutions are similar along the radial direction ; these profiles seem more distinct with

the varying media porosity for all Darcy numbers.

As shown in Figure V.17a and Figure V.17b, the axial velocity increases further away from the
microchannel wall towards the centreline and reaches its maximum value at the microchannel
centre ; the axial velocity in the microchannel centreline is 1.5 of the mean bulk velocity, where
the axial velocity profile is characterised by the parabolic shape for the case porosity of 0.9. The
axial velocity profiles change gradually with varying medium porosity ; these profiles exhibit a
notable increase further away from the microchannel wall towards the microchannel centre for

both Darcy numbers. It can be said that the decreased medium porosity results in a marked
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increase in the axial velocity profiles along the radial direction, especially in the microchannel
centre. It should be noted that the maximum axial velocity reaches 11 of the mean bulk velocity
microchannel centrelines for the case of porosity of 0.1. Moreover, as the porosity decreases,
the microchannel centreline’s axial velocity profiles seem more flattened. This trend is more
pronounced as the media porosity decreases due to the decrease in the gap between the porous
matrix. It can be said that decreased porosity leads to reduce the gap between the porous matrix,
resulting in pronounced increases in the axial velocity of the nanofluid through the microchannel,

and this trend is more pronounced as the porosity decreases for all Darcy numbers.

As for the position effect, the axial velocity profile develops progressively far away from the
entrance region towards the fully developed region for all porosities. As shown in Figure V.18a
and Figure V.18b, the decreased porosity leads to an increase and flatten the axial velocity

profiles, especially in the microchannel centre. This trend is more obvious in the developed

region for both Darcy numbers.

(a) (b)

Figure V.17 — Velocity profile of U/Uj, for different values of porosities at two Darcy number Da =
107!, Da = 1073 for fixed heat source length B=20 and Kn=0.01.
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Figure V.18 — Velocity profile of U/Uj, for three values of porosities at two Darcy number Da = 107!,

Da = 1073 for fixed heat source length B=20, Kn=0.01, Re=20.

V.8.4.2 Average Nusselt number

Figure V.19 shows the average Nusselt Distributions against the medium porosity for several
values of Darcy number Da = 107!, Da = 10~3 with various values of heat source length B=>5
and B=20. The heat transfer characteristics of the nanofluid seem to be more dependent on the
medium porosity ; the average Nusselt numbers are affected strongly by the medium porosity
for all Darcy numbers ad heat sink lengths. It can be seen from Figure V.19 that the Nusselt
number increase significantly with decreased Darcy number for all heat source lengths, this

trend is more obvious as the medium porosity increases.
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Figure V.19 — Variations of Average Nusselt number at two Darcy numbers Da = 10!, Da = 1073
with fixed Reynolds number Re=50, Kn=0.01, Ha=0 at two heat source length B=5, B=20.

V.9 Power law fluid

The present part gives special consideration to examining the effects of the rheological pro-

perties of the Ostwald de Waele fluid on heat transfer characteristics and rheological and hy-

drodynamic behaviour. This section focuses on analysing the slip flow and non-Newtonian

fluid through a porous metal foam. The current investigation deals numerically with a two-

dimensional steady laminar flow forced convection heat transfer of Ostwald de Waele fluid

through a microchannel heat sink. The considered geometry of the studied problem is a multi-

layered microchannel heat sink, the lower layered is filled with porous metal foam with a medium

porosity of 0.5, occupied by Ostwald de Waele fluid over a wide flow behaviour index range (0.2,

0.4, 0.6, 0.8, 1, 1.2, 1.4, 1.6, and 1.7). This investigation is performed over wide ranges of Rey-

nolds numbers (10, 25, 50, 75, 100), Knudsen numbers (0, 0.001, 0.05, 0.01, 0.1), Darcy numbers

(1071, 1073), for the following fixed parameters : Hartmann number, Ha=0, and porous thermal

conductivity ratio, Ks =0.613.
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V.9.1 Effects of behaviour index n

V.9.1.1 Velocity profiles

To demonstrate the effect of the flow behaviour index on the momentum, flow pattern, and
rheological behaviour, the following present subsection examines the effect of the flow behaviour
index on the axial velocity distributions along the radial direction for various configurations.
Figure V.20 illustrates the evaluation of the dimensionless velocity profiles against the radial
direction (y) normalised by the microchannel high (H) along the normal wall direction at the
axial position of X=30. This subsection consists of a set of simulations for various values of
flow behaviour index ((0.2, 0.4, 0.6, 0.8, 1, 1.2, 1.4, 1.6, and 1.7), with high Reynolds number
Re=100, the porosity of the solid matrix of 0.5, Darcy number of 10~!, at fixed Knudsen number
of Kn = 0.1.

V.9.2 Effects of behaviour index n

The momentum characteristics seem more dependent on the flow behaviour index in all consi-
dered cases; the axial velocity profiles of the Ostwald de Waele fluid inside the microchannel
exhibit a significant deviation with varying flow behaviour index in all axial positions. As shown
in Figure V.20, the axial velocity profile marked a pronounced deviation in the lower micro-
channel half with varying flow behaviour index due to the apparent viscosity of the Ostwald de
Waele fluid and porous medium. The axial velocity profile increases gradually further away from
the microchannel pipe towards the centreline, where the axial velocity profile is characterised by
the parabolic shape for a flow behaviour index of 1. It can be seen from Figure V.20 that the ve-
locity profiles of the dilatant fluid with flow behaviour index of 1.2, 1.4, and 1.6 are higher than
on the Newtonian fluid (n = 1) along the microchannel high for all axial positions. It should
be noted the increased flow behaviour index results in the apparent deviation in the shear rate
distribution of the dilatant fluid along the radial coordinates, resulting in a marked variation in
the apparent fluid viscosity, which leads to an increase in the axial velocity distributions along

the microchannel high.

On the other hand, the axial velocity profiles of the pseudoplastic (n < 1) exhibit a noticeable
reduction with varying the flow behaviour index, these profiles seem also flattened in the upper
microchannel half with varying the flow behaviour index. It can be said that the decreased flow

behaviour index of the pseudoplastic results in marked deviation in the shear rate and apparent
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Figure V.20 — Velocity profile of U/Uj, for different values of flow behaviour index at Darcy number

Da = 1071, for fixed Knudsen number Kn=0.1, Re=100, ¢ = 0.5.

fluid viscosity, resulting in a significant reduction in the axial velocity profile. The decreased
flow behaviour index of the pseudoplastic also leads to moving the axial velocity’s maximum

value (peak value) toward the upper microchannel wall.

As for the flow behaviour index of 1.7, the axial velocity profile is flattened along the radial
coordinate because of the high apparent viscosity of the dilatant fluid, where the inertia force
is less than the viscous force which affected the development of the velocity profile along the

microchannel high.

V.9.3 Effects of Reynolds number Re

The momentum characteristic and rheological behaviour of the Ostwald de Waele seem more
dependent on the Reynolds number and flow behaviour index in the considered configuration ;
the axial velocity profiles of the Ostwald de Waele fluid inside the microchannel exhibit a
significant deviation with varying Reynolds number. Figure V.21 illustrates the evaluation of the
dimensionless velocity profiles against the radial direction (y) normalised by the microchannel

high (H) along the normal wall direction at the axial position of X=30. This subsection consists
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of a set of simulations for various values of Reynolds number (10, 25, 50, 75, and 100), with
porosity of the solid matrix of 0.5, Darcy number of Da = 107!, at fixed Knudsen number of

Kn = 0.1.

As shown in Figure V.21, the axial velocity of the dilatant fluid (n=1,7) increases further
away from the microchannel wall towards the centreline and reaches its maximum value at the
microchannel centre ; the axial velocity in the microchannel centreline is 1.5 of the mean bulk
velocity, where the axial velocity profile is characterised by the parabolic shape for the case
of Re=10. Further away from the microchannel wall, the velocity profiles of the slip flow seem
more flattened in the microchannel centreline. This trend is more pronounced as the Reynolds

number increases.
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Figure V.21 — Velocity profile of U/Uj, for different Reynolds numbers at flow behaviour index n=1.7,
Darcy number Da = 107!, for fixed Knudsen number Kn=0.1, Re=100, ¢ = 0.5.

V.9.4 Effects of Knudsen number Kn
V.9.4.1 Velocity profile

Figure V.22 illustrates the evaluation of the axial velocity profiles of pseudoplastic fluid
(n=0.2) normalised by the bulk velocity (Uj,) against the radial direction (y) normalised by the
microchannel high (H) along the normal wall direction located at an axial position of X=30
inside a microchannel with heat source size of 20. These simulations were conducted over a

wide range of Knudsen numbers (0, 0.001, 0.05, 0.01, 0.5, and 0.1) for a fixed Darcy number
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of 107!, It can be seen from Figure V.22 that the axial velocity profiles seem more dependent
on the flow behaviour index and Knudsen number in all considered cases; the axial velocity
profiles of the pseudoplastic fluid inside the microchannel exhibit a significant deviation with
varying Knudsen numbers. The effect of the Knudsen number on the axial velocity profile is
more pronounced in the lower layer. On the other hand, the velocity profiles seem flattened in
the upper layer for each Knudsen number due to the influence of the apparent fluid viscosity
on the axial velocity distributions further away from the microchannel walls. It can be said
that the decreased flow behaviour index of the pseudoplastic results in marked deviation in the
shear rate and apparent fluid viscosity, resulting in a significant reduction in the axial velocity
profile. The decreased flow behaviour index of the pseudoplastic also leads to moving the axial

velocity’s maximum value (peak value) toward the upper microchannel wall.
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Figure V.22 — Velocity profile of U/Uj, for different Knudsen numbers at flow behaviour index n=0.2,
Darcy number Da = 10~!, Re=100, ¢ = 0.5.

V.9.4.2 Temperature profile

Figure V.23 illustrates the evaluation of the dimensionless temperature of the pseudoplastic
fluid (n=0.2) against the radial direction (y) normalised by the microchannel high (H) along
the heat source at an axial position of X=20 inside a microchannel with a heat source size of
20. These simulations were conducted over a wide range of Knudsen numbers (0, 0.001, 0.05,
0.01, 0.5, and 0.1) for a fixed Darcy number of 10~!. The effect of the Knudsen number on

the temperature distribution is limited along the radial coordinate. The temperature profiles
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are similar along the heat source; these profiles seem more distinct with the varying Knudsen

numbers in the lower microchannel wall.
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Figure V.23 — Temperature profile of U/U, for different Knudsen numbers at flow behaviour index
n=0.2 , Darcy number Da = 10~!, Re=100, ¢ = 0.5.

V.10 Conclusion

The present investigation was devoted to a numerical analysis of a two-dimensional steady
laminar flow (MHD) forced convection heat transfer within a fully and partially porous me-
dium heat sink rectangular microchannel subjected to a uniform transverse magnetic field (By)
inclined by an angle («).Cu-AloO3/hybrid water nanofluid, pseudoplastic and dilatant fluids
occupied the pores with a nanofluid concentration of ¢ = 1% and flow behaviour index of
(0.2, 0.4, 0.6, 0.8, 1, 1.2, 1.4, 1.6, and 1.8). The porous medium is modelled by employing
the Brinkman-Darcy model with a local thermal equilibrium (LTE) approach between the
working fluid and the porous matrix for energy transfer. The present investigation consisted
of a set of simulations for wide ranges of heat source length (5 < B < 30), Knudsen numbers
(0.001 < Kn < 0.1), Darcy numbers (107 < Da < 1072), medium porosities (0.1 < e < 0.9),
Hartmann numbers (0 < Ha < 160), and magnetic field inclination angles (0° < a < 90°) for
the following fixed parameters : Reynolds number, Re=50; porous thermal conductivity ratio,
Ks=0.613. Furthermore, the predicted results showed an excellent agreement with the available
literature results for validation. The evolution of the average Nusselt number, velocity profiles,

and temperature profiles were analysed and discussed carefully. Furthermore, the predicted
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results showed an excellent agreement with the available literature results for validation.

The major conclusions of this research will be summarised :

- The magnetic field and inclination angle considerably affected the momentum and thermal
characteristics with varying Hartmann numbers and magnetic field inclination angles for

all considered configurations.

- The heat transfer mechanism between the working fluid and the microchannel walls signi-
ficantly affected the heat source length; the average Nusselt number increases markedly
with the increasing length of the heat source for each Darcy number. On the other hand,
the average Nusselt number exhibited a noticeable reduction with increasing Darcy num-

ber, and this trend was more evident as the heat source length decreased.

- The heat transfer seemed affected strongly by the slip flows from the microchannel wall
towards the centre; the average Nusselt number seems affected by the Knudsen number
with varying heat source length and Darcy number. The heat transfer mechanism enhan-
ced significantly under the slip flow condition; the Nusselt number increased markedly
as the Knudsen number increased, and this trend was more pronounced as the Knudsen

number and heat source length increased for all Darcy numbers.

- The decreased flow behaviour index of the pseudoplastic resulted in marked deviation
in the shear rate and apparent fluid viscosity, resulting in a significant reduction in the
axial velocity profile. The decreased flow behaviour index of the pseudoplastic also led to
moving the axial velocity’s maximum value (peak value) toward the upper microchannel

wall.



GENERAL
CONCLUSION

v "
: | \/
\




GENERAL CONCLUSION

he present investigations aimed to determine the best heat transfer efficiency configu-
T ration of the heat sink microchannel. This study also sought to determine and reveal
the effects of heater length, Knudsen number, flow behaviour index, Darcy number, medium
porosity, flow behaviour index, Hartmann numbers, and magnetic field inclination angle on the
rheological behaviour, momentum and heat transfer characteristics via offering and discussing
the different statistical quantities such as the local and average Nusselt numbers, velocity pro-
files, and temperature profiles carefully. The present study concerned a steady-state laminar
magnetohydrodynamic (MHD) flow forced convection heat transfer inside a fully and partially
filled microchannel occupied by Cu-AlyO3/ water hybrid, pseudoplastic and dilatant fluids per-
meated by a uniform transverse magnetic field (Bp) and inclined by an angle («). The present
investigation consisted of a set of simulations for wide ranges of heat source length (5 < B < 30),
Knudsen numbers (0.001 < Kn < 0.1), flow behaviour indices (0.2 < n < 1.8), Darcy numbers
(10_5 < Da < 10_2), medium porosities (0.1 <e < 0.9), Hartmann numbers (0 < Ha < 160),
and magnetic field inclination angles (0° < « < 90°) for the following fixed parameters : Rey-
nolds number, Re=50; nanofluid concentration, ¢ = 1% ; porous thermal conductivity ratio,
Ks =0.613. The porous medium was modelled by employing the Brinkman-Darcy model with
a local thermal equilibrium (LTE) approach between the working fluid and the porous matrix
for energy transfer. The predicted results showed an excellent agreement with the available

literature results for validation.

The major conclusions of this research will be summarised as follows :

- The increased Knudsen number resulted in a pronounced increase of the axial velocity and

a reduction in the shear rate at the wall, resulting in a noticeable decrease of the velocity
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in the microchannel centre and a marked increase of the axial velocity at the microchannel
wall ; the axial velocity profile redistribution was caused by the jump velocity induced by
the slip flow, and this trend was more evident as the Knudsen number increased. The
heat transfer mechanism improved significantly under the slip flow condition ; the Nusselt
number increased markedly as the Knudsen number increased, and this trend was more

pronounced as the Knudsen number increased.

- The heat transfer characteristics of the hybrid nanofluid seemed to be more dependent
on the strength of the applying Lorentz force ; the momentum and heat transfer charac-
teristics were affected strongly by the magnetic field and the magnetic inclination angle.
The increased Hartmann number resulted in a marked deviation in the maximum axial
velocity profile when approaching the magnetic field, resulting in a significant decrease
in the axial velocity profile further away from the magnetic field. On the other hand,
the decreased magnetic field inclination angle reduced the axial velocity profile along the
radial direction. These profiles seemed more flattened in the microchannel centre for all

Hartmann numbers as the magnetic field inclination angle decreased.

- The parametric study indicated that the momentum characteristics and heat transfer me-
chanism strongly depend on the media porosity ; the axial velocity distributions seemed to
be strongly influenced by the porosity in the considered geometry. The decreased porosity
reduced the gap between the porous matrix, resulting in pronounced increases in the axial
velocity of the nanofluid through the microchannel, and this trend was more apparent
as the porosity decreased for all Darcy numbers. On the other hand, the Nusselt number
increased significantly with decreased Darcy number for all heat source lengths ; this trend

was more obvious as the medium porosity increased.

- The momentum characteristics seemed more dependent on the flow behaviour index ; the
axial velocity profiles of the Ostwald de Waele fluid inside the microchannel exhibited
a significant deviation with varying flow behaviour index. The increased flow behaviour
index resulted in the apparent deviation in the shear rate distribution of the dilatant fluid
along the radial coordinates, resulting in a marked variation in the apparent fluid viscosity,
which leads to an increase in the axial velocity distributions along the microchannel high.
The decreased flow behaviour index of the pseudoplastic also led to moving the axial

velocity’s maximum value (peak value) toward the upper microchannel wall.
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