N°Ordre....... /Faculté des sciences/UMBB/2024
REPUBLIQUE ALGERIENNE DEMOCRATIQUE ET POPULAIRE

MINISTERE DE L’ENSEIGNEMENT SUPERIEUR ET DE LA RECHERCHE
SCIENTIFIQUE

UNIVERSITE M’HAMED BOUGARA-BOUMERDES

Université de Boumerdes
University of Boumerdes

Faculté des Sciences

These de Doctorat
Présenté par :
NECIB Nihal

En vue de I’obtention du diplome de DOCTORAT 3™ cycle en :
Filiere : Physique
Option : Dynamique des Fluides et Energétique

Etude numérique du transfert de chaleur par convection
laminaire de nanofluide hybride entre deux cylindres
concentriques horizontaux en présence de chauffage uniforme

Devant le jury composé de :

Mr  ABAIDIA Seddik ELhak Pr UMBB Président
Mr BENKHEDDA Mohammed MCA UMBB Rapporteur
Mr  ZAMOUM Mohammed Pr UMBB Examinateur
Mr ALLALOU Nabil Pr USTHB Examinateur
Mr  LASBET Yahia Pr U DJELFA  Examinateur
Mr KEZRANE Cheikh Pr U DJELFA Invité

Année Universitaire 2023/2024



N° of order....... /Faculty of Sciences/UMBB/2024
DEMOCRATIC AND POPULAR REPUBLIC OF ALGERIA

MINISTRY OF HIGH EDUCATION AND SCIENTIFIC RESEARCH
UNIVERSITY OF M"THAMED BOUGARA-BOUMERDES

Faculty of Sciences

Doctoral thesis
Presented by:
NECIB Nihal

With a view to obtaining the degree of DOCTORATE 3" cycle in:
Major: Physics
Option: Fluid Dynamics and Energetic

Numerical study of laminar convective heat transfer of hybrid
nanofluid between two horizontal concentric cylinders under
uniform heating

In front of the jury composed of:

Mr  ABAIDIA Seddik ELhak Pr UMBB President
Mr BENKHEDDA Mohammed MCA UMBB Supervisor
Mr  ZAMOUM Mohammed Pr UMBB Examiner
Mr  ALLALOU Nabil Pr USTHB Examiner
Mr  LASBET Yahia Pr U DJELFA  Examiner
Mr KEZRANE Cheikh Pr U DJELFA  Invited

Academic year 2023/2024



Acknowledgement

| thank the Merciful God for giving me the strength, courage, willpower, and guidance to

overcome all difficulties and complete this work.

First and foremost, | would like to express my most sincere thanks and deep gratitude to my
supervisor Dr. Benkhedda Mohammed, Associate Professor from University of Boumerdes, for
his advice, guiding, availability, motivation, and great patience. This thesis could never have

been successfully completed without his precious supervision, and words of encouragement.

I want to thank Professor Engin Gedik at the University of Karabuk for accepting me through
an internship within their research team. Your confidence in my abilities, warm welcome, and
valuable advice have been essential for the continuation and deepening of my research work.
Additionally, | thank Dr. Cuneyt, Associate Professor at the University of Karabuk for his help

and support.

I extend my sincere thanks to Professor Abaidia Sedik Elhak at the University of Boumerdes,

for the great honour of accepting to chair the jury for this thesis.

I wish also to extend my profound thanks to the jury members, Professor Zamoum Mohammed
from the University of Boumerdes, Professor Allalou Nabil from the University of Science and
Technology Houari Boumediene, Professor Lasbet Yahia, and Professor Kezrane Cheikh from
the University of Djelfa, who kindly agreed to read this thesis and provide pertinent critiques.

| am grateful to all the teachers in the Department of Physics at the University of Boumerdes,

especially Ms. Abdellahoum and Ms. Baaziz.

Finally, my heartfelt thanks go to all those who have contributed, directly or indirectly, to the

completion of this work.



Lodoadion

To my beloved parents, Khadra Salhi and Louardi Necib, your sacrifices, love, and endless
support have been the greatest gift in my life. You have always believed in me, even when |
doubted myself, and your encouragement has been my greatest source of strength. Without
you, | could never have reached where | am today. Your guidance, wisdom, and prayers have
been instrumental in my journey, and for that, | am eternally grateful; you deserve the most
considerable dedication in the world, honouring the extraordinary parents you are. Thank

you for everything.

To my wonderful aunt Sabah, for her constant support and encouragement. Your kindness
and generosity have meant the world to me.

To my beloved siblings, Safoua, Amani, and Islam, for their unconditional love and support.
To my uncle Karim, who has always been there to help me.
To my uncles Kamel and Liamine.

To my cousins, Ranim and Tesnim.

Necch Nehal



Contents

List of Figures
List of Tables
Nomenclature

General Introduction

Chapter I: Generalities and Literature Review

L. L. INEFOTUCTION ...ttt b ettt

1.2. Description of NANOFIUIAS.........cocviiiii e
1.2.1. Synthesis of NanOTIUITS ........ccooiiiiiii e,
1.2.2. APPIICALIONS ...t bbbt
1.2.3. ThermophysSiCal PrOPEITIES.......ccvciieiiieieciecie et
1.2.4. CFD @PPIrOACIES. ......eeitieiicie sttt sttt reesae e e nne s 12

1.3 POTOUS IMEAIA. ...ttt bbbt 14
1.3.1. Characteristics of the porous MEedIUM...........cccereiiiiiinieiee e 14
1.3.2. MOMENTUM EQUALION .....cvviiiieiiecie ettt ettt reesbeennesne s 14
1.3.3. ENEIQY EQUALION .....cueeivieiiciic ittt sttt sba e en e e s e e saeennesne s 16

I.4. Introduction to Magnetohydrodynamic (MHD) ..........ccocooiiiiiiiiiiie e 17
4.1, DEFINITION ..ot bbbt 17
1.4.2. Fundamental prinCiples.........cooiiiiiiiiie e 17
1.4.3. Applications OF MHD .........ooiii e 18

1.5, LITEIATUIE TEVIBW ......iiiiiciieiie ettt bbbttt 18

Chapter I1: Mathematical Modelling
L L. INEFOTUCTION ..ttt bttt 35

1.2, PRYSICAl MOEN ..o 35



11.2.2. First APPHICALION .....coviiiicic e nne s 35

11.2.2. SECONd APPHICALION. ......oiiiiiiiiie e 36
[1.3. GOVEINING BQUALTIONS ...ttt ettt bbb 38
11.3.1. First CONFIQUIAtION ......ooviieiiciece e 41
11.3.2. Second CONTIGUIALION .........coiieeieiie e 42
1.4, NUSSEIE NMUMDEE ...t bbb 46
[1.5. SKIN friction COBTFICIENT .......c.oiiiiii s 47
] BT (=T U o (] o S UOSRSIN 47
1.7, ENrOPY GENEIALION ....cviiiiieiccieeie ettt ettt sba e be e reesneeneesbeebeennennes 47

Chapter I11: Numerical resolution

T L. INErOAUCTION ..ottt 49
[11.2. ReSOIULION MENOMS ... 49
1.3, NUMErICal METNOAS .....c.eovieieieice e 50
[11.4. Finite volume method ProCeAUNE...........vciiiieie et 50
[11.4.1. DOMAIN diSCIELIZATION .....cviviiiiiiitiiiieieeee s 50
[11.4.2. Discretization of the energy tranSPOrt ..........ccooceviririnieieieee e 53
111.4.3. Discretization of the governing eqUAatioNS............ccocveieiiereeiie s 55
I11.4.4. Discretization of the boundary conditions .............cccccoevieiiiii i 66
[11.4.5. SOIUtION @lgOTTtNM .. ..c.oiiiiiic e 69
[11.4.6. Solution of the discretized QUALIONS ..........cccooeiiiiriniiee e 69
I11.5. Computational fluid dynamics SOFtWare ..........cccccveiiiiiiciiic e 74
[11.5.1. DISCretization SChEME ........ooviiiiiiiiiie e 74
11.5.2. SOIUtion @lgOrithm .. .....cooiiiii e 75
[11.5.3. BOUNDArY CONTITION .....coviiiiieiei i 75
H1.5.4. Under relaxation faCtor............cooiiiiiiiiiece e 76

I1.5.5. CONVEIQENCE CIITEITA .viivieiieeciie ettt e e ae e 76



111.5.6. Computational domain and mesh generation ............c.cccocvevveveiieseciesieese e 77

HHES.7. €O VAITAALION ..ot e e e e e e eeeennnees 78

Chapter IV: Results and discussions

IV L INEFOTUCTION ...ttt 81
V.2, FIrst @pPlICAIION. ... ...eiiieie et sre e e nne s 81
IV.2.1 Hydrodynamic field .........ccooveiiie e 81
IV.2.2 Thermal FIeld........cooi e 95
IV.2.3 SECONAANY TIOW ...t 98
IV.2.4 NUSSEIt NUMDET ... 101
IV.2.5 SKin friction COBTFICIENT .......ccooiiiiiiiiiiec e 103
IV.2.6. PrESSUIE AIOP . ...viiiiiiieiieiete ittt bbbt 105
IV.2.7. ENrOPY QENEIATION ...ttt 107
V.3 Second apPlIiCALION .........cveiiieie et 112
IV.3.1 Hydrodynamic field ...........cooeoiiiiie e 112
IV.3.2 Thermal FIeld.......c.cooiie e 119
IV.3.3 NUSSEIt NUMDET ... 123
IV.3.4 SKin friction COBTFICIENT .......ccoeiiiiiiii e 127
V.35, PrESSUIE AIOP . .cuvecvieiiieie et ettt sttt sttt sttt e st e et e e saeenaeensesraenne e 130
IV.3.6. ENtrOpY GENEIATION ......oiuiiiiiiie it 133
(CT=TpT<T 2= I olo] 0 [od [U 151 (o] o PO 143

RO O NI CES .ttt teeeeiiieetteteeeeeennneseeeeeeennssssecesssssssssescsssssssssssscsssssssssssesassnnnsne 145



Figure 1.1.
Figure 1.2.
Figure 1.3.
Figure 1.4.
Figure 1.5.
Figure 1.6.
Figure 1.7.
Figure 1.8.

Figure 1.9.
and (c) mes

Figure 1.10

Figure 1.11.
Figure 1.12.
Figure 1.13.
Figure 1.14.
Figure 1.15.
Figure 1.16.
Figure 1.17.
Figure 1.18.
Figure 1.19.
Figure 1.20.
Figure 1.21.

Figure 1.22.

List of Figures

Chapter I: Generalities and literature review

Thermal conductivity of various material at 300K [3].......cccooeieiiiiniiiiiiiieiee 5
Sketch of the geometry studied [19]........cccooiiiiiiiiiiee e, 19
Schematic of the geometry [20]. ...ccveoe e 20
Schematic of the geometry [23]. ...cov oo 20
Geometry of the problem studied [24]. ..., 21
Schematic of the geometry [25]. ....cvoveiieii e 22
Sketch of the geometry studied [27]......coeoveieiiieiiece e 23
The geometry of the study [30]. .....coveiiiie e 23

Sketch of the geometry with: (a) negative and (b) positive magnetic field gradient,

NUSEA [BL]. et 24
. Geometry of the problem [32]........cco oo 24
Sketch of the problem [33].....cc.ooiiiie e 25
Sketch of the eOMEtry [34]. ...coi e 26
Schematic of the problem studied [35].........ccocoiiiiiiiiie e 27
Sketch of the geometry [36]. .....ccveiiiiiic e 27
Schematic of the experiment [37]. .....ccooeiieiiiiece e 28
Sketch of the problem studied [38]. ... 29
Sketch of the problem studied [39]. ... 30
Sketch of the problem studied [40]. ....c.oooveiiiiiie e 30
Sketch of the geometry [41]. ...coovi oo 31
Schematic of the geometry studied [42]. ..o 32
The geometry Studied [43]. ...ooo i 32
Geometry STUAIEA [44]. . ..ottt 33



Figure 1.23. Sketch of the problem studied [47]. .....oooeiiiiiiie e 34

Figure 1.24. Sketch of the problem studied [48]. ... 34

Chapter II: Mathematical modelling

Figure 1. 1. First configuration SCNEMALIC. ..........ccueiveiiriiiiiiiesseeeee e 36
Figure 11. 2. Second configuration SCNEMALIC ..........c.eoverieiiiiniiiiec e 37
Figure I1. 3. Schematic illustrating different scenarios of magnetic field application............ 38

Chapter III : Numerical resolution

Figure T, 1. Control VOIUME. ........cviiiiiieiii e 51

Figure I11. 2. Projection of the finite volume along a: (r,0) plane, b: (r,z) plane, and c: (6,2)
PIANE. e b bRt bbbt bt r s 53

Figure I11. 3. Projection of the shifted mesh in the radial direction along a: (r*,z*) plane and b:
(L) I o1 - T =TSSR 58

Figure I11. 4. Projection of the shifted mesh in the angular direction along a: (6,z*) plane and
D2 (1%,0) PIANE. ..o 61

Figure I11. 5. Projection of the shifted mesh in the angular direction along a: (6,z*) plane and

oI (e ad T o] = U 1= T OSSPSR 64
Figure 111. 6. Generated mesh: (a) 3D view and (b) front VIEW. .........ccccceveiiienieninicicen, 71
FIGUIE TT1. 7. GO TEST. ..ot bbbt 72
Figure I11. 8. Local Nusselt number along the tube. ..., 73
Figure I11. 9. Comparison of the wall temperature profile at Re=1275...........ccoceeveevvevinnne. 74
Figure 111. 10. Mesh tests at Re=800, and Pr=6.2..........ccccccceriurrrrirriieneariesieesieereeseesiesneeseens 78
Figure 111. 11. Comparison of Axial Nusselt number through a straight duct....................... 80

Figure I11. 12. Comparison of the axial velocity along radial direction. .............ccccceevevnnnee. 80



Chapter 1V: Results and discussion

Figure 1V. 1. Angular velocity contours at various locations using (TiO2-CNT-

GrapPNENEIKEIOSENE). ... vveteeeeecieeite ettt e teete st s et e s e e et e s be et eeseesbe e teaneesreeeeesaesteeneeaneesraennennes 82

Figure 1V.2. Axial velocity contours at various locations using (TiO2-CNT-

GraPNENE/KEIOSENE). ... ittt bbbt e bbbttt 83

Figure 1V. 3. Effect of Da on angular velocity contours for: a (TiO2-CNT-Graphene/ kerosene),
b (TiO2-CNT/kerosene), ¢ (TiO2-Graphene/KEroSENE). ......c.ccvuvrieeerierieie e 85

Figure 1V. 4. Effect of Hartmann number on angular velocity contours at y=0°, for: a (TiO>-
CNT-Graphene/kerosene), b (TiO2-CNT/kerosene), ¢ (TiO2-Graphene/kerosene).................. 87

Figure 1V. 5. Effect of Hartmann number on angular velocity contours at y=90° using (TiO>-
CNT-Graphene/KEIOSENE). .......ciuiiieiieeiie ettt te e ra e sre e s ba e ae e e sreeneenes 88

Figure 1V. 6. Non-dimensional axial velocity profiles at the duct’s outlet across different Da
number for: a (TiO2,CNT,Graphene/kerosene), b (TiO,,CNT/kerosene), and ¢
(TIO2,GraphENE/KEIOSENE). ....ceueeueeieieite ettt sttt sttt be e ne e eneeneas 90

Figure V. 7. Influence of Hartmann number on non-dimensional axial velocity contours at the
outlet for y=0°: a (TiO2-CNT-Graphene/ kerosene), b (TiO2>-CNT/ kerosene), ¢ (TiO2-
GraPNENE/ KEIOSENE). ... ettt bbbttt b et 91

Figure 1V. 8. Effect of Hartmann number on non-dimensional axial velocity contours at the
outlet for w=90°, Gr=108, and ¢= 5% using TiO,-CNT-Graphene/ kerosene. ....................... 92

Figure IV. 9. Non dimensional axial velocity ratio along the radial direction for different Darcy
numbers and Ha=0 by utilizing (TiO2-CNT-Graphene/Kerosene). ........ccccoecveeervervseesvennnne 93

Figure IV. 10. Non-dimensional velocity ratio along the radial direction for different Hartmann
numbers at Da=0.01 using (TiO2-CNT/kerosene): a y=0°, b y=90°. .....cccoiriiriiiiirieee 94

Figure 1V. 11. 3D temperature contours for various Da numbers at Ha=0: (a)
TiO2,CNT,Graphene/kerosene, (b) TiO2,CNT/kerosene, (c) TiO2,Graphene/kerosene. ......... 96

Figure 1V. 12. 3D isotherm contours versus Ha numbers at Da=0.01, and y=0°: (a)
TiO2,CNT,Graphene/kerosene, (b) TiO2,CNT/kerosene, and (c) TiO2, Graphene/kerosene... 97



Figure 1V. 13. 3D isotherm contours for various Ha numbers at y=90°, and Da=0.01, using
(T1O2-CNT-Graphene/KEIrOSENE). ....c..eiuueiuieieiiesieeie ettt be e sreesreeeeenes 98

Figure 1V. 14. Development of secondary flow along the annulus duct for Gr=2.5 x 10°, Ha=0,
Da=0, AN BT5Y0. .oveeeeeiie ettt e e e reaeennes 99

Figure 1V. 15. Secondary flow at the outlet of the annular duct for different Gr numbers at
Da=0.01, Ha=0, a0 G=590......cueiieiiiieiieieeie ettt sre e nneas 99

Figure IV. 16. Secondary flow at the outlet of the annular duct for different Darcy numbers at
Gr=10°, Ha=0, QN0 =590, .....cucvreerereeereeeeeiseeie ettt ens e s ens s enes s 100

Figure 1V. 17. Secondary flow at the outlet of the annular duct for different Ha number and
magnetic field inclination at Gr=106, Da=0.01, and ¢=5%. .........cccceeerrreriiririririeeeee, 100

Figure 1V. 18. Average Nusselt number for different: (a) Da number, (b) Ha number at y=0°,
(C) Ha nUMDBEE @t W=90°. ...ttt ettt reenne e 103

Figure 1V. 19. Average skin friction coefficient for various: (a) Da number at Ha=0, (b) Ha
number at Da=0.01, and

Figure 1V. 21. Entropy generation for various Darcy number at Ha=0: (a) thermal entropy, (b)

frictional entropy, (C) Bejan NUMDET. .........c.coi i 109

Figure 1V. 22. Entropy generation for various Hartmann number at Da=0.01 and y =0°: (a)

Thermal entropy, (b) Frictional entropy, (c) Magnetic entropy, (d) Bejan number............... 111

Figure 1V. 23. Axial velocity contours using (TiO2-CNT-Graphene/water) at Re=800,
Da=0.01, and ¢=5 for (a) straight duct, and (b) wavy duct.............ccecevrreriniiiiniiieeieen, 113

Figure 1V. 24. Axial velocity contours for different amplitude at Re=800, Da=0.01, L=2.452,
and $=5%: (a) TiO2-CNT/water, (b) TiO2-Graphene/water, and (c) TiO>-CNT-Graphene/water.

Figure 1V. 25. Axial velocity contours using (TiO2-CNT-Graphene/water) for different
amplitude wave at Re=800, Da=0.01, L=2.452, and $=5%: (a) A=0.1, (b) A=0.2, and (c) A=0.3.



Figure 1V. 26. Axial velocity contours for two different wave lengths using (TiO2-CNT-
Graphene/water) ternary hybrid nanofluid at Re=800, Da=0.01, A=0.2, and ¢=5%.............. 116

Figure 1V. 27. Effect of Hartmann number on axial velocity contours at the duct’s outlet for:
(@) TiO2-CNT/water, (b) TiO2-Graphene/water, and (c) TiO2-CNT-Graphene/water. .......... 117

Figure 1V. 28. Effect of different partial magnetic field scenarios on axial velocity contours at
(A o] - L L= TSRS 118

Figure 1V. 29. 3D isotherms contours using (TiO2-CNT-Graphene/water) at Re=800, Da=0.01,
and $=5%: (a) straight duct, (D) Wavy dUCL.............cceriieiieiceceee s 119

Figure 1V. 30. 3D isotherms contours for different amplitude at Re=800, Da=0.01, L=2.452,
and $=5%: (@) TiO2-CNT/water, (b) TiO2-Graphene/water, and (c) TiO2>-CNT-
GrAPNENEIWALET . ...eveieicieee ettt et be et e e s e s beebeeneesbeeeeeneesteenreennenneas 120

Figure IV. 31. 3D isotherms contours using (TiO2-CNT-Graphene/water) for different
wavelengths at Re=800, Da=0.01, A=0.2, and ¢=5%0. .......ccccerrrrriiriiiereie e 121

Figure 1V. 32. Hartmann number effect on temperature contours for different hybrid
NANOTIUILS. ...t e et e beeeesreenre e 122

Figure 1V. 33. The effect of different partial magnetic field scenarios on temperature contours

using ternary hybrid nanOFIUId. ... 123

Figure 1V. 34. Average Nusselt number using three different hybrid nanofluids for (a) effect

of wave amplitude, (b) effect of wavelength............ccccoooieiic i 125

Figure 1V. 35. Average Nusselt number versus Hartmann number (a) for different hybrid

nanofluid using full magnetic field, (b) comparison of full and partial magnetic field scenarios.

Figure 1V. 36. Average skin friction coefficient using three different hybrid nanofluids for (a)

wave amplitude, (D) Wavelength. ..o 128

Figure 1V. 37. Average skin friction coefficient versus Hartmann number (a) for different
hybrid nanofluid using full magnetic field, (b) comparison of full and partial magnetic field
o010 L 013 USSR 130

Figure 1V. 38. Pressure drop using three different hybrid nanofluids for (a) effect of wave

amplitude, (b) effect of wavelength. ...........cooiii i 131



Figure 1V. 39. Pressure drop versus Hartmann number (a) for different hybrid nanofluid using

full magnetic field, (b) comparison of full and partial magnetic field scenarios. .................. 133

Figure 1V. 40. Entropy generation and Bejan number for different hybrid nanofluids and wave
AMPHTUCE At L=2.452. ...ttt et e e st e be e enneenreenneanes 135

Figure 1V. 41. Entropy generation and Bejan number for different hybrid nanofluids and
WAVEIENGLNS AL AT0.2. .. i et aeenes 137

Figure IV. 42. Entropy generation and Bejan number for different hybrid nanofluids and

Hartmann number using full magnetic field. ...........cccoooeiieiiiic e, 140

Figure 1V. 43. Entropy generation and Bejan number for different Hartmann number and
different magnetic field scenarios using Ternary hybrid nanofluid at A=0.2, and L=2.452.. 142

List of Tables

Table Il1. 1. The thermophysical properties of the solid nanoparticles and the base fluid

[10,32,49]. ettt ettt t e Re e Rt e et et e nreaReereene e e enrenns 44
Table I11. 1. The mesh test on the average Nusselt NUMDEr ..., 71
Table I11. 2. The numerical SCNEMES USEU. ..........coeirirriirieie et 75
Table 111. 3. The boundary CONGITIONS. ........cccooiiiiiiiiiee e 76
Table 1. 4. Under-relaxation faCtor. ...........ceoveiriierieie e 76
Table IV. 1. Location of the maximum angular velocity for various Darcy number.............. 84

Table IV. 2. Location of the maximum angular velocity for various orientations and Hartmann

DU B e 86



Symboles

Cfo

Da

Dn

Di

Do

Ha

To

Nomenclature

Amplitude
Dimensionless amplitude (a/Do-Di)
Magnetic field intensity
Skin friction coefficient
Heat capacity

Darcy number
Hydraulic diameter
inner diameter

outer diameter

electric field

Hartmann number
Current density
Permeability

Length of the annulus
Prandtl number
Uniform heat flux
Radial coordinate
Reynolds number
Entropy

Temperature

Inlet temperature

(mm)

(M

(J/Kg K)

(m)
(m)
(m)

(V/m)

(W/m2)

(m)

(/K s)
(K)
(K)



u Radial velocity (m/s)

% Axial velocity (m/s)
w Angular velocity (m/s)
z Axial coordinate (m)

Greek symbols:

€ porosity %

0 Angular coordinate (rad)

A wavelength (mm)

[ Dynamic viscosity (kg/m s)

Ho Magnetic permeability (H/m)

v Kinematic viscosity (m?/s)

P density (kg/m?)

o Electrical conductivity (s/m)

T shear stress (Pa)

) volume concentration (%)
Subscripts:

* non-dimensional parameters

av Average

Bulk

f base fluid

fr frictional

hnf hybrid nanofluid

thnf ternary hybrid nanofluid

i inlet

M magnetic

nf nanofluid

0 outlet

p nanoparticle

th thermal



General Introduction



General introduction

Improvement in heat transfer is vital in many of industrial and engineering applications such as
energy systems, electronics cooling and biomedical devices. An adequately managed thermal
system can increase the system’s performance and reliability and save energy when integrated
seamlessly into the environment they were designed to be used in. In this context, a deep study
has been paid great attention to convective heat transfer mechanisms with the advent of

innovative techniques.

The engineered colloidal suspensions of nanoparticles in a base fluid, known as nanofluids,
offer the potential to improve thermal properties. They have better thermal conductivity than
the traditional fluids, which is why they are used in different heat transfer systems. Hybrid
nanofluids, composed of more than two kinds of solid nanoparticles, find a way to further
enhance the net heat transfer via synergistic effects.

The porous media also enhances heat transfer. It is a material with an interconnected void that
could be saturated with fluid. High surface areas, with complex internal structures, can improve

thermal efficiency in many different applications.

Another method that has received excellent attention is the use of magnetic fields to enhance
heat transfer systems. Magnetohydrodynamics (MHD) is a branch of physics that deals with
electrically conducting fluids in a magnetic field. Fluid motion can be affected by the Lorentz
force acting on the charged particles of the fluid when a magnetic field is present. This technique
could ensure flow patterns, work out enhanced mixing, and achieve practical heat transfer

efficiencies.

Even though there is a large amount of work done on nanofluid research, there is still an
extensively unexplored domain when it comes to the use of nanofluids for complex geometries
and under varying external conditions. In particular, behaviour of hybrid nanofluids in confined

geometries such as concentric cylinders, porous media, and magnetic fields are still lacking.

This thesis aims to fill this knowledge gap by investigating the laminar convective heat transfer
of binary and ternary hybrid nanofluids in two concentric cylinders filled with a porous medium

and subjected to a magnetic field.



General introduction

The study focuses on two applications:

» 3D mixed convection in a straight annulus duct exposed to uniform heat flux and
magnetic field.
» 3D forced convection in a wavy annulus duct exposed to a uniform heat flux and non-

uniform magnetic field.
The main objectives are:

v" Analyzing the magneto-hydrothermal performance of ternary and binary hybrid
nanofluids in concentric cylindrical geometries saturated with porous media.

v' Evaluate the influence of porous media on heat transfer and fluid flow.

v' Examine the influence of uniform and non-uniform magnetic fields through

different scenarios on the convective heat transfer.

The thesis consists of four chapters: the first chapter lays out the theoretical background,
concepts, and most of the existing relevant literature on the topic. It begins with a description
of nanofluids, types of nanofluids, synthesis methodologies, and applications. The chapter also
explores the nanofluid’s thermophysical properties, which are important in heat transfer
enhancement. After this, it reviews Computational Fluid Dynamics (CFD) approaches used for
simulating  nanofluids.  Additionally,  generalities about porous media and
Magnetohydrodynamics (MHD) are explored to understand the following chapters. The chapter
closes with a thorough literature review, outlining the main findings and missing pieces from

existing research.

The second chapter presents the mathematical framework used to analyze the heat transfer
characteristics of the systems under study. It includes the governing equations that describe
fluid flow and heat transfer within the concentric cylinders filled with porous media. The
description of the physical model outlines assumptions and simplifications made for facilitating

the mathematical formulation.

The third chapter focuses on the numerical resolution of the equations derived in the previous
chapter. Computational techniques and algorithms were discussed to obtain solutions from this
complex set of equations describing the system. The resolution method is the finite volume

technique, which ensures accurate and reliable numerical solutions. The chapter explains
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discretization methods, boundary conditions, and numerical schemes to obtain accurate and

reliable solutions.

The detailed results of the numerical simulations are discussed in chapter four. The findings are
reported in velocity contours, 3D isotherm contours, Nusselt number, skin friction coefficient,
pressure drop, and entropy generation analysis. It interprets data in the context of heat transfer
enhancement with the effects of binary and ternary hybrid nanofluids, porous media, and
magnetic fields on the convective heat transfer process. A comparative performance analysis is
conducted between different configurations and conditions. The discussion also leads toward
the implication of results for practical application and suggests possible areas for future

research.

Finally, in the conclusion, we summarize the significant findings of the present work, discuss

the impact of the results on practical cases, and propose potential areas for future research.
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1.1. Introduction

This chapter comprehensively overviews the fundamental concepts and existing research on
heat transfer related to nanofluids, porous media, entropy generation, and magneto-
hydrothermal for laminar flow forced or mixed convection. It begins with a description of
nanofluids, types of nanofluids, synthesis methodologies, and applications. The chapter also
explores nanofluids' thermophysical properties, essential in transfer enhancement. After this, it
reviews Computational Fluid Dynamics (CFD) approaches for simulating nanofluids.
Additionally, generalities about porous media and magnetohydrodynamics (MHD) are explored
to understand better the following chapters. The chapter closes with a thorough literature

review, outlining the main findings and missing pieces from existing research.

1.2. Description of nanofluids

Numerous studies have focused on improving the thermal properties of liquids. The first
analytical study by Maxwell [1] demonstrated that adding micrometric-sized particles could
enhance thermal conductivity. However, these particles caused issues like agglomeration and
pressure drops. These problems have been addressed using stably suspended nanometric-sized

solid particles through conventional liquids.

In the last decade, nanometric size nanoparticle production technology has improved, and the
small quantity of solid nanoparticles in a liquid mixture known as nanofluids was introduced
first by Choi [2] in 1995 at the US National Laboratory of Argonne. Heat transfer in nanofluids:
a new term represents the new class of heat transfer using nanotechnology fluids with better
thermophysical properties than their base fluids. Nanofluids are engineered colloidal
suspensions consisting of nanoparticles ranging from 1-100 nm in size in a base fluid

formulated to improve the thermal characteristics.

Nanoparticles can be metals, oxide metals, or carbon-based materials. Figure 1.1 illustrates the
thermal conductivities of various materials. For example, metallic nanoparticles like gold (Au),
silver (Ag), and copper (Cu) demonstrate excellent thermal conductivity, with values around
318 W/mK, 429 W/mK, and 400 W/mK, respectively. Oxide nanoparticles, such as aluminium
oxide (Al>O3), and titanium dioxide (TiO2) also significantly enhance thermal performance,
although their conductivities are generally lower, approximately 30 W/mK for Al>Oz and 8.95

W/mK for TiO,. Carbon-based nanoparticles, including carbon nanotubes (CNTs) and



Chapter I. Generalities and Literature Review

graphene, exhibit exceptional thermal conductivities of up to 3000 W/mK and 5000 W/mK due

to their unique molecular structures.

The base fluids used in nanofluids, such as water, ethylene glycol, and various oils, are crucial
in determining overall thermal performance. Water, with a thermal conductivity of around 0.6
W/mK, is often used due to its high specific heat capacity and availability. Ethylene glycol,
commonly used in antifreeze solutions, has a lower thermal conductivity of about 0.25 W/mK
but offers a lower freezing point. Oils, including mineral and silicone oils, provide good thermal

stability with moderate thermal conductivities ranging from 0.15 to 0.2 W/mK.

In addition to single-component nanofluids, hybrid nanofluids, which combine two or three
different nanoparticles, have emerged as a promising research area. These hybrid nanofluids
leverage the synergistic effects of different nanoparticles to enhance thermal conductivity and
stability further. For example, combinations like Cu-Al,O3 or Ag-TiO2 blend the high thermal
conductivity of metals with the thermal stability of oxides, optimizing the fluid's overall
performance. The hybrid approach tailors the thermal and physical properties to meet specific
requirements, resulting in even more effective heat transfer fluids. The combination of
nanoparticles and base fluids in nanofluids, including hybrid nanofluids, enhances heat transfer
capabilities through mechanisms like Brownian motion and thermophoresis, contributing to the

superior thermal performance of nanofluids in various industrial and scientific applications.

Thermal Conductivity of Various Materials

Graphene
Carbon nanotube
Diamond [

Silver (Ag) |
Copper (Cu) |

Aluminium (Al) |

Materials

Nickel (Ni) |
Fe |
Aluminum oxide (Al20s) |

Titanium oxide (TiO2) |

0 10l00 20lOO 30IOO 40|00 SOlOO
Thermal Conductivity [W/mK]

Figure 1.1. Thermal conductivity of various material at 300K [3].
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1.2.1. Synthesis of Nanofluids

Nanofluids are synthesized by dispersing stable suspensions of nanoparticles into a base fluid.

The most common methods are one- and two-step, each with its characteristics and advantages.
% One-step approach

The nanoparticles are made and dispersed into the base fluid simultaneously. This method
provides the benefits of simplicity and efficiency as it eliminates the need for separate
nanoparticle synthesis and dispersion steps to reduce the agglomeration of the nanoparticles.
The techniques used in this method are laser ablation, chemical vapor condensation, flame, etc.
One-step methods are particularly suitable for producing high-quality nanofluids with uniform
nanoparticle distribution. However, the one-step approach is often costly and cannot be

manufactured in large quantities.
%+ Two-step approach

This two-step method first prepares nanoparticles by using techniques such as sol-gel, co-
precipitation, or hydrothermal methods. These nanoparticles are dispersed in the base fluid after
being synthesized. The two-step approach offers advantages in terms of flexibility and
optimization, as researchers can optimize each stage of nanoparticle synthesis and dispersion
independently. It is the most economical method in the large-scale production of nanofluids.
When producing nanofluids using this method, nanoparticles tend to agglomerate; therefore, to
avoid this problem, surface modification techniques can also be integrated to enhance
nanoparticle stability. This method is commonly used when precise control over nanoparticle
characteristics and dispersion is critical for achieving desired heat transfer enhancement

properties in the nanofluid.

An experimental study was carried out by Chandrasekar et al. [4] to synthesize Al.O3
nanoparticles using a microwave assisted chemical precipitation technique. Their research
concluded that increasing the concentration of nanoparticles in nanofluids results in higher
thermal conductivity and viscosity. Gupta et al. [5] prepared Cu—CNT/water using a two-phase
technique. Their study demonstrated a 75.57% increase in thermal conductivity for a 0.1 wt%
Cu—CNT binary hybrid nanofluid in comparison to the base fluid. Said et al. [6] prepared (rGO-
Fe304-TiO2/EG) ternary hybrid nanofluid through the sol-gel technique. They tested the density
and the rheological behavior experimentally by varying temperatures from 25 °C to 50°C and

6
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concentrations from 0.01 wt% to 0.25 wt%. Their findings suggested that these nanofluids are
well-suited for applications demanding long-term stability and enhanced heat transfer

performance.

1.2.2. Applications

Nanofluids can be applied in various thermal systems where efficient heat transfer is crucial.

Among these applications, we can mention:
¢ Solar Thermal collectors

Solar thermal collectors harness sunlight to generate heat, and nanofluids play an essential role
in augmenting the efficiency of these collectors. The high thermal conductivity of nanoparticles
enables more efficient heat transfer from the absorber surface (where sunlight is converted to
heat) to the base fluid in the collector. This improved heat transfer minimizes thermal losses
and maximizes solar energy utilization for heating applications. Ekiciler et al. [7] showed an
improvement in the efficiency of the parabolic trough collector (PTC) by utilizing (Ag-

MgO/Syltherm 800) binary hybrid nanofluid with 4% nanoparticle volume concentration.
% Cooling electronic devises

Nanofluids are used in electronic devices and computer systems to enhance heat dissipation and
prevent overheating. By circulating nanofluids through cooling channels or heat sinks,
electronics can operate at optimal temperatures, improving reliability and performance.
Vishnuprasad Selvaraj and Haribabu Krishnan [8] synthesized, graphene nanoplatelets encased
alumina nanocomposite for the cooling of an electronic system. They showed that the core

temperature was reduced by 11.38% when using 0.2% volume concentration.
+«* Vehicle engine cooling system

Nanofluids are integrated into automotive cooling systems to improve engine cooling efficiency
and reduce fuel consumption. They enable more effective heat transfer within the engine,
leading to improved performance and durability. Abbas et al. [9] synthesized a (Fe3sOs-TiO/
water) binary hybrid nanofluid to improve heat transfer efficiency in automotive radiators. They
found that using 0.009% volume concentration significantly enhances heat transfer rates and
Nusselt numbers by 26.7% and 21%, respectively. Sahoo [10] investigated the thermohydraulic

characteristics of a ternary hybrid nanofluid used as a radiator coolant, utilizing nanoparticles

7
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with various forms: cylindrical (CNT), spherical (Al203), and platelet (Graphene). The research
demonstrated that nanoparticle form has a substantial impact on the performance of an

automotive cooling system.
¢ Nuclear reactor

Nanofluids have potential applications in nuclear reactor cooling systems, where they can
improve heat transfer and safety margins. They can enhance the performance of coolant fluids

in reactor cores, contributing to more efficient and reliable nuclear power generation.
+ Medical application

Nanofluids have potential applications in medical devices such as hyperthermia treatment
systems, where a therapeutic technique involves heating specific body tissues to induce
localized cell damage or enhance the effectiveness of other treatments (such as chemotherapy
or radiation therapy). Nanofluids can be injected into target tissues or organs, where
nanoparticles absorb electromagnetic waves (e.g., radiofrequency or microwave) and convert
them into heat. This localized heating can selectively target cancer cells while minimizing

damage to healthy tissues.
«» Energy storage

Some nanofluids exhibit phase-change properties, undergoing reversible phase transitions (such
as solid-liquid or liquid-vapor) with latent heat absorption/release. These phase-change
nanofluids can be utilized for thermal energy storage in solar thermal systems, allowing for
efficient energy capture during sunny periods and release of stored heat when needed, even
during periods of low sunlight or at night. Alrowaili et al. [11] performed an experimental study
using CuO-Cu/water binary hybrid nanofluid to boost the performance of solar thermal energy
storage systems. Their results indicated that the hybrid nanofluid significantly enhances both
the thermal-optical efficiency and the overall effectiveness of the solar thermal energy storage

systems.
« HVAC systems

Nanofluids are used in heating, ventilation, and air conditioning (HVAC) systems to improve
energy efficiency and indoor thermal comfort. They enable more efficient heat exchange in
HVAC equipment, leading to reduced energy consumption and operating costs.

8
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1.2.3. Thermophysical properties
1.2.3.1. Density

Density is a fundamental physical property that quantitatively describes how much mass is
packed into a given volume of a substance. In simpler terms, it measures how heavy or dense a
material is relative to its size. A substance's density is denoted by p and expressed in kilograms

per cubic meter (kg/m3).

_ 1.1
p=- (1.1)
The following equation gives the density of a mixture:

me+m
p= B (1.2)
Uf + Vg
The volume concentration of the nanoparticles is given as:
solid volume Vs
(1.3)

~ total nanofluid volume vr + Vs

Pak and Cho [12] have pioneered an innovative equation for determining the density of
nanofluids, which has been validated against experimental data. The equation (1.4) they have

established is as follows:

Pnf = ¢pnp +(1- ¢)pbf (I.4)

In the equation (1.4), pnf symbolizes the density of nanofluids, pnp Signifies the density of
nanoparticles, pr denotes the base fluid density, and ¢ represents the volume concentration of

nanoparticles within the nanofluid.

Takabi et Salehi [13] later introduced an equation (1.5) tailored for determining the density of

hybrid nanofluids, encompassing multiple nanoparticle types.

Phnf = ¢np1pnp1 + ¢np2pnp2 + (1 - ¢np1 - d)npz)pf (I- 5)

pnp1, and pnp2 represent the densities of the respective types of nanoparticles, ¢np1 and dnp2 denote

the volume fractions of each nanoparticles within the base fluid.
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1.2.3.2. Heat capacity

Pak and Cho have also pioneered an equation (1.6) to calculate the heat capacity of nanofluids

as follows:
(pcp)nf = ¢np(pcp)np + +(1 - d)np)(pcp)f (1.6)

Takabi et Salehi [13] later established an equation (1.7) to calculate the heat capacity of hybrid

nanofluids as follows:
(pCp)hnf = ¢np1(pcp)np1 + (:bnpz (pcp)npz + (1 - qbnpl - ({bnpz)(PCp)f (1- 7)

1.2.3.3. Thermal expansion

The thermal expansion of nanofluids refers to the change in volume or dimensions of a
nanofluid in response to temperature change. When nanofluids are heated or cooled, their
particles, including the base fluid and nanoparticles, may undergo thermal expansion or
contraction, leading to changes in their overall volume or size. It is typically expressed in units
per degree Celsius (or per Kelvin). It is a crucial property to consider in various applications,
including thermal management systems, heat transfer processes, and materials science.

Khanafer and Vefai [14] expressed the thermal expansion of nanofluids as follows:

(pﬁ)nf = ¢np(p,b))np + +(1 - ¢np)(pﬁ)f (1.8)

Later, many studies introduced the thermal expansion of hybrid nanofluids as follows:
(pﬁ)hnf = qbnpl(pﬂ)npl + ¢np2 (pﬁ)npz + (1 - ¢np1 - ¢np2)(pﬁ)f (I- 9)

1.2.3.4. Dynamic viscosity

The dispersion of nanoparticles into the base fluid can alter its viscosity, leading to changes in
its flow behaviour and rheological properties. Numerous studies explored the characteristics of
nanofluids. Einstein was the first to establish a model that calculates the effective viscosity of

nanofluids with sphere nanoparticles form:

Uy = (1+ 2.5¢)us (1.10)

Based on Einstein’s model, Brinkman has extended Einstein’s model to cover a large volume

concentration. It is given as follows:

10
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Hr

Hnf = T gyes (1.11)

While these models provide estimates, the actual dynamic viscosity of a specific nanofluid is
best determined experimentally. Factors such as nanoparticle aggregation, surface coatings, and
the specific chemistry of the base fluid can significantly affect the results. Among several
experimental studies, Timofeeva et al. [15] conducted an experiment to determine the effective
viscosity of different nanofluids with various nanoparticle shapes. Their correlations are given

as follows:

Spherical shape:

Unp/ty =1+ 2.5¢ + 6.2¢2 (1.12)
Cylindrical shape:

fns/ts =1+ 13.5¢ + 904.4¢2 (1.13)

Platelet shape:

Ung/bs =1+ 37.1¢ + 612.6¢2 (1.14)
Blade shape:
Ung/bs =1+ 14.6¢ + 123.3¢2 (1.15)
Brick shape:
Unp/br =1+ 1.9¢ + 471.4¢2 (1.16)

1.2.3.5. Thermal conductivity

Thermal conductivity is a crucial property of nanofluids, known for their enhanced thermal
conductivity compared to the base fluid alone. This enhancement arises from the elevated
thermal conductivity of nanoparticles, which facilitate efficient heat transfer within the fluid. It
depends on several factors, including the type, size, and concentration of nanoparticles, as well
as the temperature and properties of the base fluid. Several researchers explored theoretical and

experimental correlations to model thermal conductivity.

11
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Maxwell [16] introduced a model to calculate thermal conductivity for spherical suspensions.
His model is given in equation (1.17) as follows:

kng Ky + 2kp + 2 (e, — kf)
ke kp+ 2ke + 2 (kyp + kf)

(1.17)

Afterwards, Hamilton-Crosser [17] developed a new model valuable for different nanoparticle

shapes given as follows:

kny _ kp + (0= Dk + (n = Dp(k — ky)
ky ky + (n— Dks — p(ky — kf)

(1.18)

Some researchers developed models that take into consideration the Brownian motion; among

these models, we mention the Koo and Kleinstreuer model [18]:

knp  (ky + 2kp) = 2¢(kp — kyp) , kpT
B 5 0 ¢ o I\ .19
ke (kp + 2kp) = 2(ks — kp) 5 X107 hoprCor ppdy f&®) (1.19)

F(t, @) = (—134.63 + 1722.3¢) + 0.4705 — 6.04¢) (T /Tp) (1.20)

g = {0.0137(100¢)_°'8229,¢> <0.01 (1.21)

0.0111(100¢)7 %7272, ¢ > 0.01

1.2.3.6. Electric conductivity

The electric conductivity of nanofluids was established by Maxwell [16] as follows:

I _ 4 " 3(0p/0r — 1)¢
Iy (0p/07 +2) = (0p/0r — 1)

(1.22)

1.2.4. CFD approaches
1.2.4.1. Single-phase approach:

The single-phase method is commonly used to simplify the computation by treating the
nanofluid as a homogenous mixture without considering the slip between the nanoparticles and
the fluid; the nanoparticles and the base fluid could be considered in thermal equilibrium with
zero relative velocity and at the same temperature. Several models have been developed within

this approach to capture different aspects of heat transfer and fluid dynamics.

12



Chapter I. Generalities and Literature Review

% Homogenous model

The Homogeneous Model presumes that the nanofluid is uniform, with nanoparticles evenly
dispersed throughout the base fluid without settling or clustering. The primary assumption is
that the thermal conductivity and viscosity of the nanofluid can be predicted based on the
volume concentration and properties of the nanoparticles and the base fluid. This
straightforward and computationally less intensive model makes it popular for analyses.
However, it might not accurately reflect scenarios where nanoparticle concentration gradients

or thermal conductivity variations are significant.
¢+ Thermal dispersion model

The Thermal dispersion model includes the increased thermal conductivity due to the random
motion of nanoparticles within the base fluid. This model accounts for additional thermal
energy transport by the dispersed nanoparticles, which is not captured by the simple mixture
theory used in the homogeneous model. In this model, the thermal conductivity is modified to
include a dispersion coefficient that considers kinetic effects associated with the motion of
nanoparticles that enhance the overall energy transfer. This model is applicable in situations
where the thermal effects due to the Brownian motion of the nanoparticles dominate the thermal

conductivity.
¢+ Buongiorno model

The Buongiorno model is an extension of the single-phase model; it includes two critical

phenomena: Brownian motion and thermophoresis.

1.2.4.2. Two phase approach

In this approach, nanoparticles and the base fluid are regarded as discreet phases due to the
influence of various factors such as Brownian force, thermophoresis, and gravity. While the
two-phase approach is effective in capturing realistic phenomena, it requires much more
computational resources and tends to be more complex to implement and analyze. The most

used models in this approach are Lagrangian-Eulerian and Eulerian-Eulerian models.

1.2.4.3. Lattice Boltzmann approach

The Lattice Boltzmann method (LBM) is a particle-based method for modelling fluid flows.
The fluid is represented by fictitious particles carrying the particle distribution functions on a
13
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discrete lattice, which is a micro-scale model with spreading and collision rules. It is a novel
way of attacking the problem, providing a handling of the fluid dynamics simple enough to
model complex interactions by treating the flowing material as a collection of particles that only

interact at a local level.

1.3. Porous media

Porous media is material or substance that contains interconnected pores. Such pores can be
filled with air, water, or other fluids. Because of their interconnected nature, fluids can flow
through the material, making porous media of interest in numerous scientific and engineering
fields. Porous media can be found in natural materials like soil, rocks, and biological tissues, as
well as in manufactured materials like sponges, filters, and some ceramics. The voids or pores
in the porous medium promote convective heat transfer due to the interconnected channels.
Fluid flowing through these voids is brought into intimate contact with solid surfaces, enabling
heat transfer, and usually, this is translated into higher heat transfer coefficients than non-porous

materials.

1.3.1. Characteristics of the porous medium

1.3.1.1 Porosity

Porosity is the ratio of void volume to total volume (Eq 1.23). It indicates a porous material’s
total volume of empty spaces or voids. A higher porosity means more open space within the

material, and a lower porosity indicates fewer open spaces and more solid material.

void volume

= 1.23
€ total volume ( )

1.3.1.2. Permeability

Permeability measures a porous medium's ability to permit fluids to pass through it under a
given pressure gradient. Permeability affects the flow rate; highly permeable materials allow

rapid flow, while low permeability restricts flow.

1.3.2. Momentum equation

The models for modelling the fluid flow through porous media are outlined below.

14
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1.3.2.1. Darcy model

The first model used to describe fluid flow through porous media was pioneered by Darcy and
Is represented by equation (1.24) as follows:

K oP
V=—;a (1.24)

K is the permeability of the medium, p stands for the dynamic viscosity of the fluid, and aP/ax

is the pressure gradient through the flow direction.
1.3.2.2. Frochheimer model

Forchheimer's Law is an extension of Darcy's model that includes a quadratic drag term (CrK"

21V|V) to model non-linear flow behaviour in porous media at higher flow velocities.

VP=-LV_ck

1
X 2|v|v (1.25)

The Forchheimer coefficient Cr can be determined experimentally or through empirical
correlations based on experimental data.

1.3.2.3. Brinkman model

Brinkman's equation extends Darcy's Law by incorporating additional terms for viscous effects

and inertial forces in fluid flow through porous media.
M e 2—)
VP = -2V +p VeV (1.26)

He: Effective dynamic viscosity
1.3.2.4. Darcy-Frochheimer-Brinkman model
It takes into consideration all the previous effects as follows:

- 1 —_— -
VP = —%V — CeK 2|V |V + p V2V (1.27)
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1.3.3. Energy equation

Understanding the energy equation subject to porous media involves a combination of heat
transfer modes within the porous material, how fluid flow and heat transfer can interact with
each other, and the influence of porosity, permeability, and thermal properties of the porosity
medium. There are two different ways to describe it: local thermal equilibrium and local thermal

non-equilibrium.
1.3.3.1. Local thermal equilibrium approach

The local thermal equilibrium model (LTE) assumes that within a small region of the medium,
the solid phase and the fluid phase are in thermal equilibrium, which means that at a given
location and instant in time, the temperatures of the solid matrix and the fluid are considered

equal. Mathematically, this assumption is expressed as T+=Ts=T.
Where:
Ts: Temperature of the solid phase (solid matrix).

Tr. Temperature of the fluid phase (fluid flowing through the porous medium).

oT
(pcp)a +(pCy) V.VT = V. (ke VT) (1.28)
Where

The LTE assumption is frequently applied in simplified heat transfer models in porous media,
especially in scenarios where the temperature gradient within the solid and fluid phases is
relatively minor or when the heat transfer rate between the phases is slow compared to other

processes.
1.3.3.2. Local thermal non-equilibrium approach

When considering non-equilibrium effects, where the solid matrix and fluid phase can have
different temperature fields and are not assumed to be in thermal equilibrium, the energy

equation becomes more complex.
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1.4. Introduction to Magnetohydrodynamic (MHD)
1.4.1. Definition

Magnetohydrodynamics (MHD) is a branch of physics and fluid dynamics that studies the
behaviour of electrically conductive fluids (such as plasmas, liquid metals, and electrolytes) in
the existence of magnetic fields and electric currents. It combines principles from
electromagnetism and fluid mechanics to describe the interactions between magnetic fields and
flowing fluids. In MHD, the motion of the fluid generates electric currents, which in turn
interact with the magnetic field to fabricate electromagnetic forces that influence the fluid's

behaviour.

1.4.2. Fundamental principles

The magnetohydrodynamics of conducting fluids are governed by the Navier-Stokes equations
from fluid dynamics and Maxwell's equations from electromagnetism. These equations

describe how the fluid velocity field couples to magnetic fields.

An essential process whereby magnetic fields affect fluid motion is the Lorentz force. The
Lorentz force is the force exerted on a charged particle moving through a magnetic field, and

the equation gives it:

F=q(E+vXB) (1.30)
Where:

F: Lorentz force

g: Electric charge of a particle

E: Electric field

V: Velocity of the particle

B: Magnetic field

In MHD, the Lorentz force is applied to the entire fluid, not individual particles. This force
arises from the interaction between the magnetic field and the electric currents in the fluid, and
it couples the Navier-Stocks and Maxwell's equations together, leading to a term JxB in the

momentum equation, where J is the current density.
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Another mechanism involved in MHD phenomena is Joule heating. This occurs when an
electric current passes through a conducting fluid, producing heat due to the fluid's resistance.

1.4.3. Applications of MHD

In Fluid Mechanics

MHD has broader applications in industry, particularly in mechanical engineering, where it can
be used to derive the flow of conducting fluids without mechanical parts, such as in marine
propulsion. This application uses a magnetic field to derive the seawater flow and generate a

push. It offers more efficient and manoeuvrable propulsion for naval and commercial vessels.
In Heat Transfer

MHD is important in heat transfer applications, especially in nuclear reactor cooling, where
conventional convection modes are insufficient. Traditional cooling methods generally use
water as a coolant, but advanced reactors use liquid metals due to their higher thermal
conductivities and specific heat capacities. Based on the magnetic field subjected, the coolant

Is circulated between the reactor core and the heat exchanger in MHD-based cooling reactors.
In Biomedical

MHD has significant applications in the biomedical field, particularly in developing advanced
medical devices and treatment methods. Researchers have developed ways to introduce
magnetic nanoparticles containing drugs into the body and use magnetic fields to guide them

to locations within the body, such as tumours.

I.5. Literature review

Several researchers have conducted analytical, numerical, and experimental analyses of heat
transfer phenomena related to porous media, entropy generation, Joule heating, and magneto-
hydrothermal effects using nanofluids, binary hybrid nanofluids, or ternary hybrid nanofluids.

The following section, a literature review of these studies is provided to identify the existing

gaps.

Motallebzadeh et al. [19] investigated laminar mixed convection heat transfer of (Al.Oz/water)
nanofluid inside a concentric annulus duct. The inner wall was subjected to a constant heat flux,

while the outer wall was insulated. The system of equations was discretized using the control
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volume technique, and the SIMPLEC procedure was introduced for the velocity-pressure
coupling. They employed a two-phase mixture model to study the impacts of different
nanoparticle volume concentrations on the fluid's hydrodynamic and thermal behaviours. The
simulation was carried out for various values of Azimuthe angle ( 0°,90°,180°), Rayleigh
number Ra (8 x10°, 2.5 107, 1.5x107) and volume fraction from 0% to 5%. Their findings
revealed that increasing the nanoparticle volume concentrations increased secondary flow

strength, and the highest temperature appeared at the top of the annuli.

Insul ated

Fully Developed Field
-

Constant heat flux Z 8=90

‘ 2=180

Figure 1.2. Sketch of the geometry studied [19].

Benkhedda et al. [20] numerically studied mixed convection heat transfer using (TiO2/Water)
nanofluid and (Ag-TiO2/Water) binary hybrid nanofluid in a horizontal concentric cylinder with
a uniform heat flux condition on the outer cylinder, while the inner cylinder was adiabatic. The
governing equations were discretized using Finite volume method. Their result was validated
by the results of Takabi et al.[21] and Shah et al. [22]. The control parameters are the
nanoparticle’s volume fraction (0%<¢<8%) and Grachof number (10°<Gr<10°). These
parameters indicated that no significant change exists in the axial velocity of nanofluid and
hybrid nanofluid along the radial direction, whilst the axial velocity along the cylinder changed
because of the buoyancy force. In addition, they have developed two correlations of Nusselt
number (Eq 1.31) and (Eq 1.32) for (TiO2/water) nanofluid and Ag-TiOz/water hybrid nanofluid,

respectively.
Nu = 0.3824Gr02088pr04092(1 4 ¢)20153 (1.31)

Nu = 0.6765Gr°21pr01162(1 4 §)1.621 (1.32)
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Figure 1.3. Schematic of the geometry [20].

Benkhedda et al. [23] numerically studied nanoparticle shape’s effect on laminar forced
convection utilizing (Ag-TiO2/Water) binary hybrid nanofluid in a horizontal pipe heated by a
uniform heat flux. The 3D equations are solved using the Finite volume technique. The results
obtained for different nanoparticle shapes (spherical, cylindrical, blade, platelet), a volume
fraction varying from (0-8%), and several Re varying from (750-1775) revealed that:

- Nusselt number rises with rising the volume fraction and Reynolds number for all

nanoparticle forms.

- The rise in Nusselt number is most notable for hybrid nanofluids containing
nanoparticles with blade form, followed by those with platelet, cylindrical, and spherical

nanoparticles.

- The friction factor rises with rising nanoparticle volume concentrations and reduces
with rising Reynolds number. Moreover, hybrid nanofluids with blade shapes present
high friction factor values.

A 7|

Constant heat flux q”

nlet ¢¢¢¢¢¢¢¢¢J«¢ DH/J, Outet

TT’I‘T’I‘T’MTTT ™1

’< Constant heat flux q” ’

Figure 1.4. Schematic of the geometry [23].
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Benkhedda et al. [24] reported a parametric investigation on the thermal performance of forced
convection laminar flow using three nanoparticles types (TiO2, Al>O3, Cu) through a horizontal
annular pipe. The outer cylinder was exposed to a constant heat flux while the inner cylinder
was adiabatic. Finite volume technique was used to solve the partial equations using FORTRAN

code. The simulation was carried out with (800<Re<1200), (0<p<6). They found that

- Bulk temperature and wall temperature rises with rising volume concentration and

reduces with increasing Reynolds number.

- The Nusselt numbers have increased as the volume concentration and Reynolds number

rise and show the highest value with Cu nanoparticles.

l Gravitational force direction, ‘g’
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R

Figure 1.5. Geometry of the problem studied [24].

Albeshri et al. [25] performed a numerical simulation of laminar mixed convection flow
through a horizontal annulus entrance region by utilizing Ag-TiO2/Water hybrid nanofluid. The
interior cylinder has a uniform heat flux, while the exterior cylinder is adiabatic. They reported
that the secondary flow was important in the upper part of the annulus and influenced the
development of axial flow and temperature field. In addition, the secondary flow decelerates

the axial velocity in the upper part of the annulus and accelerates it in the lower part.
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ADIABATIC OUTER WALL |

Figure 1.6. Schematic of the geometry [25].

Abedini et al. [26] investigated numerically mixed convection using a water-based fluid with
aluminium oxide, titanium oxide, silver and copper nanoparticles through a horizontal annular
duct. The inner and outer cylinders have constant temperatures and rotate at a constant angular
velocity in both directions. Finite volume method was used to solve the system of equations.
The simulation was carried out for various values of Rayleigh (10 <Ra <10°), Richardson,
Reynolds (< Re< 200), and the volume fraction (0 << 5). Their findings revealed that the heat
transfer was increased as Rayleigh and Richardson increased, while it was reduced as the

Reynolds number increased.

Gorjaei et al. [27] studied laminar forced convection of (Al.Oz/Water)nanofluid inside a
horizontal concentric annulus with a constant wall temperature using a two-phase method. Their
results were verified by Mirmasoumi and Behzadmebhr. [28] and the experimental work of [29].
They noticed that heat transfer and thermal entropy rates enhanced with the augmentation of
Reynolds number or volume fraction. They also found the dominance of thermal entropy

generation during all the studies.
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Figure 1.7. Sketch of the geometry studied [27].

Bahiraei et al. [30] studied mixed convection and entropy generation using CuO-Water
nanofluid through an inclined annulus. The interior and exterior cylinders have a uniform heat
flux. They reported that the total entropy generation and heat transfer rate rise with the rise of
Richardson number. Furthermore, raising the inclination angle from 0° to 75° leads to a rise in

heat transfer and a reduction in total entropy generation.
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Figure 1.8. The geometry of the study [30].

In the presence of a magnetic field, the fluid flow is exposed to two-volume forces: the
buoyancy and Lorentz forces. The latter can induce magnetohydrodynamics (MHD). Aminfar
et al. [31] simulated a three dimensional mixed convection heat transfer of (FesOas-kerosene)
magnetic nanofluid through a circular pipe under the influence of a non uniform magnetic field.
The governing equations were discretized using the control volume technique. The simulation

was carried out for two magnetic field gradients and found that a magnetic field with a negative
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gradient behaves like buoyancy force and increases the Nusselt number. In contrast, a magnetic

field with a positive gradient reduces it.
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Figure 1.9. Sketch of the geometry with: (a) negative and (b) positive magnetic field gradient,
and (c) mesh used [31].

Alsaedi et al. [32] investigated a numerical study of GO-Cu/kerosene hybrid nanofluid between
two coaxial cylinders under a magnetic field along the radial direction. The inner cylinder was
fixed, while the outer cylinder displayed a rotation. They found that a strong magnetic field
increases the temperature, fluid pressure, and skin friction while it decreases the velocity and

the Nusselt number.

Hybrid Nanofluid (GO+Cu+Kerosene 0il)

L

Figure 1.10. Geometry of the problem [32].
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Barnoon et al. [33] analyzed entropy generation and heat transfer of various nanofluids
(Al2Os/water, TiOo/water, ZnO/water, and SiO/water) through an annular pipe under the
influence of a magnetic field. The system of equations was solved by the Finite volume
technique using single-phase and two-phase models. Their investigation was carried out for
different Reynolds numbers (500<Re<1500) and (0<Ha<20). They found that:

e Nusselt number was higher in the two-phase model than in the single-phase model.

Also, by boosting the nanoparticle diameter, entropy generation increased.

e Nusselt number increases slightly with the Hartmann number increasing.

Figure 1.11. Sketch of the problem [33].

Goharkhah et al. [34] simulated the impact of a non-uniform magnetic field on forced
convection heat transfer of magnetic nanofluid through a horizontal pipe. Their objective is to
highlight the importance of the magnetic field's location and to explore the potential for
enhancing heat transfer by identifying the optimal placement of the magnetic field source. The
simulation was carried out in two cases. In the first case, the emplacement of the magnetic
dipole varied vertically and horizontally; in the second case, multiple magnetic sources were
tested. The two-dimensional equations were solved using the Finite volume method. Their

results showed that:
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e Positioning a magnetic field at any location near the channel does not improve
convective heat transfer.

e The influence of magnetic field position on heat transfer depends entirely on thermal
boundary conditions.

e Using a Genetic Algorithm (GA), an optimal configuration for a set of 8 magnetic field
source locations was obtained, leading to a 27% improvement in heat transfer compared
to the absence of a magnetic field.
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x=0,y=0
i":
Magnetic Dipole
X
(b) oo7,0 o
ay

uT, [ -
0 Isothermal Surface T=T,

Y,
-—Xi ] a [0 Magnetic Dipoles

1

Figure 1.12. Sketch of the geometry [34].

Servati et al. [35] investigated forced convection heat transfer (Al.Os—water) nanofluid through
a pipe partially filled with porous media and exposed to a constant magnetic field. Lattice
Boltzmann technique was used to solve the system of equations. They examined the effect of
various values of Hartmann number (0<Ha<15) and volume fraction (0%<¢<7%) on the rate of

heat transfer, and they revealed that:
« Increasing Hartmann number causes a slow improvement in the Nusselt number.

o There is no significant effect of Hartmann number in the porous zone.
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Figure 1.13. Schematic of the problem studied [35].

Mohsenian et al. [36] studied analytically convective heat transfer within an annular channel
influenced by a horizontal magnetic field. They studied the impacts of Reynolds number
(0 < Re < 4), Hartmann number (0 < Ha < 8), Eckert number (0 < Ec < 0.4), radiation parameter

(0 <Rd < 10), and the aspect ratio (0.5< ri/r2<0.8). They revealed that increasing the Hartmann

number for a given Reynolds number improves the heat transfer.
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Inner Wall
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T, : inner wall temperature

-
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Figure 1.14. Sketch of the geometry [36].
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Hatami et al [37] studied experimentally forced convection heat transfer of FesOs—water
nanofluid through a uniform heated horizontal tube. They studied the effect of Hartmann
number (33.4 x 10 <Ha <136.6 x 10~%) and nanoparticle concentrations (0%< $<1%) on heat
transfer characteristics. They found that boosting the Hartmann number reduces the Nusselt
number by 25%.
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Figure 1.15. Schematic of the experiment [37].

Liu et al. [38] conducted a numerical study on laminar forced convection of a (Cu/water)
nanofluid within two coaxial cylinders. Both the outer and inner walls were subjected to a
constant heat flux, with a porous grid applied to these walls. Finite volume method was used to
solve the system of equations. The simulation explored two different geometries, where in the

second geometry, the porous grid extended radially. The study varied the Reynolds number
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from (10<Re<100), volume fraction from (0% <¢< 5%), and porosity at 0.5 and 0.9. Their
results found that:

o The highest value of Nusselt number was attained with the second geometry and a
porosity of 0.9, compared to 0.5.

« Increasing the volume fraction at high Reynolds numbers did not significantly enhance

heat transfer.
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Figure 1.16. Sketch of the problem studied [38].

Moghadasi et al. [39] studied numerically laminar forced convection enhancement of (AlOs-
CuO/water) hybrid nanofluid through a U-shape pipe embedded in a porous medium exposed
to a constant heat flux. Ansys Fluent software was used to solve the system of equations. The
nanofluid flow was treated as a two-phase flow, and the Darcy-Brinkman-Forchheimer model
was utilized to model the fluid movement within a porous medium. They evaluated the effect
of volume fraction (0%<¢<5%), Darcy number (10“<Da<10?), and porous thickness ratio
(0<rp<1) on average Nusselt number, pressure drop, and performance evaluation criteria PEC.
Their findings revealed that the highest PEC was achievable with permeable porous media (Da
= 0.1 and rp = 0.8). Furthermore, among the other nanoparticles tested, CuO provided the

greatest enhancement.
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Figure 1.17. Sketch of the problem studied [39].

Siavashi et al. [40] investigated forced convection heat transfer of (alumina/water) nanofluid
inside an annulus using porous ribs to improve the heat transfer. The annulus’s inner and outer
walls were subjected to a uniform heat flux. The emplacement of the porous ribs was evaluated
in two cases: they are attached to the inner wall of the annulus in the first case, whereas they
are attached to the outer wall in the second case. The simulation was conducted using Ansys
fluent 16 software, based on Finite volume method for different volume fraction values varying
from 0 to 5%, and two values Darcy number Da 0.1, 0.0001. They found that the emplacement
of the porous ribs on the inner wall enhances the performance number (the ratio of heat transfer
enhancement over pressure increment, PN) rather than using theme at the outer wall, which

increases unity less.
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Figure 1.18. Sketch of the problem studied [40].
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Talesh Bahrami and Safikhani [41] numerically studied the improvement of mixed convection
heat transfer through an eccentric annulus by placing a porous layer on the inner rotating wall.
The inner cylinder was cooler than the outer one. The simulation was carried out using ANSYS
FLUENT 15.0 software for various value of Richardson number, Rayleigh number, Darcy
number, the eccentricity, and the inner wall peripheral location. Their results showed that as the
Rayleigh number increases, the effect of the porous media insert becomes very significant.

Furthermore, the heat transfer was enhanced with a high value of Darcy number.

Fixed cylinder

Porous medium

Figure 1.19. Sketch of the geometry [41].

Nejad et al. [42] performed a numerical investigation on the heat transfer of Al,Os—Cu/water
hybrid nanofluid through a copper metal foam subjected to a constant heat flux. They studied
the effect of Reynolds number, nanofluid concentration, porosity, number of pores per inch PP,
and Prandtl number. The simulation used a single-phase approach to model the nanofluid flow.
They found that the increase in Reynolds number, volume fraction, PPI, and Pr increases the
Nusselt number, while the increase in porosity decreases it. Furthermore, new correlations were

proposed for fixed and variable porosity.
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Figure 1.20. Schematic of the geometry studied [42].

Kuharat and Bég [43] simulated the convective heat transfer of different nanofluid types, CuO,
TiO2, and Al20s3, through an annular solar collector. The inner tube includes pure water, while
the annulus region includes nanofluid. The simulation was carried out using Ansys Fluent
software. The radiative heat transfer was included using the Rosseland radiative model. Their
analysis has shown that the highest temperature was achieved for copper oxide nanofluid,

followed by titanium oxide, and the lowest temperature was achieved for aluminium oxide.

Water in core space [ Uni-directional
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Gravity
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external glass tube
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Figure 1.21. The geometry studied [43].

Peng et al. [44] simulated nanofluid flow in an axial magnetic field considering radiation impact

and viscous dissipation in a horizontal concentric pipe. The fourth order solved the basic

equations of the Rang Kuta scheme, and the Rosseland model was used to model the radiative

heat transfer. They studied the impact of the Reynold number, Hartman number, radiation

parameter, and aspect ratio. Their results were validated by Aberkane et al [45]. They found
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that increasing the radiation parameter and Hartman number reduces the velocity and
temperature boundary layer thicknesses. Conversely, rising Eckert and Reynolds numbers

cause an augmentation in the thicknesses of the velocity and temperature boundary layers.

Figure 1.22. Geometry studied [44].

Ahmed Faiq Al-Alawy [46] performed numerical analysis of forced convection heat transfer
using Cu/Engine oil nanofluid through an annular duct. The upper and lower surfaces were
subjected to a uniform temperatures Tn and T¢, respectively. The simulation was performed
using COMSOL 3.5 software. They reported that both temperature and velocity profile decrease
with the rise of nanoparticles volume concentration due to increased viscosity. In contrast, the
heat transfer coefficient increases due to the enhanced thermal conductivity that overcome the

reduction in gradient.

Siavashi Majid and Jamali Mohammad [47] studied heat transfer and entropy generation of
(Al.Oz/water) through an annulus duct subjected to a uniform heat flux. Their goal was to
determine the optimum radius ratio that maximizes the heat transfer and minimizes the entropy
generation. The simulation was conducted for different volume concentrations, Reynolds
numbers, and thermal boundaries. Two different approaches were used to model the entropy.
Their results found that the optimal radius ratio for increasing the Nusselt number while
decreasing entropy generation is influenced by the thermal boundary conditions, Reynolds

number, and nanoparticle volume fraction.
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Figure 1.23. Sketch of the problem studied [47].

Shahsavar et al. [48] studied heat transfer and entropy generation of (CNT-FezO4/Water) inside
a 2D annulus pipe exposed to a uniform heat flux on both walls. Their investigation was to find
the optimum cases which give high heat transfer coefficients and low entropy generation by
varying the radius ratio 0.2<r*<0.8 and the volume concentration of (0.5< Fe304 < 0.9), and
(0.1 <CNT< 1.1). The simulation was carried out using the Finite volume approach, and the
neural network method that used a genetics algorithm to find the optimum case. They found

that the optimum case was achieved for phi1=0.8, = 1.1 and r*=0.2.

R AR

q

TTTTJT?TTﬁTTTTTTT

Inner wall

Figure 1.24. Sketch of the problem studied [48].
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I11.1. Introduction

This chapter will present two applications outlined below, providing detailed insights into each

configuration’s physical models, governing equations, boundary conditions, and hypotheses.

» The first application involves a three dimensional investigation of mixed convection
and entropy generation using binary and ternary hybrid nanofluids. This investigation
will be conducted through a straight annulus duct exposed to a uniform heat flux and
magnetic field utilizing the FORTRAN code.

» The second application focuses on a three dimensional investigation of forced
convection heat transfer and entropy generation of binary and ternary hybrid nanofluid.
This analysis will be carried out through a wavy annulus duct exposed to a uniform heat

flux and a non-uniform magnetic field utilizing Ansys-Fluent software.

Additionally, we will establish dimensionless parameters to transform the equation system into

a dimensionless form.

11.2. Physical Model
11.2.1. First Application

In this configuration, mixed convection heat transfer and entropy generation through a
permeable annulus exposed to both uniform heat flux and magnetic field are studied. The
geometry sketch is illustrated in Figure 11.1; it includes two horizontal concentric cylinders;
the inner cylinder diameter Di=5 mm, while the outer cylinder diameter Do,=10 mm, thus
resulting in a radius ratio of ro/ri=2. The exterior wall is exposed to a constant heat flux, while
the inner wall remains adiabatic. The nanofluid enters at constant velocity and temperature vo
and To. A FORTRAN code based on finite volume technique is used to solve the system of
equations. The control parameters are Re=800, (0<Ha<50), (10<Da<10?), (7.5x10°<Gr<10°),
and (0%=¢<5%).
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Figure I1. 1. First configuration schematic.

The hypotheses forming the basis of this configuration are as follows:

Single-Phase Approach: The system is approached from a single-phase perspective,
neglecting multiphase complexities.

Unsteady State in 3D Cylindrical Coordinates: The problem is conceptualized as an unsteady
state scenario, accounting for three-dimensional cylindrical coordinates to capture the system's

temporal and spatial variations.

Porous Media Characteristics: The porous media within the annulus are treated as saturated,

homogeneous, and isotropic, streamlining the analysis of fluid flow and heat transfer.

Neglect of Viscous Dissipation and Joule Heating: This study disregarded the influence of
viscous dissipation and Joule heating, focusing primarily on convective heat transfer and
magnetic field interactions.

11.2.2. Second Application

In this configuration, forced convection and entropy generation through a wavy porous annulus
exposed to a uniform heat flux and a non-uniform magnetic field is studied. The geometry used
in this investigation is shown in Figure I1.2, which includes two concentric wavy cylinders.
The exterior cylinder is exposed to a constant heat flux, while the inner cylinder is adiabatic.
At the inlet to the annulus channel, the hybrid nanofluids are assumed to have a constant
temperature To and velocity vo. Joule heating and viscous dissipation are considered. A single-
phase approach and thermal equilibrium are assumed. A non-uniform magnetic field is enacted

on the outer heated wall in the radial direction, with variations in its application across four
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scenarios depicted in Figure 11.3. In the scenario of full magnetic field application (FMF), it
permeates the entire outer wall throughout the domain. Conversely, for partial magnetic field
application (PMF), the domain is divided into four distinct sections. In the first scenario, the
magnetic field is applied to two zones: one at the initial section and the other at the midsection.
In the second scenario, it is solely applied at the midpoint of the duct. Finally, in the third
scenario, it is applied to a midsection and a section close to the outlet. A computational fluid
dynamics (CFD) solver based on Finite volume technique is used.
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Figure I1. 2. Second configuration schematic
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Full magnetic field (FMF) Partial magnetic field (PMF): scenario 1

Partial magnetic field (PMF): scenario 2 Partial magnetic field (PMF): scenario 3

@&

e

Figure I1. 3. Schematic illustrating different scenarios of magnetic field application.
11.3. Governing equations

The convection phenomena coupled with the magneto-hydrodynamics are governed by the
general equations of mass, momentum, and energy conservation, with Ohm’s law and Maxwell

equations for magnetic field application.

e Conservation of mass,

dp  19(pru) 10d(pw)  9d(pv)
wtr ar trag Tz O (1. 1)
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e Conservation of momentum in radial direction

ou 10 10 w?
+ ——(ruu) + ——(uw) + —(uv) -—
a ro r
[ (6u> 16(6u)+8(6u) u 20w
TR 236\96) T 92\0z) "7z 72099) T PIr
U
—gutE (11.2)
e Conservation of momentum in angular direction
(6W+16( )+ ( )+0( )+ W>
P\ar 770 ag """ Tz Y
(aw 10 6W> a(aw w 2 0u
”[rar )+ 7255 (55) + 3 (5) 72+ 720 + 090
U
— W+ Fo (11.3)
e Conservation of momentum in axial direction
av+ 10 N 10 N 0
ot trar Tuw) Fogg wo) 5, (vv)
[ ( (’)v) 10 <6v>+ 0 6W)] u
TR o 296 \06 az(az K"
+FZ (11.4)
Where F represent the Lorentz force which is given as follows
F=]xB (11.5)
(11.6)
(11.7)

f: O-thnf(E + I_/ X §)
V2B + (B.V)V

V.V)B =
( ) UOo-thnf

e Energy equation,
The energy equation considering the viscous dissipation and joule heating is given as follows
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a—T+ %i(ruT) + li(WT) + —(UT)

ot
[ (6T)+1 6(6T)+6<8T>]+¢
pC ror\ or) r200\a6) " 9z\oz

2
W

o

(I1.8)

Where @ represents the viscous dissipation term;

6=2 (au)2+(1aw+u)2+(av) N ( a(w)+1au> N (16v+aw>2
— “H\5r 96 7 az) | TH\ oy T 06 796 " 0z

N (au 017)2 119
Moz " ar (11.9)
e The boundary conditions

At the duct’s inlet:

z=01n<r<n0<0<2n:u=w=0v=v,T =T, (11.10)
At duct’s outlet

au ow v a (0T
z=Ln<r<n0<60<2m:=20=2=2(0) = (11.11)
At the outer wall
oT

r=r0,0S9SZn,OSzSL:u=w=v=O,qw=k5E (11.12)
At the inner wall

r=r,0<0<2m0<z<Lliu=w=v=k =0 (11.13)

The systems of equations using in this study is transformed into the dimensionless form using

the following parameters:

r* =r/Dy,z" =z/Dy, u =u/vy, w =w/v,, v =v/vy,t" = vyt/Dy,

P T—T voD D} C
bt = oo T =T) ,Re:pth'Gr:gb’quzh'Pr:uf Pr.
Phnf Vo qQwDn/knns Ur keve kr
Ha =B,D, |2, Da=— (I1.14)
a = -, a =— .
0Yh ,uf Dﬁ
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11.3.1. First configuration
The systems of equations used in the first configuration is given as follows:

Conservation of mass,

1 9(r*u*) N 1 ow* N v 0 1115
r* or* r* 00 = 9z* (I1.15)

Conservation of momentum in radial direction,

6u* 1 S 10 oW
ar *a T 00 v
(Pﬁ)hnf hnf/ r H
= — cosOT* + ———— (v siny cos u*cos“y)
07”* Prns Re? Prns/Ps R Veosy - v
1 *
Re Dau
+uhnf/uf 1 [1 0 ( 0u>+ 1 0 <6u*>+ 0 <6u*> u*
Puns/ps Re Lr*or*\" or*) r*2960\06 0z*\dz*) r*?
2 ow”
= (I1.16)
Conservation of momentum in angular direction,
6w*+ 1 6 . 10 6 uw*
at* r* r* o *
1 Op*  Opng/op Ha® | 5 . 1 .
30 Pun /7 R (w*cos“y + w'sin lp)_ReDaW
Gr
. ('D'B)hnf—zsineT*
phnf Re
+u,mf/,uf 1 [1 0 <*6w*) 1 0 (aw*)+ 0 <6w*) w*
Pnns/ Pr Re lr* or* " ar) T 239\ 00 dz*\dz*/) r*?
2 ou”
-y (11.17)
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Conservation of momentum in axial direction,

ot rrar otV T az*(vv)
op*  Opnr/0r Ha? 1
=% hny /O (u* siny cosp — v*sin®y) — v’

0z*  ppns/pPs Re Re Da

+thf/uf 1 [1 0 ( *av*)+ 1 0 (av*)
Prns/Pr Re lr* or* " or) T 290\ 90
o (ov*
5 (52°)| a1.16)

Conservation of energy,

oT* 1 10 0
uT)+——W'T") +

ot Tror 00 9 0T =

kpns/ks 1 [1 d (*aT*)+ 1 0 (6T*)
(PCP)png/(PCP) s Re Pr Lr* or* " o) T 230\ a0

+ 9 <0T*)] 11.19
0z* \dz* (11.19)

The initial and boundary conditions are follows:

t"=0u"=w"=v"=T"=0 (11.20)

t*>0

zZ7=0ur=w"'=T"=0,v"=1 (11.21)
" = 100 Ju" ow" odv* 0 (6T*> _ 1122

2 =09 T 9z 0z 9z \oz) (11.22)
y=05u"=w"= *—OaT*—O 11.23
i =05u =w =vT=0,o—2= (11.23)
F=1u" = *—*—OaT*—l 11.24

TO_’u_W_v_'ar*_ (I1.24)

11.3.2. Second configuration

The system of equations used in the second configuration is given as follows:

Conservation of mass,

1d(r*u”) N 1 ow* N v" 0 1125

r*  or* r= 90 = 0z* (11.25)
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Conservation of momentum in radial direction,

19 .. 19 a L we
r*a * *ae *
ap* Gr
__9p (Pﬁ)hnf cosOT"

ar* Phnf Re?2
1 0 ou* 1 0 sou” Ja (ou” u
+M—[—*—*<T* *>+ *2_(_)+ ( *>— 2
Prns/ Py Relr* or ar r*200\ 00 d0z*\0z r
2 ow” 1 . O-hnf/o-f Haz

r*2 060 ReDa " Prns/Pr Re

(" xB") (11.26)

Conservation of momentum in angular direction,

a * *
(r

1
r*or*

a9 "

1 dp* G
_Li0op (Pﬁ)hnf r <inoT*
r* 00 Prns Re?

*

+uhnf/,uf 1 0 (*aw*) 1 0 <6w*>+ 0 <6w*> w
Puns/ Pr Re rar\" ar r*206 \ 00 d0z*\dz*/ r*?
2 ou* 1 N O-hnf/o-f Ha?

72 90] ReDa” Prnr/Pr Re

(J* x B) (11.27)

Conservation of momentum in axial direction,

6v*+ 1
ot*  r*or*

EE * 0k

r*00

_ op” +,uhnf/,uf 10 ( 6v)+ 10 (av*>+ 0 (617*)]
0z*  punr/pr Relr* r* or* ar* a0 dz*\oz*

r*200

1 . O-hnf/o-f Ha
- v
Re Da Prns/Ps Re

(J* x B) (11.28)
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Conservation of energy,

6T*+1 0 o *T*)+1 6( T 4 0
ot* r*or* ru r*00 w 0z*

@' =

knns/ kg 1 [1 d (*aT*)_I_ 10 <6T*>+ d (E)T*)]
(PCP)pnyg/(PCP) ¢ Re Pr Lr* or* ") T 239\ a0 dz* \dz*

Br ou*\? 1 0w*  u*\? Av*\*
+ 2(G7) + o 7) +(57)
(PCP)hnys/ (PCP) s Re Pr or* r* a6 r* 0z*
N ( , 0 (w*) N 16u*)2 N (1 ov* N 6W*)2 N (au* N 617*)2
r or* \r* r 00 r*d0  0z* 0z*  Or*
Onng/ OF Br Ha?
(pCPInns/ (PCP) s Re Pr

(V* x B*) (I1.29)

The initial and boundary conditions are follows:

w=w'=v"=T"=0 (11.30)
zZ'=0u =w"=T"=0,v' =1 (11.31)
*_1006* aw*_av*_ 0 <0T*)_ 1132
2= T8 T 9z \oz (11.32)
F=05u"=w"= *—OaT*—O 11.33
i =05u =w =vT=0,o—2= (11.33)
T =1lLut=w" = *—OaT*—l 11.34
ro—,u—W—v—,ar*— (I1.34)

Thermophysical properties

The thermophysical properties of the base fluids and nanoparticles used in this study are
illustrated in Table 1.1

Table Il. 1. The thermophysical properties of the solid nanoparticles and the base fluid

[10,32,49].
Properties Water Kerosene TiO2 CNT Graphene
p(kg/m?) 997.1 783 4250 2100 2200
Cp (j/kg K) 4179 2090 686.2 410 790
B(K1)x10° 21 99 2 9 -0.8
k (W/m K) 0.613 0.145 8.9538 3007.4 5000
o(s/m) 0.05 6x10° 2.6x10° 5x10° 107
i (kg/ms) 0.000855  0.0024 - - -
Shape - - Spherical Cylindrical Platelet
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The density, heat capacity, and thermal expansion of the binary and ternary hybrid nanofluids
are established as follows:

{phnf = (¢ri0,Pri0, + PcnTPcNT)/ P (11.35)
Pthns = Prio,Prio, T PeNTPNT T PoraphenePeraphene + (1 — @ )ps

{ (Pcp)hnf = (¢rio, (pCP)Tioz + ¢CNT(PCp)CNT)/¢ (11.36)
(Pcp)thnf = ¢rio, (pcp)Ti02+¢CNT(pCp)CNT + PGraphene (PCp)Gmphene +(1-9¢)p .

{(P,B)hnf = (Prio, L) 1io, + Penr(PB)ent)/ P (11.37)
B thnr = brio, L) rio, T Pent(PB)ent + Porapnene (PB) craphene + (1 — @ )ps

The Dynamic viscosity of the nanofluid is determined using Timofeeva et al model [15]:

tng/ur =1+ Ap + Bp? (11.38)

Spherical shape:

npi/ly =1+ 2.5¢ + 6.2¢? (11.39)

Cylindrical shape:

U2/t = 1+ 13.5¢ + 904.4¢)> (11.40)

Platelet shape:

ngz/lr = 14 37.1¢ + 612.6¢> (I11.41)

The dynamic viscosity of binary and ternary hybrid nanofluids are calculated as outlined below:

{.thf = (@rioHnr1 + Penrling2) /P (11.42)

Utpnf = (quiOZ:unfl + ¢CNT:unf2 + ¢Graphene.unf3)/¢

The thermal conductivity of nanoparticle shapes is provided by the Hamilton-Crosser model
[17]:

kny  kp + (n— Dy + (0 — Dk — kp)

= 11.43
Spherical nanoparticle shape :
knpi  Krio, + 2kp + 2(krio, — kf) (1. 44)

ke krio, + 2kp — p(krio, — kf)
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Cylindrical nanoparticle shape:

kngs  kent + 3.9k +390kenr — k)

= 11.45
Platelet nanoparticle shape:
knf3 _ kGraphene + 4‘-7kf + 4‘-7(kGraphene - kf) (” 46)

kf a kGraphene + 4‘-7kf - ¢(kGraphene - kf)

The thermal conductivity of binary and ternary hybrid nanofluids with different nanoparticle

forms are computed in the following manner:

{khnf = (Prio,kns1 + denrkng2) /P (1. 47)
kthnf = (¢Ti02knf1 + ¢CNTknf2 + ¢Grapheneknf3)/¢ .
The electric conductivity is computed by utilizing Maxwell model [16]

3 -1
Onf _ 14 (95/27 — 1) (11.48)
of (0p/05 +2) = (0p/0f — 1)

The electric conductivity using distinct nanoparticle forms is determined as outlined below:

{ahnf = (¢ri0,0nr1 + PcnrOns2) /P (I1.49)

Othnf = (¢Ti020nf1 + ¢CNTUnf2 + ¢Grapheneanf3)/¢

onf1, onf2, and onfs refer to the electric conductivity of the nanofluid with spherical, cylindrical,
and platelet nanoparticles, respectively.

The total volume fraction is given as follows:

¢ = ¢Ti02 + ¢ent + ¢Graphene-

11.4. Nusselt number

The axial Nusselt number is calculated according to the following equation [23]:

oT”
khnf (W)r*zrg

Nu(6,z) = — 11.50
ke (16,2 -T;@) r-50)
Where the bulk temperature is given as follows:
1 21
v(r*,0,z)T*(r*,8,z")r*dr*do
Ty () = fo.s fo ( )T ( ) (11.51)

fol.s fozn v*(r*6,z°)r*dr*dé

46



Chapter II. Mathematical modeling

The average Nusselt number is calculated as follows:

27T

L
1
Nug, = —Lff Nu(0,z*)d0dz" (11.52)
0 0

11.5. Skin friction coefficient

T
Cro=7—— (11.53)

1 2
7 PrnfVo
11.6. Pressure drop

Ap = Paylz, — Pavlz, (11.54)

The position of z; and z» is selected near the inlet and the outlet of the duct, respectively.

11.7. Entropy generation

The total entropy generation is computed as [50]:

Stor = Stn + Sqr Sy’ (11.55)
g knng <6T)2 N (1 6T>2 N (6T>2 1156
th = 12 |\or r 00 0z (11.56)
2 2 2 2 2
R T <6u> (1 ow u) (61)) ( 0wy 1 au) (1 ov GW)
=—~12l(— —— 4= — — (=) +=-—— —
Sir T { [67‘ + r66+r + 0z + rar(r)-l_ra@ + r69+6z
ou av\> 1
i (12 2 2
(6z+6r> +K(u +w +v)} (11.57)
"r hnf 0
Sy = T(W + (ucosy + vsinp)?) (11.58)
StOt = f St,'(’),t dV (II. 59)

The non-dimensional entropy generation is computed as:

2

g _ knng <6T*)2 N (1 OT*) N (aT*)Z 1160
T ke [\or r* 90 9z* (11.60)

47



Chapter II. Mathematical modeling

2

*

<6u*>2 N (1 ow* N u)z N (av*)z +( , 0 (w >+ 1 au*>
or* r* 06 r az* r or* \r* r* 00

*Ir! l’th
Sfr =X o {2

Hr
+ (1 v + aw*)z + (au* + av*>2 + . W2 +w*? +v*?) I1.61
r 96  0z) " \az or) "Da "7 TV (r.61)
" O-hanaZ 2 . 2
Sy = )(O_—(W* + (u*cosy + v*siny)*) (11.62)
f
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Chapter Il Numerical resolution

I11.1. Introduction

In this chapter, we explore the numerical methods employed to solve the final form of the
mathematical models, which are derived from the specified physical models. These models are
represented as a set of nonlinear partial differential equations. Such complex equations require
numerical techniques for their resolution, as analytical methods are not feasible. The primary

numerical method discussed is the finite volume method.

» The first application uses FORTRAN code to solve the discretized equations. The
detailed procedure starts with the description of the mesh, and all conservation equations
are integrated into a single general transport equation that is then discretized. The mesh
test and the code validation are discussed to assure the validity and accuracy of the
results.

» ANSYS-Fluent software is employed in the second application, and the methodological

steps are similarly detailed.

111.2. Resolution methods

In tackling the complexities of fluid behavior, three different methods have been used to solve
fluid dynamics problems: analytical, experimental, and numerical. Analytical methods involve
deriving mathematical equations to describe fluid behavior, experimental methods employ
physical experiments for observation and measurement, while numerical methods utilize
computer algorithms for simulation and analysis. In the following diagram, the advantages and

disadvantages of these methods are described:

Resolution methods

' ' '

[ Analytical method J Experimental method [ Numerical method ]

Y

Y
/- Exact solutions \ /-Direct observation \\ /-Suitable for complex, \

. . . , , non-linear problems
- Suitable for idealized -High costs and time- P
scenarios consuming -Detailed data
-Limited to simple -Limited control over - May requires
models environmental factors computational

o AN AN J
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111.3. Numerical methods

Numerical methods in fluid dynamics encompass a range of techniques used to solve the
governing equations of fluid motion. Three different methods have been widely used in fluid
dynamics: the finite element technique, the finite difference technique, and the finite volume
technique. The numerical approach used is determined by several factors, such as the problem's
complexity, boundary conditions, required accuracy, computational resources, and the specific
objectives of the analysis or simulation.

» Finite element method (FEM)

FEM discretizes the domain into finite elements connected by nodes. It approximates the

solution within each element using basis functions and solves for nodal values.
» Finite difference method (FDM)

FDM approximates derivatives in the governing equations using discrete differences. It divides

the domain into a grid and computes the values of variables at grid points.
» Finite volume method (FVM)

In our current study, we have chosen the finite volume method. FVM was created by Patankar
[51]. It discretizes the governing equations by integrating them over control volumes. This
method offers conservation of mass, momentum, and energy within each control volume. In the
first application, FORTRAN code based on the finite volume method was used, and in the
second application, ANSY S-Fluent software was used.

111.4. Finite volume method procedure

Discretizing the transport equation using the finite volume method (FVM) involves several
steps to convert the continuous differential equation into a set of algebraic equations that can

be solved numerically.

111.4.1. Domain discretization

The computational domain, defined by (ri/Dn<r*< ro/Dn), (0<0<2m), and (0<z*<L/Dy) along the
radial, angular, and axial direction, respectively, is divided into a set of finite volumes. Each
volume has dimensions given by AV=rArA0Az. Figure I11.1 shows the 3D numerical domain;
the center is associated with node P and is bounded by six faces: the north and south radial
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centers N and S, respectively. The east and west angular centers with E and W, respectively,
and the top and bottom axial centers with T and B, respectively. Scalar quantities such as
pressure and temperature are stored at the centers of the control volumes, whereas vector

quantities like velocity are stored on the faces.

-~

N
E@-..
~ \P'
3 ———— — B
r@--A--—11-®- *
I \
! \
\
W
\
/ \

Figure 111. 1. Control volume.
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(@)

i+1

dry = dr(i)

drs = dr(i-1)

i-1
do. = do(k) do,, = do(k-1)
(b)
dry = dr(i) [
]
drs = dr(i-1) A

dzy = dz(j-1) dz: = dz(j)
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d@e:dG]k)-...

I -
dzy = dz(j-1)

dz; = dz(j)

Figure 111. 2. Projection of the finite volume along a: (r,0) plane, b: (r,z) plane, and c: (6,2)

plane.

111.4.2. Discretization of the energy transport

The transport equation, commonly called the convection-diffusion equation, is a fundamental

partial differential equation (PDE) in fluid dynamics and heat transfer. It describes how mass,

energy, or momentum is transported in a flow field due to convection and diffusion processes.

The general form of the transport equation for a scalar quantity ¢ (which could represent

temperature, concentration, etc.) in a fluid is given by:

d(pyp)

Jt

Where:

p : Fluid density

+ V.(pVe) = V.(ILVp) + Q¢

¢: Transported scalar quantity

V: Velocity field vector
L: Diffusion coefficient

Q: Source term

53
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On the left side of the transport equation, the initial term signifies the transient variation of o,
and the following term indicates the convective transport of ¢. On the right side, the initial term
pertains to the diffusion component. The subsequent term represents the source term that

accounts for the generation or removal of .

111.4.2.1 Temporal discretization

The discretization of the unsteady terms in the momentum and energy equations follows a
second-order scheme to ensure our results are accurate. The discretization is based on the

second-order Taylor series expansion, as illustrated in the following equations:

At 9|+ (AD)? 82|
@t = @t+at — T T + 0(At)? (111.2)
At
. (2At) DA (24)2 0%
Qt=At = gt+at _ TR TR + 0(At)? (111.3)

By multiplying equation (I11.2) by 4 and subtracting the product with the equation (111.3), we

found:

IETAL g t+At _ gt 4 pt-At

ki IR v¢re (I11.4)
ot 20t

The thermal buoyancy force in momentum equations is discretized by the Adams-Bashforth
method. We multiply equation (111.1) by 2, then subtract it from the product equation (111.2) to

obtain:

(pt+At — z(pt _ (pt—At (111 5)

111.4.2.2. Spatial discretization

The central differencing scheme with second order precision is used for spatial discretization

terms.
By using Taylor series expansion along a given direction, such as radial, we found:

% On — Pp
— =— I11.
arl, dr, (I11.6)
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111.4.3. Discretization of the governing equations

111.4.3.1. Continuity equation

t
fff[l(r*u*)_l_law*_i_av* cdr*dods” = 0 .
r* or* a0 9zl zZ= (H1.7)
w s b
en-t
1 (ru)
J.,ff‘rj 3 rrdrdfdz" = (ruy — 5'us)A0,Az ), (111.8)
w s b
en-t
1 ow”
fjf; Y r*dr*dfdz" = (w; — wy,)Ary Az, (111.9)
w s b
en-t
av*
f,ffaz* r*dr*dfdz* = (v{ — vy)r, Ar, AB, (111.10)
w s b

The final equation is derived as follows:
(mup — Wug)A,Az 3, + (We — wy)Ary Azy + (v — v,)1, Ay AB, = 0 (111.11)

111.4.3.2. Momentum equation along the radial direction

The radial momentum equation (11.16) is integrated into the control volume shifted in the radial

direction (Figure 111.3) as follows:

Transient term

enta* . 3u 4url +u?

u _

J]Jat*r*dr*dedz*=JjJ< pu ZAi’“ pu)r*dr*dedz* (111.12)
w s b w s b

Advective term

/)

t
r*ar*(ruu)r r z
b

en-t
[T
= r(ruu)
w s b

= [(2r (uni) " — 275, (usiDY) — (i (i) ® — 1, (usi) 1464z,
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0
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e

f]

t
10
f—— (w'w*)r*dr*dodz"
b

r*00
s
ent 1 0
fff( (r*u —;(r*u*w*) )T*dr*dedz* (111.14)
= [(z(ueuweu)l - z(uquvT/u)l) - ((uZuW;u)O - (u;,uWJ,u)O)]dT;AZZ
en t 1
fff—* wv)ridrrddz” (111.15)
T z*
w s b
= [(z(u;uv:u)l - Z(HZuvgu)l) - (((uguv:u)o (ubuvbu)o))] drnAeP
e nu t
w*? Wy
fjfr* r*dr*d0dz* = " dr,fAHPAZ{; (111.16)
w su b n
Pressure term
ent
ap* * * * * * * *
fff—wr dr*dfdz* = (pp — py)1mAOpAzy (111.17)
w s b
Diffusive term
e nu t i . i i
« Uyny — Upy . Upy — uSu) *
= _— ——— | AGA 111.1
| jr - Aoz = (1 M0 g S 06,025 (111.18)
w su
Trr10 10u 1wl —uby, 1 upy —
Ugy — Upy Upy — Upy
—_—— *dr*d0dz* —( _— —)A SAZ} I11.19
ffr*ae( “96 G i aods o B Taw dBy, )OTPA% UI19)
wu s b
u Uy — Upy Upy — Upy
*dr*d@dz* = - *dr, AG I11.20
ff oz (97 dr dbdz < dzp, dz,, )’”“ "n 80P (I1.20)
w s bu
en t
J r*dr*d0dz* ——dTnABPAZ (111.21)
b

J]

N
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e nu t
fff 2 W . iredodz”
T*Z 69 r ar Z
w su b
t
B f}u.f 2(2 aw*)l (2 6w*>0 fdr* 40 dz*
= 2 96 299 )| )T 4T e
w su b
Buoyancy term

e

nt
fff( fﬁnf cosH) T*r*dr*d0dz*
w b Ref ﬁnf

N

< s By 050> (2T — T30 dr; ABpAZ}

Porous medium term

en

e

w s

u*rdr*dfdz* = ReDa UpyTn ATy ABpAz,

Magnetic force term

g or Ha? oy Ha?
fff hnf/ s —u*r*dr*dfdz* = L/f upuTndTn At9PAZp
Prnr/Pr Re Prns/ Py Re
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| 2() ‘
4 § I
----------i----« ----E----------

drn=d|'(i) mes o & ee
i = I
#

drs =dr(i-1)

L 4

1
\ i

(b)

.........
........

-
T
- =
- S.
- -

dry, = dr(i)

drs = dl"(l-])

do. = dotk)  db, = dok-1)

Figure I11. 3. Projection of the shifted mesh in the radial direction along a: (r*,z*) plane and
b: (r*,0) plane.
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111.4.3.3. Momentum equation along the angular direction

The angular momentum equation (11.17) is integrated in the control volume shifted in the radial

direction (Figure 111.4) as follows:

Transient term

ew n t e n-t
ow 3wpy — +wp*8V
fffa r*dr*dfdz* —fff r*dr*d@dz* (111.26)
ww s b b
3w, — 4wl + w0
=P ZAZt)W 2 s A1y MG, AZ
Advective term
en-t
1
fff—* -(r'uut)ridrrdodz”
r*or
w s b
en-t 1 0
fjf( (ru —;(r*u*u* )r*dr*dedz* (111.27)
_ (zrr?w(u;;wwzw)l _zrstv(u;WW;w)l)] dO.Az*
- * * * 0 * * * \0 Zp
- (an (unw an) — Tsw (usw Wsw) )
e n-t
Jjjla *w)rtdr*dodz* I11.28
=730 (w*w*)r*dr z (111.28)
w s b
= [2WawwWen)' = 2wy ) — ((Weuwe)® — (Wi Wi )°) AT Az,
en-t 1
fff; p (w'w)r*dr*dfdz* (111.29)
w s b
= [(z(v;:kww:w)l - Z(U;WW;W)l) - (((U;WW;W)O (wawa)O)) Arp dQ

Pressure term

t
[-57

20"
b

e

f]

N

r*dr*d@dz* = (pp — )1 ArplAzp
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Diffusive term

en

J]

S

t
f( fﬁnfsm@) T*r*dr*d0dz*

Gr,
< f Pur o >(2 — T;O)ridriA0,AZ}

e nu t
[ [ [ rarasa
w su

* * * *
« WNw — Wpy « Wpw — Usy

(”W Al odrg,

)depAz;;

*dr*d0dz”

* * * *
_ 1 Wgw — Wpy 1 Wpyw — Wiww -
Tew deew ww deww

Jo 2 @y dre dgdz = (WTW ?’W—W'*’W‘*WEW) 1 A1 AZp

bu 9z* dz;,, dzj,,

Porous term

en

t
1 1
J]JRe r*dr*d0dz* = W W;WT;AT; d@eAZZ
b

w S

Magnetic force term

o o+ Ha2 o or Ha?
fff hnf/ i . Wrrtdr*d@dz* _L/f prrpArp dé Azp

Prns/ P Re Prns/ Py Re
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‘ : !
d6e = do(k) === 1Pt
' '
' '
T : E
Y
(T ) I A O s S

-
esedece
-

Seccedae.

/ / /
! ] / "
dzp = dz(j-1) " dz = d=(j)

(b)

dr, = dr(i

drs = tl’l‘(i-l)

df. = do(k) db. =dok-1)

Figure I11. 4. Projection of the shifted mesh in the angular direction along a: (8,z*) plane and
b: (r*,0) plane.
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111.4.3.4. Momentum equation along the axial direction

The axial momentum equation (11.18) is integrated in the control volume shifted in the radial

direction (Figure 111.5) as follows:

Transient term

JI]5

*dodz*

e n tv

3v —4v*1+v*°
fjf( dd ”")r*dr*dadz* (111.37)

w s bv

3Upy —4vpy + Vo
=% . 5 AT A6, Az}

Advective term
e

M[S bf% r*(r* v)ridr*dfdz” —fff( (ru

= [(zrﬁv(u;vv;v)l - erfv (u;vvs*v)l) - (rrfv (u;kwvr’;v)o - rs?(u;vW;v)O)]Agde;

[\
S

0
——(r )r*dr*d@dz*

t

10
f——(w*v*)r*dr*d@dz* =
b

= [(Z(W;vv;v)l - Z(W\::/vv\:/v)l) - ((W;vv;v)o - (W\:/UUJ/U)O)]Arp dz;

en-t 1
fff—* (Vv )ridridfdz" =
r*dz
w s b
= [(2(17;,17;,)1 - Z(UZvav)l) - (((U;,,U;v)o - (U;vv;v)o)) Arp AHP
Pressure term
en-t
ap* * * *

fff—az*r dr*dfdz* = (pp — pr)1 ArpABp (111.41)
w s b
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Diffusive term

e n tv

E
r*

w S

v

n t
10 1dv 1 vg, —vp, 1 vpy,— vy
— (= *d *dgd*z( ————>A SAZ}
ffr* 69 (7‘* 69 )r r z re*v deev rv:;v dHWV TP ZP

* * * *
Unv — Upy « Vpv — Usy *
rnv 0 T TsvT AHPAZP
Aty drgy

T —0

s bv

e n tv
*

;v v;v_va R
,ff_faz 6 *)r dr*dfdz* —< i s >rPArPA0P

w s bv

Porous term

e

/]

N

t
1 1
fRe eV T dr*dfdz* = ReDa VpyTy Ay AB,dz”
b
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111.4.3.5. Energy equation

The energy equation (11.19) is integrated in the control volume (Figure 111.2) as follows:

Transient term
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en-t

J..ffaz*(az*)r dridgdz” = dr,  dr; TpATPAGP (11.52)
¢ b
w s b

111.4.4. Discretization of the boundary conditions

All the boundary conditions on the velocity, temperature, and heat flux are transformed to a

discrete form according to the grid.

111.4.4.1. At the inlet of the annular duct

The numerical domain at theinlet: j = 1,1 <i <IL,1 <k <KL
e Axial velocity: v*(r*,6,0,t") =1

The general form of the equation is given as follows:

Ap(L,j, kv (i), k)
= Ay(i,j, v (i + 1,5, k) + As (i, j, k)v* (i — 1,j, k)
+ Ap(i,j, )V (i, j, k + 1) + Ay (i, j, K)v*(i,j, k — 1)
+Ar(4j, v (4 j + LK) + Ag(i,j, kv (i,j — 1,k) + S,(i,j, k) (I11.53)

Which should be written as:

1070, j,k) = 00" (i + 1,/,k) + 0v*(i — 1,/, k) + Ov*(i,j, k + 1) + 0v*(i,j, k — 1)
+0v (i, j+ Lk) +0v*(i,j — Lk) + 1 (111.54)

e Radial and angular velocity: u*(r*,0,0,t*) = w*(r*,0,0,t*) =0

1w (i, j,k) = 0w (i + 1,j,k) + 0u(i — 1,j,k) + 0u*(i, j, k + 1) + 0u*(i, j, k — 1)
+0u (i, j+ Lk) +0u*(i,j —Lk) +0 (I11.55)

w*(Q,j,k) =0w (i +1,j,k)+0ow* (i —1,j,k) +Ow*(i,j,k + 1) + Ow*(i,j,k — 1)
+ 0w (i, j+ 1,k) + 0w (i,j — 1,k) + 0 (I11.56)

e Temperature condition: T*=0

1T*(i,j,k) = OT*(i + 1,/,k) + OT*(i — 1,j, k) + OT*(i,j,k + 1) + OT*(i, j, k — 1)
+0T*(i,j + 1,k) + 0T*(i,j — 1,k) + 0 (I111.57)
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111.4.4.2. At the outlet of the annular duct
The numerical domain: j =JL,1<i<IL, 1<k <KL

ou* __ov* __ow”

e Radial, axial, and angular velocities: 5 =0

z*lz=100  02*lz7=100 92" lz7=100
Velocity is discretized using first-order backward finite difference scheme:

w*(i,JL, k) —u*(i,JL — 1,k)

dz*(JL — 1) =0=u"(i,JL, k) =u*(i,JL —1,k)

v*(i,JL,k) —v*(i,JL — 1,k)
dz*(JL — 1)

=0=v*(i,JL k) = v*(i,JL — 1,k)

w*(i,JL, k) —w*(i,JL — 1,k)

dz*(JL — 1) =0=>w"(i,JL,k) =w*(i,JL—1,k)

Where the coefficients are given as:
Ap(i,j, k) =0 AB(i,]L, k) =1
Ay(i,JL, k) = Ag(i,JL, k) = Ag(i,JL, k) = Ay (i,JL, k) = A;(i,JL, k) = Ag(i,JL,k) =0

S(@i,JL, k) = 0 (111.58)

=0
z*=100

. a (oT*
e Temperature condition: ( )
dz* \oz*

It is discretized using first-order backward finite difference scheme:

T*(i,JL k) = T*(i,JL—1,k) T*G,JL—1,k) —T*(i,JL—2,k)
dz*(JL — 1) B dz*(JL — 2) a

The coefficients are given as:
AP(l,],k)zl AB(l,]L,k)zl
Ay(i,JL, k) = Ag(i,JL, k) = Ag(i,JL, k) = Ay (i,JL, k) = A;(i,JL, k) = Ag(i,JL,k) =0

S@i,JL, k) = T*(i,JL — 1,k) = T*(i, JL — 2, k) (111.59)
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111.4.4.3. At the interior cylinder

The numerical domainis: i=1,1<j<JL, 1<k <KL

e Radial, angular, and axial velocities, only the coefficients Ap are equal to 1

=0

o Adiabatic cylinder (M)
r=r;

ar*

It is discretized using first-order backward finite difference scheme:

T*(]-’]’ k) - T*(ZI_]) k)
dr*(IL)

=0=>T'(Lj,k) =T"(2,j,k)

The coefficients are written as:

Ap(1,j,k) =1 As(1,j,k) =1

Ap(1,),k) = Aw(1,j,k) = Ar(L,j,k) = Ap(L,j,k) = 0

S(1,j,k) =0 (111.60)
111.4.4.3. At the exterior cylinder

The numerical domainis: i =1L, 1<j<JL 1<k <KL

e Radial, angular, and axial velocities: only the coefficients Ap are equal to 1

=1

e Heat flux (—aT*(r’e’Z't)
r=r,

aor*

It is discretized using first-order backward finite difference scheme:

T*(IL,j,k) = T*(IL = 2,j,k) _
dr*(IL) B

1= T*(IL,j, k) = T*(IL — 2,j,k) + dr*(IL)

The coefficients are written as:
Ap(IL,j, k) =1 Ag(IL,j, k) =1
Ap(IL,j, k) = Ay (L, j, k) = Ar(IL,j, k) = Ag(IL,j, k) = 0

S(IL,j, k) = dr*(IL) (I111.61)
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111.4.5. Solution algorithm

Patankar's SIMPLER technique (Semi Implicit Pressure Linked Equation Revised) [51] is used

to solve the discretized equation systems for velocity, pressure, and temperature fields.
The key steps involved in the SIMPLER algorithm are:
1. Guess an initial pressure field P* and velocity fields u*, w*, v*.

2. Solve discretized momentum equation with assumed pressures and generate pseudo-

velocity fields u®, wh, v/,

3. Calculate mass source terms from the pseudo-velocities and use them in the corrected

equation of pressure.
4. Solve the new equation to calculate the corrected pressure P'.
5. Modify the pressure and velocity fields using the new corrected equation.
6. Solve the discretized energy/temperature equation using the updated velocities.

7. Treat the updated pressure and velocities as new guesses P*, u*, v*, w* and repeat from

step 2 until convergence.

111.4.6. Solution of the discretized equations

The resolution of the algebraic equations is achieved using an iterative approach along radial,

angular and axial directions.

111.4.6.1 Thomas Algorithm

The Thomas algorithm, also known as the tridiagonal matrix algorithm (TDMA), is a simplified

form of Gaussian elimination used to solve tridiagonal systems of linear equations.

The tridiagonal system has the form:

a;Xi_q1 +bix; + cixiz1 = d; fori=1,IL (1. 62)
Where a;, bj, ci, and d; are known coefficients:

a; = Ap(i,j, k)
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bi = AN(i'jJ k)
Ci = As(i,j, k)

d; = Ar(i,j, k) (i, j + 1,k) + Ag(i,j, k) o(i,j — 1,k) + Az (i, j, k) ¢(i, j, k + 1)
+ Aw (@, ), k) 0(,j, k — 1) + S, (0, ), k) (111.63)

111.4.6.2. Mesh test

It is essential to perform mesh independence tests in CFD simulations to guarantee that our
results are not significantly influenced by the grid resolution and to determine the optimal mesh
density that balances accuracy and computational cost. For our study, a uniform hexahedral
mesh was employed in each of the cylindrical coordinate directions (radial, angular, and axial),
as illustrated in Figure I111.6. Three different mesh resolutions were tested to assess the effects
of grid size and obtain accurate results: 32 x 34 x 162, 42 x 44 x 142, and 42 x 44 x 152. The
simulations were performed for kerosene fluid, with Re= 800 Gr=7.5 x 10°. Table 11.1 presents
the effect of the mesh resolution on the average Nusselt number, and Figure 111.7 displays the

local Nusselt number along the axial direction for the three mesh resolutions.

The results showed that the last two meshes (42 x 44 x 142 and 42 x 44 x 152) in the radial,
angular, and axial direction, respectively, produced qualitatively and quantitatively similar

results, with the average Nusselt numbers being 16.33751 and 16.33945, respectively.

This results indicate that further refinement of the mesh beyond 42 x 44 x 152 would not
significantly improve the accuracy of the results. Among the three meshes tested, the grid with
42 x 44 x 152 nodes was chosen as the optimum mesh resolution, as it provided accurate results

and better visualization of the flow field and heat transfer features.
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Figure I11. 7. Grid test.

111.4.6.3. Code validation

The validation process is crucial because it ensures that the numerical model accurately captures
the physical phenomena under investigation and provides confidence in the results obtained
from the simulations. In this case, the validation process involves comparing the axial Nusselt
number and wall temperature profiles obtained from the CFD simulations with published

experimental and numerical results, as well as analytical correlations.

Firstly, we focused on validating the axial Nusselt number; Figure 111.8 presents a comparison
of our local Nusselt number with the experimental results of Kim et al. [52], the numerical
results of Bayat and Nikseresht [53], and the analytical correlation of Shah and London [22]
equation (111.64) using water as base fluid. This comparison shows that the current results
correspond well with the experimental, numerical, and analytical results. This agreement
validates the accuracy of the numerical model and the implemented computational
methodology.
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In addition to the axial Nusselt number, the temperature profile of the wall is also validated.
Figure 111.9 compares the wall temperature profile obtained from the current simulations and
the results reported by Takabi et al. [54] using (Al.Os/water) nanofluid at $=2% and Re=1257.

The excellent agreement among both data further confirms the reliability of our numerical

simulations.
D\1/3 D
Nu = 1953 (RePr2) for RePr2 > 33.33
z . K (111.64)
Nu = 4364 + 0.0722 (Re Pr;) for RePr2 < 3333
30
A Shah Equation
— - Present study
25 [A —¥— Numerical result of Bayat and Nikseresht
Experimental result of kim et al
| === (Classic Theory
A
Iy
L lA
2 l
s ey
.\‘ A
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Figure I11. 8. Local Nusselt number along the tube.
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111.5. Computational fluid dynamics software

Temperature/K
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300,0

T; - nanofluid Takabi - $=2%
A T; - nanofluid present study - $=2%
L T, - nanofluid Takabi - $=2%
- T, - nanofluid present study - ¢=2%
Re=1275

1,2

Figure 111. 9. Comparison of the wall temperature profile at Re=1275.

The second application uses ANSY S-Fluent (CFD) software based on a finite volume approach.

It involves pre-processing (mesh generation), solving (numerical simulation), and post-

processing (data analysis) stages.

ANSYS-Fluent offers advanced simulation capabilities,

robust pre-processing tools, efficient solver technology, and comprehensive post-processing

capabilities, making it a preferred choice for complex fluid dynamics simulations across various

industries.

111.5.1. Discretization scheme

In ANSY'S Fluent, the system of equations are discretized using Finite volume technique. The

discretization schemes used in the current study are summarized in Table 111.2. Each equation

in the governing set has been discretized using an appropriate scheme to ensure the best possible

results.
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Table I11. 2. The numerical schemes used.

Equation Scheme

Gradient Green-Gauss cell based
Pressure Second order Upwind
Momentum Second order Upwind
Energy Second order Upwind
Magnetic induction First order Upwind

111.5.2. Solution algorithm

The SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algorithm was utilized to
solve the velocity-pressure coupling. It is a widely adopted approach to solving the Navier-

Stokes equations in incompressible flow simulations.

111.5.3. Boundary condition

The boundary conditions applied for our numerical simulations are essential for defining how
the fluid interacts with the surfaces of the domain and how heat transfer is managed. Table
111.3 outlines these conditions, detailing the hydrodynamic and thermal conditions at various

boundaries of the simulation domain:

¢ Inlet: The hydrodynamic condition specifies a uniform velocity v=vo , while the thermal
condition sets the uniform temperature T=To, denoting that the fluid enters the domain
at a constant temperature.

e Outlet: The outlet boundary is defined as a pressure outlet.

e Inner wall: The inner wall comes under non-slip conditions, ensuring no fluid slips
along the wall surface. Thermally, it is assumed to be adiabatic: no heat is transferred
across this boundary.

e Outer wall: For the hydrodynamic condition, a non-slip condition is considered, and

for the thermal condition, it is exposed to a constant heat flux.
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Table I11. 3. The boundary conditions.
Boundary Hydrodynamic condition Thermal condition
Inlet V=vo T=To
Outlet Pressure outlet
Inner wall Non-slip condition Adiabatic
Outer wall Non-slip condition Uniform heat flux qw

111.5.4. Under relaxation factor

The under-relaxation factors help control the updates of the respective variables during the

iterative solution process, preventing divergence and ensuring stable convergence toward the

final solution. Table 111.4 presents the under-relaxation factors employed in ANSY'S Fluent to

enhance the stability and convergence of the numerical solution.

Table 111. 4. Under-relaxation factor.

Variables Under-relaxation factors
Pressure 0.3

Density 1

Body forces 1

Momentum 0.7

Energy 0.9

Magnetic induction 0.9

111.5.5. Convergence criteria

The numerical solution's convergence was tracked via the residuals of the governing equations.

The residuals represent the imbalances in the conservation equations for momentum, mass,

energy, etc.

In ANSYS Fluent, they are described based on a discretized form of the conservation equation

for a general variable ¢ as follows:
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R =),
cellsp

In the present study, the simulations were considered converged when the residuals for the

Z'ai(pi +b—a,p, (I11.65)
l

equations are as shown below:
Continuity and Momentum: 10
Energy: 108

User-defined scalars (UDS): 1073

These converged criteria ensure that the numerical solution has been converged properly, and

doing more iterations won't change the final results.

111.5.6. Computational domain and mesh generation

In ANSY'S computational fluid dynamics (CFD) simulations, the accuracy and reliability of the
numerical results are heavily influenced by the quality of the computational mesh. To ensure
the convergence of the solution and minimize numerical errors, a grid test investigation was
performed by evaluating the simulation results on six different meshes. A uniform hexahedral
mesh was employed across all directions (radial, angular, and axial) to discretize the
computational domain. Figure 111.10 illustrates the effect of mesh size on the average Nusselt
number, a dimensionless parameter that quantifies the convective heat transfer. The simulations
were performed for a water-based fluid, with a fixed Reynolds number of Re = 800, without
considering magnetohydrodynamic (MHD) effects (Ha = 0), and without the presence of porous
media (Da = 0). The results depicted in Figure 111.10 show that the last three mesh resolutions
(768,000, 883,000, and 968,000 cells) yielded similar results for the average Nusselt number,
indicating that further mesh refinement beyond 768,000 cells would not significantly improve
the accuracy of the solution. Based on this observation, the mesh comprising 768,000 cells was
selected as the optimal mesh resolution, striking a balance between computational accuracy and

simulation time.
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Figure I11. 10. Mesh tests at Re=800, and Pr=6.2.

111.5.7. Code validation

To ensure the credibility of our results, we conducted an extensive series of validations by

comparing our results with analytical solutions, numerical studies, and experimental data.

The first validation was obtained using the axial Nusselt number, which quantifies the
convective heat transfer along the length of the duct or channel. Figure 111.11a compares the
axial Nusselt number distribution within a straight duct. Our numerical results were

benchmarked against two well-established references:

- Analytical solution by Shah and London [22]: This widely accepted analytical
correlation accurately estimates the Nusselt number in ducts and pipes.
- Numerical results by Benkhedda et al. [23]: These authors conducted numerical

simulations for a similar flow configuration and reported their results for the Nusselt

number distribution.
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The comparison was performed for a Reynolds number of Re = 1275 and water fluid. Our
results exhibited excellent agreement with both the analytical solution and the numerical results,

validating the accuracy of our computational model for predicting heat transfer in straight ducts.

To further validate the numerical model's capability in simulating fluid flow and heat transfer
through porous media, Figure 111.11b compares our results and experimental data obtained by
Pavel and Mohamad [55]. The comparison was made for Re = 100, Da = 0.001, and a porosity
ratio of Rp = 1, using water as the base fluid. The strong consistency of our numerical and
experimental results verifies our computational model's ability to accurately capture the physics

of flow and heat transport in porous media.

Additionally, to validate the impact of an applied magnetic field on forced convection, Figure
111.12 compares the axial velocity profile in the radial direction obtained from our simulations
with the numerical results reported by Aminian et al. [56]. The comparison was made for the
specific parameters of Da = 0.1 (Darcy number) and Ha = 40 (Hartmann number). The good
agreement between our results and the reference numerical study further confirms the accuracy

of our computational model in simulating magnetohydrodynamic (MHD) flows.
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Figure I11. 11. Comparison of Axial Nusselt number through a straight duct.
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Figure 111. 12. Comparison of the axial velocity along radial direction.
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Chapter IV Results and discussions

1VV.1. Introduction

The current chapter presents the obtained results from the numerical simulations and provides
a thorough discussion of the findings. Results are displayed as velocity contours, 3D isotherm
contours, Nusselt number, skin friction coefficient, pressure drop, and entropy analysis. It
interprets the data in the context of heat transfer enhancement, examining the effects of binary
and ternary hybrid nanofluids, porous media, and magnetic fields on the convective heat
transfer process. Comparative analyses are conducted to evaluate the performance of different

configurations and conditions.

IV.2. First application

In this application, the numerical investigation focuses on mixed convection heat transfer
involving two different binary hybrid nanofluids and one ternary hybrid nanofluid flowing via
annular duct filled with permeable medium under a uniform magnetic field. The hybrid
nanofluids consist of various nanoparticles types and forms dispersed in kerosene. The first
binary hybrid nanofluid consisted of TiO. in a spherical form, and CNT in a cylindrical form,
whilst the second binary hybrid nanofluid comprised TiO> with a spherical form, and Graphene
with a platelet form mixed in equal proportions 50% TiO-, and 50% CNT, 50% TiO-, and 50%
Graphene. The Ternary hybrid nanofluid, however, included TiO,, CNT, and Graphene
nanoparticles in a mixture ratio of 50% TiO, 25% CNT, and 25% Graphene. The simulation
was conducted for various Hartmann numbers (0< Ha < 50), Darcy numbers (10* <Da < 10%),
and magnetic field inclination (0°< y <90°) at a fixed Grashof number Gr=10°, $=5%, and
Re=800. This section examines and discusses the effects of these parameters on the
hydrodynamic and thermal fields. Additionally, it presents the average Nusselt number,

pressure drop, average skin friction coefficient, and entropy generation.

1V.2.1 Hydrodynamic field

In Figures 1V.1 and 1V.2, the dimensionless angular and axial velocity contours are provided
at different locations in the annular duct using (TiO2-CNT-Graphene/kerosene) for Da=0,
Ha=0, Gr=10°, and $=5%. A vertical symmetry line at the plane has been indicated, which
passes through the duct’s midpoint. Figure 1V.1 shows that in the region close to the inlet
z*=0.33, irregularities in the angular velocity are observed, with it dropping and rising. The

perturbation zone develops due to the application of buoyancy-driven phenomena and it is a
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result of the varied fluid densities caused by hot and cold fluids. Subsequently, as the flow
develops along the pipes, the angular velocity stabilizes, maintaining a qualitative similarity
until the exit. The angular velocity occurs in the form of two counter-rotating cells: one near
the interior wall, which is adiabatic, and the other one near the outer wall. These flows are
essentially buoyancy-driven, whereby hot, less dense fluids rise while the cold, denser fluid
drops. Further, the maximum angular velocity along the pipe length increases at z* = 27. This
is because the buoyancy force is maximum in this region, and there exists a substantial
temperature difference. Beyond z* = 27, the angular velocity diminishes towards the outlet
mainly due to the decrease in the buoyancy force; the ternary hybrid nanofluid temperature
approaches the temperature of the annulus wall. As a result, the maximum velocity in the

annular ducts is situated at the perturbation zone (r*=0.931, 6=mn, z*=0.33).

(a) 2=0.33 (b) z°=27 (c) 2'=100

w
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-0.01524

-0.02130

-0.02736

-0.03342
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Traa

-0.05159
-0.05765
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Figure IV. 1. Angular velocity contours at various locations using (TiO2-CNT-
Graphene/kerosene).

In Figure 1V.2, at a location extremely near the inlet (z*=0.33), the axial velocity remains
nearly uniform with slight variations near both the outer and inner walls. As we progress to
z*=6.33, the velocity contours take the form of concentric circles, with the maximum velocity
located at the center of the annular duct. Upon reaching z*=27, an angular distortion becomes
noticeable, resulting in the maximum velocity shifting towards the central and lower region
within the duct. At the duct outlet for z*=100, we observe the emergence of two distinct cells,

each exhibiting maximum velocity at their midpoint.
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Figure 1V.2. Axial velocity contours at various locations using (TiO2>-CNT-
Graphene/kerosene).

Figure 1V.3 illustrates the effect of Darcy numbers on the non-dimensional angular velocity
contours using (TiO2,CNT,Graphene/kerosene) ternary hybrid nanofluid,
(TiO2,CNT kerosene), and (TiO2,Graphene,kerosene) binary hybrid nanofluids at the absence
of the magnetic field. Because of the symmetrical characteristics, just half of the annulus
velocity contours are shown. At Da=10, the strength of vortices is less pronounced compared
to higher Darcy numbers regardless the hybrid nanofluids examined. As Darcy number
increases, the strength of the counter rotating cells becomes increasingly evident. The ternary
hybrid nanofluid has a lower maximum angular velocity than the binary hybrid nanofluids
(TiO2,CNT/kerosene) and (TiO2,Graphene/kerosene). This is because the mixing of three
different nanoparticles with various forms boosts the viscosity of the ternary hybrid nanofluid.
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The increased viscosity restricts the fluid’s capacity to carry angular momentum, leading to a
reduced dimensionless angular velocity. The location of the maximum angular velocity is given
in Table 1V.1.

Table V. 1. Location of the maximum angular velocity for various Darcy number.

Darcy number  Radial location Angular location Axial location

10* 0.543 0° 0.3
103 0.931 180° 0.33
10t 0.931 180° 0.33
Da=0.0001 Da=0.001 Da=0.1
w* w w*
0.01751 0.03764 0.05715
0.01567 0.03367 0.05112
0.01382 \ 0.02971 0.04510
1 0.01198 1 0.02574 1 0.03907
| 0.01014 —1 0.02177 X | 0.03305
1 0.00829 A\ — 0.01781 % 0.02702
1 0.00645 W — 0.01384 W [ 0.02100
| 0.00481 % — o0.00987 4 [ 0.01497
1 000276 A —1 0.00591 { [ 0.00895
0.00092 0.00194 0.00292
= -0.00092 - -0.00203 = -0.00310
[ -0.00276 | -0.00600 | -0.00913
[ -0.00461 — -0.00996 — -0.01515
— -0.00645 — -0.01393 —1 -0.02118
-0.00829 -0.01790 -0.02720
-0.01014 -0.02186 -0.03323
-0.01198 -0.02583 -0.03925
-0.01382 -0.02980 -0.04528
-0.01567 -0.03376 -0.05130
-0.01751 -0.03773 -0.05733
(8)TiO2-CNT-Graphene/kerosene
w* w* W
0.01814 0.03905 0.05840
0.01623 0.03493 0.05224
0.01432 0.03082 0.04608
1 001241 y 1 0.02670 1 0.03992
— 0.01050 1 0.02259 ] 0.03376
— 0.00859 —1 0.01847 — 0.02760
— 0.00668 W | 001436 1 0.02144
— 0.00477 % — 001024 | 0.01528
| 0.00286 i [ 000612 [ 000912
0.00095 0.00201 0.00296
- -0.00096 = -0.00211 = -0.00319
| -0.00287 | -0.00622 | -0.00935
1 -0.00478 1 -0.01034 1 -0.01551
— -0.00669 — -0.01446 I -0.02167
-0.00860 -0.01857 -0.02783
-0.01051 -0.02269 -0.03399
-0.01242 -0.02680 -0.04015
-0.01433 -0.03092 -0.04631
-0.01624 -0.03503 -0.05247
-0.01815 -0.03915 -0.05863
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(b) TiO2-CNT/kerosene

w w* w*
0.01873 0.05958
0.01676 0.05330
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0.03183
0.02758
0.02333
0.01908
0.01483
0.01058
0.00633
0.00208
-0.00218
-0.00643
-0.01068
-0.01493
-0.01918
-0.02343
-0.02768
-0.03193
-0.03618
-0.04043

0.01559

0.00931

0.00303
-0.00326
-0.00954
-0.01582
-0.02211
-0.02839
-0.03468
-0.04096
-0.04724
-0.05353
-0.05981

(c) TiO2-Graphene/kerosene

Figure IV. 3. Effect of Da on angular velocity contours for: a (TiO2-CNT-Graphene/
kerosene), b (TiO.-CNT/kerosene), ¢ (TiO2-Graphene/kerosene).

The impact of the magnetic field on the non-dimensional angular velocity at various
orientations of the magnetic field is illustrated in Figures 1V.4 and IV.5. The cases are
considered with the Grashof number (Gr) of 108, The Darcy number is equal to 0.01, and the
volume concentration is 5%. In Figure 1V.4, (y=0°) the case is simulated with three different
hybrid nanofluids: (TiO2-CNT-Graphene/kerosene), (TiO2-CNT/ kerosene), and (TiO»-
Graphene/ kerosene). In the considered cases with the increased values of the Hartmann
number, the angular velocity values decrease for all of the hybrid nanofluids tested; they also
depict the intense counter rotating cells. The decreased angular velocity can be explained due
to the magnetic field influence on the fluid dynamics. The increased Hartmann number triggers
the stronger magnetic field, and, in its turn, this field operates on a breaking influence on the
fluid motion resulting in the diminished angular velocities. Whereas, the intense counter-
rotating cells can be explained through the increased influence of the buoyancy force; in other
words, the magnetic field increase raises the buoyancy force influence on the flow dynamics.
The results of the analysis indicate that the TiO2-Graphene/kerosene binary hybrid nanofluid
possesses the highest velocity, but only for the low Hartmann number. Conversely, the TiO»-
CNT/kerosene binary hybrid nanofluid possesses the maximum velocity at higher Hartmann
number (Ha=50).

Figure 1V.5 reflects the angular velocity at the tube exit for the TiO.-CNT-Graphene/kerosene
ternary hybrid nanofluid, at (y=90°) and various Hartmann numbers. As the results
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demonstrate, there are no unremarkable alternations in angular velocity values. The location of
the maximum angular velocity for various inclination angles and Hartmann number are
presented in Table IVV.2. It is observed that, the maximum velocity occurs in the perturbation

zone near the inlet of the duct, except when y=0° and Ha=50, where the maximum velocity

shifts to the area near the outlet of the duct.

Table V. 2. Location of the maximum angular velocity for various orientations and
Hartmann number.

Orientation | Hartmann Radial location | Angular location | Axial location
number
y=0° 10 0.906 180° 0.33
30 0.906 180° 0.33
50 0.943 90° 85
v=90° 10 0.906 180° 0.33
30 0.906 180° 0.33
50 0.906 180° 0.33

86



Chapter IV Results and discussions

Ha=10 Ha=30 Ha=50

w w w
0.05166 0.03715 0.03322
0.04621 0.03323 0.03003
0.04077 0.02932 0.02684
0.03532 0.02540 0.02365
0.02087 —1 0.02148 | 0.02046
0.02443 —1 0.01757 —1 0.01727
0.01898 —1 0.01365 — 0.01408
0.01354 [ 0.00974 | 0.01089
0.00809 | 0.00582 | 0.00770
0.00264 0.00190 0.00451
-0.00280 l -0.00201 l 0.00131
-0.00825 -0.00593 -0.00188
-0.01370 | -0.00985 1 -0.00507
-0.01914 | -0.01376 | -0.00826
-0.02459 -0.01768 -0.01145
-0.03003 -0.02159 -0.01464
-0.03548 -0.02551 -0.01783
-0.04093 -0.02943 -0.02102
-0.04637 -0.03334 -0.02421
-0.05182 -0.03726 -0.02740

(8)TiO2-CNT-Graphene/kerosene

w* w wh
0.05274 0.03768 0.03364
0.04718 0.03372 0.03042
0.04162 0.02976 0.02720
0.03606 0.02580 0.02398
0.03050 0.02184 0.02076
0.02493 0.01788 0.01754
0.01937 0.01392 0.01432
0.01381 0.00996 0.01110
0.00825 0.00600 0.00788
0.00269 0.00204 0.00466
-0.00287 -0.00192 0.00143
-0.00843 -0.00588 -0.00179
-0.01399 -0.00984 -0.00501
-0.01955 -0.01380 -0.00823
-0.02511 -0.01776 -0.01145
-0.03068 -0.02172 -0.01467
-0.03624 -0.02568 -0.01789
-0.04180 -0.02964 -0.02111
-0.04736 -0.03360 -0.02433
-0.05292 -0.03756 -0.02755

(b) TiO2-CNT/kerosene

w* w w*
0.05418 0.03985 0.03314
0.04847 0.03565 0.02987
0.04276 0.03145 0.02660
0.03704 0.02725 0.02334
0.03133 0.02305 0.02007
0.02562 — 0.01884 0.01680
0.01991 1 0.01464 0.01353
0.01420 1 0.01044 0.01026
0.00848 I 0.00624 0.00700
0.00277 0.00204 0.00373
-0.00294 l -0.00216 0.00046
-0.00865 -0.00636 -0.00281
-0.01437 I -0.01056 -0.00607
-0.02008 1 -0.01476 -0.00934
-0.02579 -0.01896 -0.01261
-0.03150 -0.02317 -0.01588
-0.03721 -0.02737 -0.01915
-0.04293 -0.03157 -0.02241
-0.04864 -0.03577 -0.02568
-0.05435 -0.03997 -0.02895

(c) TiO2-Graphene/kerosene
Figure IV. 4. Effect of Hartmann number on angular velocity contours at y=0°, for: a (TiO»-
CNT-Graphene/kerosene), b (TiO2-CNT/kerosene), ¢ (TiO2-Graphene/kerosene).
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Ha=10 Ha=30 Ha=50

w* w* w*
0.05245 0.05245 0.05174
0.04692 0.04692 I 0.04630
0.04139 0.04139 0.04087
1 0.03586 0.03586 AN = 0.03543
[~ 0.03032 1 0.03032 ~ 0.03000
1 0.02479 0.02479 W 0.02456
1 0.01926 0.01926 \\  — 001913
=1 001373 0.01373 M — 001369
I 0.00820 0.00820 Nk 0.00826
0.00267 0.00267 0.00282
-0.00287 -0.00287 ‘ -0.00261
-0.00840 -0.00840 / -0.00805
-0.01393 -0.01393 Il 4 -0.01348
1 -0.01946 | -0.01946 1 -0.01892
[ -0.02499 -0.02499 1 -0.02435
0.03052 y -0.03052 0.02979
-0.03606 3 -0.03606 7 -0.03522
-0.04159 -0.04159 -0.04066
-0.04712 -0.04712 -0.04609
-0.05265 -0.05265 -0.05153

Figure IV. 5. Effect of Hartmann number on angular velocity contours at y=90° using (TiO»-
CNT-Graphene/kerosene).

Figure 1V.6 presents the non-dimensional axial velocity profiles for three different hybrid
nanofluids across various Da numbers. At low Darcy numbers (Da=10"), the velocity is
uniformly low across the duct, indicating minimal fluid movement. As the Darcy number
boosts (Da=107), the cells in vicinity of the walls start to divide indicating variation in the
velocity, and the highest velocity value increases. The axial velocity shows a structure of
circular cells, maintaining consistent value within the annulus duct except in the vicinity of the
channel’s wall. For (Da=1072), the concentric circle cells in the center undergo angular
deformation with the ternary hybrid nanofluid, while they remain circular for the other binary
hybrid nanofluids. At (Da=10"1), the formation of distinct flow cells within the annulus becomes
evident due to the impact of buoyancy forces. In particular, for the ternary hybrid nanofluid
composed of TiO2, CNT, and Graphene dispersed in kerosene, two distinct cells form in the
middle of the annulus. This behavior can be attributed to the combined effects of buoyancy
forces and the enhanced thermal properties of the ternary hybrid nanofluid, which promote more
vigorous fluid movement and the formation of convective cells. Similarly, the TiO-
CNT/kerosene binary hybrid nanofluid also exhibits the formation of two cells in the middle of
the annulus at Da=101. The buoyancy force, resulting from the temperature gradient and the
enhanced thermal conductivity of the hybrid nanofluid, leads to this noticeable convective
pattern. The presence of CNTs (Carbon Nanotubes) likely contributes significantly to the fluid's
thermal conductivity, thereby intensifying the convective currents and resulting in the
formation of these cells. In contrast, for the TiO.-Graphene/kerosene binary hybrid nanofluid,
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the behavior differs slightly. While there is a notable convective cell in the middle of the
annulus, it remains a single cell with only slight deformation observed at the top middle region.

The Darcy number reflects the permeability of the porous medium. A higher Da number
indicates higher permeability, allowing for greater fluid flow. While, a lower Da number
indicates higher viscous forces, reducing the fluid motion velocity. In addition, at higher Darcy
numbers, the increased permeability of the medium allows these buoyancy-driven flows to
become more pronounced, leading to the formation of distinct convective cells.

Da=0.0001 Da=0.001 Da=0.01 Da=0.1
Vv’ v % %

1.047 1.200 1.433 1.5631
0.992 1.137 1.358 1.450
0937 1.074 1.282 1370
0.882 1.011 1.207 1.289
0.827 0.947 1.131 1.209
0.771 0.884 1.056 1128
0.716 0.821 0.980 1.048
0.661 0.758 0.905 0.967
0.606 0.695 0.830 0.886
0.551 0.632 0.754 0.808
0.496 0.568 0.679 0.725
0.441 0.505 0.603 gggi

0.386 0.442 0.528 :
0.331 0.379 0.453 0483
0.276 0.316 0.377 0.403
0.220 0.253 0.302 0.322
0.165 0.189 0.226 0242
0.110 0126 0.151 0.161
0.055 0.063 0075 0.081
0.000 0.000 0.000 0.000

(a)TiO2-CNT-Graphene/kerosene
v v v -

1.050 1.210 1.448 1.529
0.995 1.146 1.372 1.449
0.939 1.083 1.296 1.368
0.884 1.019 1.219 1.288
0.829 0.955 1.143 1.207
0.774 0.892 1.067 1.127
0.718 0.828 0.991 1.046
0.663 0.764 0.915 0.966
0.608 0.701 0.838 0.885
0.553 0.637 0.762 0.805
0.497 0573 0.686 0.724
0.442 0.509 0.610 0.644
0.387 0.446 0.533 0.563
0.332 0.382 0.457 0.483
0.318 0.381 0.402
g:g? 0.255 0305 EE 0322
0.166 0.191 0.229 0.241
0.111 0127 0.152 0.161
0.055 0.064 0.076 = 0.080
0.000 0.000 0.000 = 0.000

(b) TiO2-CNT/kerosene
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(c) TiO2-Graphene/kerosene

Figure IV. 6. Non-dimensional axial velocity profiles at the duct’s outlet across different Da
number for: a (TiO2,CNT,Graphene/kerosene), b (TiO2,CNT/kerosene), and ¢
(TiO2,Graphene/kerosene).

Figures 1V.7 and 1V.8 illustrate the non-dimensional axial velocity at the outlet of the duct
with distincts Hartmann number and magnetic field orientations. Figure 1.7 shows the effect
of Hartmann number at y=0°. At Ha=10, the axial velocity of the (TiO2-CNT-Graphene/
kerosene) ternary hybrid nanofluid and the (TiO2-CNT/ kerosene) binary hybrid nanofluid takes
the form of concentric circle cells, with the maximum velocity centered in the center of the
duct. The (TiO2-Graphene/kerosene) binary hybrid nanofluid has a cell with the highest velocity
in the center and lower half of the duct. As the Hartmann number increases Ha=30 and Ha=50,
the cells in the center of the duct with the highest velocity stretch to both its inner and outer
walls, reducing the thickness of the boundary layer. Furthermore, utilizing the ternary hybrid
nanofluid and the TiO>-CNT/kerosene binary hybrid nanofluid resulted in lower axial velocity
than using the TiO,-Graphene/kerosene binary hybrid nanofluid. Figure 1V.8 shows that when
the magnetic field is perpendicular to the flow (y=90°), the Hartmann number has no effect on

axial velocity. As a result, it does not obstruct fluid flow.
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Ha=10 Ha=30 Ha=50
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oo 0.000 0.000
(b) TiO2-CNT/kerosene
v v* v*
1.396 1213 1.123
1.323 1.149 1.064
1.249 1.085 1.005
1176 1.021 0.946
1.102 0.958 0.887
1.029 0.894 0.827
0.955 0.830 0.768
0.882 0.766 0.709
0.808 0.702 0.650
0.735 0,638 0.591
0.661 0.575 0.532
0.588 0.511 0473
0.514 0.447 0.414
0.441 0.383 0.355
0.367 0.319 0.296
0.294 0.255 0.236
0.220 0.192 0177
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0.073 0.064 0.059
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(c) TiO2-Graphene/kerosene
Figure 1V. 7. Influence of Hartmann number on non-dimensional axial velocity contours at
the outlet for y=0°: a (TiO2-CNT-Graphene/ kerosene), b (TiO2-CNT/ kerosene), ¢ (TiO2-
Graphene/ kerosene).
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Ha=10 Ha=30 Ha=50
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Figure 1V. 8. Effect of Hartmann number on non-dimensional axial velocity contours at the
outlet for y=90°, Gr=10°, and ¢= 5% using TiO,-CNT-Graphene/ kerosene.

Figures IVV.9 and V.10 illustrate the dimensionless axial velocity along the radial direction for
distinct Darcy number, Hartmann number, and magnetic field orientation by utilizing TiO-
CNT-Graphene/kerosene. It is clear form Figure 1.9 that for low Darcy the highest velocity
drops and flattens. Lowering the Darcy number reduces the permeability of porous medium.
The velocity decreases due to the porous structure's resistance to flow. In conclusion, the drop

in velocity is directly related to the permeability of the porous medium.

The impact of the Hartmann number and the magnetic field orientation is shown in Figure
IV.10 (a-b). Figure 1V.10a illustrates the effect of Hartmann number at y=0°. With rising
Hartmann number, the maximum velocity drops and flattens. Whereas the velocity gradient

near the duct walls grows as Lorentz forces strengthen, slowing the hybrid nanofluid's motion.

In Figure 1V.10b, for y=90°, the axial velocity profiles are similar regardless of Hartmann
numbers, suggesting that Lorentz forces do not alter nanofluid movement. When the magnetic
field occurs in the axial direction, Lorentz forces act as a resistive force, slowing down the
nanofluid movement. Whereas, there is no influence when the magnetic field acting

perpendicular to the fluid flow.
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Figure 1V. 9. Non dimensional axial velocity ratio along the radial direction for different
Darcy numbers and Ha=0 by utilizing (TiO2-CNT-Graphene/kerosene).
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Figure 1V. 10. Non-dimensional velocity ratio along the radial direction for different
Hartmann numbers at Da=0.01 using (TiO2-CNT/kerosene): a y=0°, b y=90°.
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1VV.2.2 Thermal field

Figures IVV.11 and 1V.12 show 3D isotherm contours for various Hartmann and Darcy numbers
using the three hybrid nanofluids examined. Figure 1V.11 depicts the influence of Darcy
number at the absence of the magnetic field. At lower Darcy numbers, temperature contours
form concentric rings with radial and axial stratification. This phenomenon is caused by
restricted permeability, which causes temperature to decrease from the heated outer cylinder to
the adiabatic inner cylinder while increasing from the inlet to the duct exit. As the Darcy number
increases, the temperature contours become increasingly distorted, indicating the effect of
buoyancy force. The porous media becomes more permeable, allowing the hot hybrid nanofluid
in proximity to the heated wall to rise up. Furthermore, the TiO2,Graphene/kerosene binary
hybrid nanofluid has more distorted temperature contours than the other hybrid nanofluids. This
discrepancy is related to the thermal conductivity of platelet-shaped graphene nanoparticles

versus cylindrical CNT nanoparticles.

Figure 1V.12 shows the effect of Hartmann number at Da=0.01 and y=0°. As Hartmann
number increases, the highest temperature decreases regardless the hybrid nanofluids
examined, showing that the magnetic field controls and suppresses the buoyancy-driven flow
that causes natural convection. The binary hybrid nanofluid TiO2,CNT/kerosene, with its
elongated cylindrical nanoparticle, had lower natural convection. Regardless of the Darcy and
Hartmann numbers, the highest temperature was at the outlet near the outer wall: (z*=98.33,
0=0, and r*=0.99).
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Figure 1V. 11. 3D temperature contours for various Da humbers at Ha=0: (a)
TiO,,CNT,Graphene/kerosene, (b) TiO2,CNT/kerosene, (¢) TiO2,Graphene/kerosene.
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(c) TiO2-Graphene/kerosene
Figure 1V. 12. 3D isotherm contours versus Ha numbers at Da=0.01, and y=0°: (a)
TiO2,CNT,Graphene/kerosene, (b) TiO2,CNT/kerosene, and (c) TiO2, Graphene/kerosene.

Figure 1V.13 presents the 3D isotherm contours for different Hartmann numbers at y =90° with
(TiO2,CNT,Graphene/ kerosene) ternary hybrid nanofluid. The graph shows that if the magnetic
field is perpendicular to the fluid motion, the temperature contours remain essentially
consistent, with no notable variations as the Hartmann number increases. In this scenario, we

can conclude that the magnetic field has no significant impact on the buoyancy force.
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Figure 1V. 13. 3D isotherm contours for various Ha numbers at y=90°, and Da=0.01, using
(TiO2-CNT-Graphene/kerosene).

IVV.2.3 Secondary flow

Secondary flow is a phenomenon that generates fluid motion perpendicular to the main flow
direction. Figure 1V.14 shows the development of the secondary flow along the annular duct
in three different positions using (TiO2-CNT/water) binary hybrid nanofluid with Ha=0, Da=0,
and ¢$=5%. The secondary flow is in the form of two counter-rotating cells. The cells near the
outer wall move upwards while the cells near the inner wall move downwards. As shown in
Figure 1V.14, at a position very close to the inlet z°=7 the secondary flow is very weak because
the hybrid nanofluid enter at a constant temperature, following this zone the secondary flow
intensifies until z*= 33 where the buoyancy forces start to affect the flow. After this zone the
strength of the secondary flow decreases until the outlet of the duct because of the temperature
stratification. The secondary flow is induced by the buoyancy force, which arises from a
temperature difference between the hybrid nanofluid and the pipe walls. This difference of
temperature create a density gradient that cause the flow motion. The strength of the buoyancy
force can greatly impact the intensity and pattern of the secondary flow, in order to quantify its
influences, Figure 1V.15 shows the effect of Grashof number on the secondary flow for 5%
volume concentration at the duct’s outlet. Grashof number is defined as the ratio of buoyancy
force to viscous force. As shown in this Figure, with increasing Grashof number the secondary

flow intensifies and become stronger.
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Figure IV. 14. Development of secondary flow along the annulus duct fora;Z.S x 108,
Ha=0, Da=0, and ¢$=5%.
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Figure IV. 15. Secondary flow at the outlet of the annular duct for different Gr numbers at
Da=0.01, Ha=0, and ¢$=5%.

The secondary flow may be influenced by different parameter such as Darcy number, Hartmann
number, and magnetic field orientation. Figure 1V.16 show the effect of Darcy number on the
secondary flow at the outlet of the duct. The secondary flow is very weak for low Darcy number
because viscous force are dominant which interrupt their motion, while with increasing Darcy
number the secondary flow become strong. Figure 1VV.17 (a-b) present the impact of Hartmann
number and the magnetic field orientation. As shown in this Figure, there was no significant
impact of Hartmann number on the secondary flow for both magnetic field orientations (y=0°
and y=90°).
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Figure 1V. 16. Secondary flow at the outlet of the annular duct for different Darcy numbers at
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Figure IV. 17. Secondary flow at the outlet of the annular duct for different Ha number and
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1VV.2.4 Nusselt number

Figure 1V.18 (a, b, and c) display the average Nusselt number versus Darcy and Hartmann
numbers. In Figure 1V.18a, the average Nusselt number is plotted against Darcy number at the
absence of the magnetic field by utilizing the three hybrid nanofluids examined. Raising Darcy
number from 10 to 10! reduces the average Nusselt number by 24%, 23%, and 21% using
using TiO2,CNT,Graphene/kerosene, TiO2,CNT/kerosene, and TiO.,Graphene/kerosene
respectively. In Figure 1V.18b the Nusselt number is plotted against Hartmann number at
Da=0.01 and y=0°, it is clearly shown that increasing Hartmann number boosts the average
Nusselt number by 15%, 16.5%, and 15.2% using TiO2,CNT,Graphene/kerosene,
TiO2,CNT/kerosene, and TiO2,Graphene/kerosene, respectively. For low Darcy number or high
Hartmann number, the velocity decreases in the center of the annulus pipe. Consequently, due
to continuity, the velocity boosts in proximity to the outer heated wall, as shown in Figures
IV.9 and 1V.10. This rise in velocity near the wall boosts convective heat transfer across the

fluid and the heated pipe.

Figure 1V.18c displays the impact of Hartmann number at y=90°. As displayed, there is no
remarkable change in Nusselt number while changing the Hartmann number. Moreover,
independent of Hartmann or Darcy number changes, the (TiO2,CNT,Graphene/kerosene)
ternary hybrid nanofluid surpasses the binary hybrid nanofluids because it has the maximum

thermal conductivity, which improves heat transfer.
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Figure IV. 18. Average Nusselt number for different: (a) Da number, (b) Ha number at y=0°,
(c) Ha number at y=90°.

1VV.2.5 Skin friction coefficient

The average skin friction coefficient is a dimensionless measure that varies with flow
conditions. It is directly proportional to the fluid's viscosity and shear stress and inversely
proportional to the fluid's velocity and density. Figures 1V.19a and 1V.19b show the average

skin friction coefficient along the outer wall for different Darcy and Hartmann numbers.

Figure 1V.19a indicates that the average skin friction is higher at a low Darcy number for all
tested hybrid nanofluids. This means that when the flow is obstructed by obstacles or porous
materials, the friction between the fluid and the surface increases. Conversely, the average skin
friction coefficient decreases as the Darcy number rises, indicating less friction in less

obstructed flows.

From Figure 1V.19b, the average skin friction coefficient increases with a higher Hartmann
number regardless the hybrid nanofluids examined. This increase is due to an enhanced velocity
gradient near the outer wall, which raises shear stress. Comparing the examined hybrid
nanofluids in Figures 1V.19a and 1V.19b, the skin friction coefficients for TiO>-CNT-

Graphene/kerosene ternary hybrid nanofluid and TiO2-Graphene/kerosene binary hybrid
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nanofluid are approximately the same regardless of the Darcy and Hartmann numbers. In

contrast, the skin friction coefficient of TiO>-CNT/kerosene binary hybrid nanofluid is

significantly higher at a low Darcy number (Da=10"*) compared to the other hybrid nanofluids.

This is due to the elongated shape of CNT nanoparticles, which leads to a pronounced increase

in the skin friction coefficient in more restricted flows. However, as the Darcy number

increases, indicating less obstructed flow, the influence of CNT nanoparticles on viscosity

becomes less significant.
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Figure IV. 19. Average skin friction coefficient for various: (a) Da number at Ha=0, (b) Ha
number at Da=0.01, and y=0°.

IV.2.6. Pressure drop

Understanding the relationship between pressure drop and both Hartmann and Darcy numbers

is a crucial step in maximizing fluid system efficiency.

Figures 1V.20 (a-b) give the pressure drop versus Darcy and Hartmann numbers at y=0° for
the three hybrid nanofluids examined. From Figure 1V.20a, the pressure drop declines by
98.99% for all the hybrid nanofluids as the Darcy number increases, due to reduced flow
resistance at higher Darcy numbers. Additionally, there is no significant difference in pressure

drop regardless the hybrid nanofluids types.

Conversely, Figure 1V.20b demonstrates that increasing the Hartmann number raises the
pressure drop regardless all the hybrid nanofluids, attributed to the Lorentz force, which slows
down fluid motion, thereby increasing resistance and resulting in a higher pressure drop. The
highest pressure drop was observed with the TiO>-CNT/kerosene binary hybrid nanofluid at
Ha=50, due to the form of CNT nanoparticles significantly affecting the nanofluid's viscosity.
Elongated nanoparticles, such as cylindrical ones, create higher viscosity compared to other
shapes, leading to increased resistance to fluid flow. Consequently, the TiO2-CNT binary hybrid
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nanofluid exhibits a 1.12 times higher pressure drop than the TiO2-Graphene binary hybrid

nanofluid.
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Figure 1V. 20. Pressure drop for various: (a) Dar number at Ha=0, (b) Ha number at Da=0.01,
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IV.2.7. Entropy generation

Entropy generation is an important concept in engineering since it reveals inefficiencies and
irreversibilities within diverse systems. Figures 1V.21-1V.22 depict the entropy generation and
the Bejan number as a function of Darcy and Hartmann numbers for distinct hybrid nanofluids.
Figure 1V.21a shows that thermal entropy generation increases with Da number by 26%,
13.7%, and 30% using TiO,-CNT-Graphene/kerosene, TiO»-Graphene/kerosene, and TiO»-
CNT/kerosene, respectively. Higher Darcy numbers enhance the medium's ability to conduct
heat, leading to more significant thermal gradients and higher thermal entropy generation.
Among the hybrid nanofluids examined, the TiO.-Graphene/kerosene exhibits the highest
thermal entropy generation, followed by TiO>-CNT/kerosene and TiO2-CNT-
Graphene/kerosene, respectively. Graphene's exceptional thermal conductivity significantly
enhances the heat transfer capabilities of the base fluid (kerosene). The two-dimensional
structure of Graphene provides a large surface area for heat transfer, leading to more efficient

thermal energy distribution and higher thermal entropy production.

Conversely, Figure 1V.21b indicates that frictional entropy decreases with Darcy number
regardless all the examined hybrid nanofluids. The existence of porous media rises the energy
dissipation; when the Darcy number is low, flow resistance rises, resulting in an increased in

frictional entropy generation.

Figure 1V.21c displays the Bejan number versus Da number. The Bejan number, which
represents the ratio of thermal entropy generation to the total entropy generation, As the Darcy

number increases, the Bejan number rises regardless all the hybrid nanofluids examined.

In contrast, the Hartmann number has an inverse influence on entropy generation. Figures
IVV.22(a-c) reveal that thermal entropy generation decreases with an increasing Hartmann
number, while frictional and magnetic entropy increase regardless all the hybrid nanofluids
examined. Thermal entropy reduce by 11.8%, 14.8%, and 13.18% using TiO2,CNT
Graphene/kerosene, TiO2, CNT/kerosene, and TiO2, Graphene/kerosene, respectively.
Similarly, the frictional entropy increases by 28.7%, 28.5%, and 25.8% using (TiO2, CNT,
Graphene/kerosene), (TiO2, CNT/kerosene), and (TiO2, Graphene/kerosene), respectively. The
increase in magnetic entropy is approximately 94% among all examined hybrid nanofluids. As
the Hartmann number rises, the thermal gradient declines, and flow resistance increases.

Additionally, the ternary hybrid nanofluid shows the lowest thermal entropy compared to the
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binary hybrid nanofluids, while there is no significant difference in frictional and magnetic
entropy between the ternary and binary hybrid nanofluids. Figure 1V.22d illustrates that with

an increasing Hartmann number, the Bejan number decreases.
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IVV.3 Second application

In this investigation, forced convection and entropy generation of two different binary
hybrid nanofluids and a ternary hybrid nanofluid through a porous wavy annulus duct are
explored, considering the impact of the non-uniform magnetic field imposed at the outer wall
for different cases of position and joule heating. The binary hybrid nanofluids based on titanium
contain various nanoparticle shapes dispersed in conventional water fluid. The first binary
hybrid nanofluid contains nanoparticles of TiO2 and CNT with spherical and cylindrical shapes,
respectively. The second binary hybrid nanofluid contains TiO, and Graphene with spherical
and platelet shapes, respectively. Both binary hybrid nanofluids are 75% TiO, nanoparticles
and 25% for each CNT and Graphene. Ternary hybrid nanofluid includes TiO2, CNT, and
Graphene nanoparticles in a ratio of 50% TiO2 and 25% for each CNT and Graphene. The
analysis was conducted for distinct wave’s amplitude A (0.1, 0.2, 0.3), wavelengths L (1.256,
2.452, 5.026), and Hartmann numbers (0< Ha < 50) at a fixed volume concentration ¢$=5%,
Darcy number Da=0.01 and Reynolds number Re=800. The present section examines the effect
of these parameters on the magneto-hydrothermal field. In addition, the average Nusselt

number, pressure drop, average skin friction coefficient, and entropy generation are explored.

1VV.3.1 Hydrodynamic field

The dimensionless axial velocity contours for two distinct wavy annulus channel configurations
have been tested for control parameters using ternary hybrid nanofluids case (TiO2-CNT-
Graphene/water): Reynolds number, Re=800, Darcy number, Da=0.01, without Hartmann
number, Ha=0, dimensionless wavelength, L=2.452, dimensionless amplitude, A=0.2 and
volume fraction $=5%. Figure 1V.23 shows the dimensionless axial velocity distribution in a
cross-section located at the exit of the annulus channel. The dimensionless axial velocity
contours are concentric circles with the maximum dimensionless velocity observed in the
middle between the inner and outer cylinder for both cases. This result is confirmed by
Benkhedda et al. [57] for the case of forced convection laminar flow through the cylindrical
annulus space. Moreover, the results show that the maximum axial velocity of a wavy annulus
duct (vy,qr = 1.491) is higher than that of a straight annulus channel (v;,,, = 1.383). This
suggests that the wavy configuration improves the fluid flow characteristics, as seen by the

increase in axial velocity through the annulus channel.
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Figure 1V. 23. Axial velocity contours using (TiO2-CNT-Graphene/water) at Re=800,
Da=0.01, and ¢=5 for (a) straight duct, and (b) wavy duct.

Figure 1V.24 presents the axial velocity contours in a cross-section (r, 8) for two binary hybrid
nanofluids (TiO2-CNT/water), (TiO2-Graphene/water) and ternary hybrid nanofluid (TiO2-
CNT-Graphene/water) at the outlet of the annulus for different dimensionless amplitude wave
A (0.1, 0.2 and 0.3) using control parameters such as dimensionless wavelength, L=2.452,
Re=800, Da=0.01, without magnetic field (Ha=0), and at $=5%. The first observation for all
hybrid nanofluids is that the dimensionless axial velocity contours are concentric circles, with
the maximum velocity in the middle between the inner and outer cylinders. Moreover, the
dimensionless axial velocity increases with increasing dimensionless amplitude, for example,
in the case of the binary hybrid nanofluid TiO2-CNT /water, v, = (1.445,1.508 and 1.578)
for dimensionless amplitude A=0.1, 0.2 and 0.3, respectively. On the other hand, for the same
dimensionless amplitude A=0.3, a comparison of the axial velocity shows that the higher value
of the dimensionless velocity is obtained when using the binary hybrid nanofluid (TiO2-
CNT/water) is (v, = 1.576) followed by binary hybrid nanofluid (TiO2-Graphene/water) is
(Vinax = 1.566), and ternary hybrid nanofluid (TiO2-CNT-Graphene/water) is (Vyax =
1.445). In general, increasing the dimensionless amplitude leads to easier flow through the

annular passage, which leads to an increase in dimensionless axial velocity.
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A=0.3

g

(©) TiOz-CNT-Graphene/Water

Figure IV. 24. Axial velocity contours for different amplitude at Re=800, Da=0.01, L=2.452,
and ¢$=5%: (a) TiO>-CNT/water, (b) TiO.-Graphene/water, and (c) TiO>-CNT-
Graphene/water.

Figure 1V.25 illustrates the axial velocity distribution for ternary hybrid nanofluid (TiO2-CNT-
Graphene/water) in the longitudinal section represented by the (r,z) plane for the three
amplitudes A (0.1, 0.2 and 0.3) and the same dimensionless wavelength of the annulus channel
L=2.452. The results show that the axial velocity distribution along the wavy annulus is nearly
identical for the three amplitude cases. On the other hand, the forced flow of the hybrid
nanofluid has a maximum axial velocity in four regions, which are located near the convex
walls of the inner wavy cylinder and symmetrical concerning a horizontal plane that includes
the axis of the annulus channel. Furthermore, the increase in axial velocity is caused by the

narrowing of the annulus, as the axial velocity is proportional to the amplitude of the wavy
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annulus, which indicates that the annulus's undulating shape influences the fluid particles'
acceleration. Specifically, fluid particles are more likely to be accelerated near the wave crests
closer to the convex walls. As a result, regions adjacent to these convex walls experience higher
velocities than other duct parts. The maximum velocities for the three amplitudes A=0.1, A=0.2

and A=0.3 are respectively, v;qr = 1.626 , Vo, = 1.943 and vy, = 2.384.

(b) A=0.2
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Figure IV. 25. Axial velocity contours using (TiO2-CNT-Graphene/water) for different
amplitude wave at Re=800, Da=0.01, L=2.452, and ¢$=5%: (a) A=0.1, (b) A=0.2, and (c)
A=0.3.

Figure 1VV.26 compares the axial velocity for two wavelengths, L=5.026 and L=1.256, using a
ternary hybrid nanofluid (TiO.-CNT-Graphene/water). In the case of wavelength L=1.256, the
maximum axial velocity is located in eight regions adjacent to each other near the adiabatic
inner wavy cylinder rather than the outer heated wavy cylinder. Conversely, for the wavelength
L=5.026, only two regions with maximum velocity are formed. The maximum velocities for
two wavelengths, L=5.026 and L=1.256 are respectively, v, = 1.951 and v;,,,,, = 1.908. It
can be concluded that the increasing the wavelength leads to an increase in the axial velocity.
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Figure 1V. 26. Axial velocity contours for two different wavelengths using (TiO2-CNT-
Graphene/water) ternary hybrid nanofluid at Re=800, Da=0.01, A=0.2, and $=5%.

Figure 1VV.27 presents the dimensionless axial velocity contours at the outlet of the wavy
annulus for different hybrid nanofluids: ternary (TiO.-CNT-Graphene/water), binary (TiO2-
CNT/water), and binary (TiO2-Graphene/water) for various Hartmann numbers. The Figure
shows that for a low Hartman number (Ha=10), the distribution of axial velocity contours
appears symmetrical to the horizontal plane, with two cells in the middle containing the
maximum velocity, one in the top part and the other in the bottom part of the annulus. Both
cells are located in the same radius between the two wavy cylinders. For both Hartmann
numbers 50 and 30, the axial velocity has similar distributions to those of the Hartmann number
Ha =10 in that it forms two symmetrical cells with respect to a horizontal plane passing through

the cylinder axis, with a small difference corresponding to a radial displacement of the
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maximum velocity while maintaining the angular position with respect to the vertical plane of
the annulus as it partially approaches the insulated inner cylinder and moves away from the
heated outer cylinder. The reason for this movement is the significant effect of the magnetic
field on axial velocity as its intensity increases. The location of the maximum of the axial
velocity for the three Hartmann numbers is: Ha=10 (r*=0.725, top 6 =0 and bottom 7/2), Ha=30
(r*=0.65, top 6 =0 and bottom n/2) and Ha=50 (r*=0.6, top 0 =0 and bottom n/2). Finally, we
can conclude that in higher Hartman numbers, the maximum axial velocity approaches the

thermally insulated inner cylinder and moves away from the heated outer cylinder.

(c) TiO.-CNT-Graphene/water

Figure 1V. 27. Effect of Hartmann number on axial velocity contours at the duct’s outlet for:
(@) TiO2-CNT/water, (b) TiO2-Graphene/water, and (c) TiO2-CNT-Graphene/water.
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Figure 1V.28 represents the effect of the partial magnetic field on the axial velocity contours
for different scenarios and different Hartmann numbers. The results are taken using the ternary
hybrid nanofluid at Da=0.01, L=2.452, A=0.2, and ¢$=5%. At low Hartmann number, the
velocity contours remain qualitatively and quantitatively similar across all partial magnetic field
scenarios. As the Hartmann number increases up to Ha=50, a relatively large decrease in
velocity is observed in the region where the magnetic field is applied. This decrease is
particularly significant in the first and second scenarios but less pronounced in the third
scenario. Moreover, the distribution of axial velocity depends on the location of the magnetic
field. This provides an indication of the areas in which we wish to decelerate the flow of the

hybrid nanofluid through the magnetic field’s effect.

Ha=10

v
1.930
1.792
. 1.654

411 1516
1.379
1.241
1.103
0.965
0.827
0.689
0551
0414
0.276
0.138
0.000

Scenario 1
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Figure 1V. 28. Effect of different partial magnetic field scenarios on axial velocity contours at
(r,z) plane.
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1VV.3.2 Thermal field

Figure 1V.29 illustrate the comparison of 3D isotherms profile using ternary hybrid nanofluid
(TiO2-CNT-Graphene/water) for two cases, a straight annulus channel and a wavy annulus
channel. The results are taken with Re=800, Da=0.01, Ha=0, $=5%, and (L=2.452, A=0.2). It
can be seen that at the outlet of the annulus channel, the dimensionless temperature of the

straight annulus is higher than the wavy annulus channel.

(@) straight duct (b) wavy duct
| [ I I D I [ [N I o I

T* 0.000 0.015 0.030 0.045 0.061 0.076 0.091 0.106 0.121 0.136 0.152 0.167 0.182 0.197 T* 0.000 0.013 0.026 0.039 0.052 0.065 0.078 0.090 0.103 0.116 0.129 0.142 0.155 0.168

Figure 1V. 29. 3D isotherms contours using (TiO2>-CNT-Graphene/water) at Re=800,
Da=0.01, and $=5%: (a) straight duct, (b) wavy duct.

Figure 1V.30 compares the 3D isotherms profile for ternary hybrid nanofluid (TiO2>-CNT-
Graphene/water) and two binary nanofluids: (TiO.-CNT/water) and (TiO2-Graphene/water),
for two cases of wave amplitudes A=0.1 and A=0.3. The results are taken with Re=800,
Da=0.01, L=2.452, Ha=0, and ¢$=5%. The temperature profile of the three hybrid nanofluids
for both amplitudes A=0.1 and A=0.3 presents a concentric circular shape structure that exhibits
radial and axial stratification. An interesting observation is that the maximum temperature
decreases as the wave amplitude increases. This phenomenon is attributed to the intensified
fluid flow motion associated with larger wave amplitudes, leading to reduced viscous
dissipation and, subsequently, lower wall temperatures. Moreover, the comparison between
different hybrid nanofluids shows that the maximum temperature was achieved using TiO2-
CNT/water followed by TiO2-Graphene/water and TiO.-CNT-Graphene/water, respectively.
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(b) TiO2-Graphene/water
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(c) TiO.-CNT-Graphene/water

Figure 1V. 30. 3D isotherms contours for different amplitude at Re=800, Da=0.01, L=2.452,
and $=5%: (a) TiO>-CNT/water, (b) TiO2-Graphene/water, and (c) TiO>-CNT-
Graphene/water.

The comparison of the ternary hybrid nanofluid (TiO2-CNT-Graphene/water) for two
wavelengths L=1.256 and L=5.026 are shown in Figure 1V.31, at Re=800, Da=0.01, A=0.2,
and ¢$=5%. From the figure, it can be seen that wavelength has no significant effect on the

temperature distribution.
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Figure 1V. 31. 3D isotherms contours using (TiO2-CNT-Graphene/water) for different
wavelengths at Re=800, Da=0.01, A=0.2, and ¢$=5%.

Figure 1V.32 shows the 3D isotherms profile using different hybrid nanofluids: (TiO2-CNT-
Graphene/water) ternary hybrid nanofluid, (TiO2-CNT /water), and (TiO2-Graphene/water)
binary hybrid nanofluids subjected to a full magnetic field for different Hartmann numbers, Ha
(10, 30 and 50) using the following parameters, Da=0.01, L=2.452, A=0.2, and $=5%. The first
observation shows that at a low Hartmann number (Ha = 10), the temperature distribution
appears in the form of concentric circles, indicating radial and axial stratification. An angular
deformation is observed near to the outlet of the annulus wavy channel. In addition, this
deformation becomes increasingly important with the increase in the Hartman numbers from
Ha=30 to Ha=50, the maximum temperature moving towards two positions: the right and left
sides of the outer heated cylinder of the annulus channel. Generally, the temperature within the
fluid domain decreases due to the effect of Lorentz force, except for the maximum temperature,
which increases with higher Hartmann numbers. This can be attributed to the Joule heating
effect, which is more significant in these regions. For the case of binary hybrid nanofluid (TiO-
CNT/water), for example the dimensionless temperature for three Hartmann number are T* =
0.172 , T* = 0.181, and T* = 0.189 for Hartmann number Ha=10, 30 and 50, respectively.
Also, for the same Hartmann number Ha=50, the dimensionless temperature is higher using,
TiO2-CNT/water T* =0.189 , TiO2-Graphene/water T*=0.187 and TiO2-CNT-
Graphene/water T* = 0.181.
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(c) TiO.-CNT-Graphene/water

Figure 1V. 32. Hartmann number effect on temperature contours for different hybrid
nanofluids.

Figure 1V.32 presents 3D isotherms contours using ternary hybrid nanofluid by applying partial
magnetic field at 3 different scenarios and for the smallest Ha=10 and largest Hartmann number
Ha=50. For all the partial magnetic field scenarios tested, the same behavior as the full magnetic
field scenario is observed. Moreover, the temperature decreases with increasing Hartmann
number, except the maximum temperature which increases. The maximum temperature is
located at the heated outer wavy cylinder near the outlet of the annulus wavy channel in two
opposite sections in the right and left side. The comparison between the different partial
magnetic field scenarios (see Figure 1V.33) and the full magnetic field case (see Figure 1V.32),
for a low Hartmann number (Ha=10), the isotherms profiles are qualitatively and quantitatively
the same distribution. Furthermore, the increase of the Hartmann number to Ha=50, obvious

distortion of the distribution occurs of the concentric circles in all the cases start in the zone
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where the magnetic field is applied. In addition, another important observation is that the
temperature variation in the third scenario is not significant compared to the other scenarios.
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Scenario 3
Figure 1V. 33. The effect of different partial magnetic field scenarios on temperature contours
using ternary hybrid nanofluid.

1VV.3.3 Nusselt number

Figure 1V.34 (a-b) illustrate the effect of amplitude and wavelength on heat transfer in terms
of average Nusselt number using two binary hybrid nanofluids and ternary hybrid nanofluid at
fixed wavelength L=2.452 (Figure 1V.34a), and at fixed wave amplitude A=0.2 (Figure
1VV.34b). The results are taken at Re=800, Da=0.01, Ha=0, and ¢$=5%. Form Figure 1V34a, it
can be seen, that the average Nusselt number increases with increasing the wave amplitude, and
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the high average Nusselt number obtained using ternary hybrid nanofluid TiO2-CNT-
Graphene/water, followed by binary nanofluid TiO,-Graphene/water) and in last place the
binary nanofluid TiO.-CNT/water. The increase in wave amplitude from 0.1 to 0.3 results in
improved average Nusselt numbers by 19.5%, 19.4%, and 19.3% using TiO2-CNT-
Graphene/water, TiO>-Graphene/water, and TiO,-CNT/water, respectively. This is due to the
thermal conductivity which plays an essential factor on the heat transfer within the hybrid
nanofluids, this is justified by the existence of two nanoparticles of very high thermal
conductivity represented respectively by the two nanoparticles Gr and CNT and a nanoparticle
TiO2 of very low thermal conductivity compared to them. Additionally, heat transfer is

improved by using wavy annulus channel that have larger wave amplitudes.

Figure 1V.34b shows the average Nusselt number as a function of wavelength, we notice a
weak decrease in the Nusselt number with increasing wavelength. The relative average Nusselt
number is constant with increasing wavelength for the two binary hybrid nanofluids TiO.-
Graphene/water and TiO.-CNT/water, but for the ternary hybrid nanofluid TiO2-CNT-
Graphene/water there is a difference where the Nusselt number is relatively high at wavelength
L=1.256 and then decreases and stabilizes at wavelengths L=2.452 and L=5.026. The increase
in wavelength from 1.256 to 5.026 results in a decrease in average Nusselt number of 1.2%,
0.22% and 0.18% with TiO2-CNT-Graphene/water, followed by TiO>-Graphene/water and
TiO2-CNT/water, respectively. In addition, the ternary hybrid nanofluid TiO.-CNT-
Graphene/water gives the highest average Nusselt number values for both variations wave
amplitude and wavelength, followed by the TiO2-Graphene/water and TiO2-CNT/water binary
hybrid nanofluids, respectively. This implies that the ternary hybrid nanofluid offers superior

thermal performance.
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Figure IV. 34. Average Nusselt number using three different hybrid nanofluids for (a) effect
of wave amplitude, (b) effect of wavelength.

Figure 1V.35a displays the average Nusselt number of hybrid nanofluids for different

Hartmann numbers corresponds to the full magnetic field applied to the outer wavy cylinder of
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the annulus channel taking amplitude A=0.2, wavelength L=2.452, and volume fraction ¢=5%.
It can be seen that, the increasing of Hartmann number, the average Nusselt number increase
for all hybrid nanofluids tested. The higher values are achieved using (TiO.-CNT-
Graphene/water) ternary hybrid nanofluid, followed by (TiO2-Graphene/water), and (TiO2-
CNT/water) binary hybrid nanofluids, respectively. The application of the magnetic field
represented by the Hartmann number is a key factor in optimizing heat transfer through the

corrugated ring channels found in many thermal systems.

Figure 1V.35b shows the average Nusselt number versus Hartmann number for four scenarios,
the full magnetic field (FMF) and partial magnetic field (PMF) using a ternary hybrid
nanofluid(TiO2-CNT-Graphene/water). The first observation is that the number of Nusselt
increases as the number of Hartmann increases for all scenarios. However, in the case of low
Hartmann number 10, we observe that the Nusselt number takes the same value for all the
examined scenarios FMF and PMF with a slight variation among them. In addition to that, for
the highest Hartmann number Ha=50, the highest Nusselt number is achieved using full
magnetic field scenario (FMF), followed by partial magnetic field (PMF) scenario 1, scenario

2, and scenario 3, respectively.
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Figure 1V. 35. Average Nusselt number versus Hartmann number (a) for different hybrid
nanofluid using full magnetic field, (b) comparison of full and partial magnetic field
scenarios.

1VV.3.4 Skin friction coefficient

Reminder, the skin friction coefficient is caused by the dynamic viscosity of hybrid nanofluids
and is developed as the hybrid nanofluids moves on the surface of a body. Note that viscosity
is influenced by several factors, the most important of which is the shape of the nanoparticles
such as spherical, cylindrical, platelet ....etc. Figure 1V.36a show the variation of the average
skin friction coefficient for three hybrid nanofluids along the inner wall of outer wavy cylinder
versus the wave’s amplitude. The results show that the average coefficient of skin friction
increases with increasing amplitude. This phenomenon is attributed to heightened interaction
between the fluid and the annulus channel walls, particularly near the convex parts where
increased maximum velocity leads to higher velocity gradients near the walls, resulting in
elevated shear stresses. Comparison between three types of hybrid nanofluids tested, it is
apparent that the (TiO2-CNT-Graphene/water) ternary hybrid nanofluid has the highest values
regardless the wave’s amplitude, followed by (TiO.-Graphene/water), and (TiO.-CNT/water)

binary hybrid nanofluids, respectively.
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Figure 1VV.36b shows the variation in the average friction coefficient for different wavelengths
from 1.256 to 5.026. It can be seen that the average coefficient of skin friction remains constant
for all the wavelengths tested. Therefore, it can be concluded that the wavelength has no effect

on the skin friction coefficient.
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Figure IV. 36. Average skin friction coefficient using three different hybrid nanofluids for (a)
wave amplitude, (b) wavelength.
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In Figure 1V.37a, it is clear that the average skin friction coefficient increases as the Hartmann
number increases is due to the amplification of the Lorentz force. These forces lead to an
increase in the shear stress exerted on the outer wall of the annulus channel. Consequently, the
skin friction coefficient, which quantifies the frictional force experienced by the fluid flowing
over a surface, increases as a result of the enhanced resistance encountered. The (TiO2-CNT-
Graphene/water) ternary hybrid nanofluid exhibits the highest values, followed by (TiO»-
Graphene/water), and (TiO2-CNT/water) binary hybrid nanofluids respectively. Figure 1\VV.37b
presents the average skin friction coefficient versus Hartmann number for both full magnetic
field (FMF), and partial magnetic field (PMF) cases using (TiO2-CNT-Graphene/water) ternary
hybrid nanofluid. The average skin friction coefficient increases as the Hartmann number
increases for all the studied cases. The full magnetic field shows a much higher average skin
friction coefficient compared to the partial magnetic field cases, which show almost identical

results.
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Figure IV. 37. Average skin friction coefficient versus Hartmann number (a) for different
hybrid nanofluid using full magnetic field, (b) comparison of full and partial magnetic field
scenarios.

IVV.3.5. Pressure drop

Figure 1VV.38a demonstrate the variation of pressure drop concerning the wave’s amplitude for
three hybrid nanofluids studied. The results indicate that the pressure drop increases with
increasing wave amplitude for all the hybrid nanofluids. Independently of amplitude, the TiO»-
CNT-Graphene/water ternary hybrid nanofluid shows the highest pressure drop, followed by
the TiO2-Graphene/water and TiO>-CNT/water binary hybrid nanofluids, respectively. The
ternary hybrid nanofluid, with its unique composition, exhibit higher viscosity and,

consequently, higher pressure drop values compared to the both binary hybrid nanofluids.

Figure 1V.38b demonstrate the variation of pressure drop concerning the wavelengths for three
hybrid nanofluids studied. The obtained results showed that the pressure drop starts with a
relatively high value with the wavelength of 1.256, then its value decreases with increasing
wavelength, noting a relative stability in the pressure drop between the wavelength values 2.452
to 5.026.
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Figure 1V. 38. Pressure drop using three different hybrid nanofluids for (a) effect of wave
amplitude, (b) effect of wavelength.

Figure 1V.39a, show the pressure drop versus Hartmann number for three hybrid nanofluids.

The pressure drop increase with increasing Hartmann number for all the hybrid nanofluids
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tested. This observed phenomenon is due to the Lorentz force, which is opposed to the
movement of the hybrid nanofluid, resulting in increased resistance and, consequently, a higher
pressure drop appearing. Furthermore, among the hybrid nanofluids examined, the (TiO2-CNT-
Graphene/water) ternary hybrid nanofluid displays the highest pressure drop, while the binary
hybrid nanofluids (TiO2-Graphene/water, and TiO>-CNT/water) exhibit similar pressure drop
values. For Ha=50, the (TiO2-CNT-Graphene/water) ternary hybrid nanofluid gives a 1.09
times higher pressure drop than both (TiO2-Graphene/water) and (TiO.-CNT/water) binary
hybrid nanofluids. Figure 1\VV.39b presents the pressure drop versus Hartmann number for both
full and partial magnetic field cases using ternary hybrid nanofluid (TiO2-CNT-
Graphene/water). At low Hartmann number (Ha=10), the pressure drop are approximately
similar across all the cases. Furthermore, with increasing Hartmann number (Ha=30, and 50),
the pressure drop increase for all the cases, indicating an intensified flow resistance attributed
to elevated magnetic field strengths. However, an exception is observed at Ha=50 with partial
magnetic field (case 3), where the pressure drop remains constant at the value observed at
Ha=30. Moreover, a comparative analysis reveals that the full magnetic field configuration
gives the highest pressure drop values. Afterwards, the case 2 of partial magnetic field (PMF)

shows the highest pressure drop, followed by case 1 and case 3, respectively.
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Figure 1V. 39. Pressure drop versus Hartmann number (a) for different hybrid nanofluid
using full magnetic field, (b) comparison of full and partial magnetic field scenarios.

1VV.3.6. Entropy generation

Reminder, entropy generation refers to the production of entropy within a system due to
irreversible processes such as heat transfer, fluid friction, and magnetic field. Figure 1V.40 (a-
b) displays the entropy generation for three different hybrid nanofluids and for different
amplitude waves. An increase in wave amplitude causes a decrease in thermal entropy and
friction entropy because higher amplitude waves for an annulus channel tend to provide better
heat transfer and reduce fluid friction than lower amplitude waves. Figure 1V.40c displays the
variation of the Bejan number for different wave amplitudes. It can be seen that the Bejan
number increases with increasing the amplitude wave; this indicates that the heat transfer is the

dominant source of entropy generation.
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Figure 1V. 40. Entropy generation and Bejan number for different hybrid nanofluids and
wave amplitude at L=2.452.

Figure 1V.41 (a-c) illustrates the entropy generation and Bejan number for three hybrid
nanofluids and different wavelengths. It can be seen that as the wavelengths increase, a slight
decrease in thermal entropy is observed. In contrast, there is no remarkable variation in
frictional entropy and Bejan number for all the hybrid nanofluids tested. This indicates that the
relative importance of heat transfer and viscous dissipation in the entropy generation do not

change significantly with wavelength.
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Figure 1V. 41. Entropy generation and Bejan number for different hybrid nanofluids and
wavelengths at A=0.2.

Figure 1V.42 (a-d) shows the variation of entropy generation and Bejan number for different
Hartmann numbers. It can be seen that, for all hybrid nanofluids, the thermal entropy reduces
with increasing Hartmann number due to the reduced thermal gradient. Simultaneously, as
demonstrated earlier, frictional entropy increases due to the increased resistance induced by the
stronger magnetic field, leading to decreased velocity. Magnetic entropy consistently increases
with rising Hartmann numbers across all tested hybrid nanofluids, with no significant variations
observed between them. Furthermore, the Bejan number decreases with increasing Hartmann
number for all hybrid nanofluids examined, indicating an enhancement in heat transfer
efficiency. This suggests that heat transfer becomes more efficient in the system as the magnetic
field strength increases. The (TiO2-CNT-Graphene/water) ternary hybrid nanofluid presents
lower thermal entropy and higher frictional entropy, attributed to its unique combination of

nanoparticles with varying shapes and materials.

Figure 1V.43 (a-c) displays the variation of thermal, frictional, and magnetic entropy with
Hartmann number for different scenarios of magnetic field imposed on the wavy outer cylinder
wall of the annulus channel. Thermal entropy decreases with increasing Hartmann number for

all magnetic field (FMF) and (PMF) scenarios, except for the third scenario of partial magnetic
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field where it decreases until Ha=30; after this point, it remains constant until Ha=50. Moreover,
full magnetic field have the lowest values of thermal entropy. An important magnetic field
reduces velocity, and the flow of hybrid nanofluids becomes more ordered, reducing thermal
entropy. The third scenario is the lowest compared to the other scenarios because applying a
magnetic field in a zone close to the outlet of the wavy annulus has no significant influence
than applying the magnetic field in the middle or near the entrance of the wavy annulus.
Contrary to thermal entropy, frictional entropy increases with increasing Hartmann number.
This is because the magnetic field induces a Lorentz force that opposes the hybrid nanofluids
flow and forces the fluid to dissipate more energy. Magnetic field entropy increases with rising
Hartmann number for full and partial magnetic field scenarios, and there is no remarkable
difference between all the cases. Figure 1V.43d represents Bejan number variation with
Hartmann number and different partial magnetic field scenarios; it can be observed that Bejan
number reduces with decreasing Hartmann number for all magnetic field scenarios. There is no
remarkable difference between the scenarios at Hartmann number (Ha=10 and 30). At the same
time, at Ha=50, the full magnetic field has the smallest Bejan number, and the third case of the
partial magnetic field has the highest Bejan number. This can be attributed to a stronger
magnetic field suppressing convection, which is the main source of irreversibility in a flow. As

a result, the Bejan number will decrease with the increase in the Hartmann number.
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General conclusion

This thesis presents a comprehensive numerical study on laminar convective heat transfer using

binary and ternary hybrid nanofluids in the presence of porous media and magnetic fields. The

primary objective was to investigate the hydrothermal performance of binary and ternary hybrid

nanofluids in two distinct applications: mixed convection and forced convection, within

different geometrical configurations and magnetic field conditions.

In the first application, a detailed three-dimensional analysis of mixed convection and entropy

generation was conducted using binary and ternary hybrid nanofluids within a straight annulus

duct. The study employed FORTRAN code to simulate the behavior of kerosene-based

suspensions containing TiO2, CNT, and Graphene nanoparticles. The major findings of this

study include:

>

The flow experiences a significant delay at low Darcy numbers, and when the

magnetic field is applied horizontally and aligned with the flow.

Buoyancy forces are minimal at low Darcy numbers but become prominent at higher
values, significantly altering temperature distribution and flow characteristics.

The average Nusselt number increases with the Hartmann number and decreases with
the Darcy number, indicating improved heat transfer with stronger magnetic fields.

A substantial increase in the average Nusselt number was observed with the addition of
a magnetic field, particularly for the ternary hybrid nanofluid.

The pressure drop decreases with increasing Darcy number and increases with rising
Hartmann number.

Skin friction coefficients and entropy generation are significantly influenced by

Hartmann number and Darcy number,

The second application focused on forced convection heat transfer and entropy generation

using hybrid nanofluids in a wavy annulus duct. This study utilized Ansys-Fluent software

to simulate water-based suspensions of TiO2, CNT, and Graphene nanoparticles. Major

conclusions from this investigation include:

» Increasing the wave amplitude of the duct leads to a significant enhancement in the
Nusselt number, indicating better heat transfer performance.
» Both pressure drop and skin friction coefficient increase with higher wave amplitude

and Hartmann number, while the wavelength has minimal impact.
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» The full magnetic field scenario achieved the highest Nusselt number at a higher
Hartmann number, demonstrating the efficacy of magnetic fields in improving heat
transfer.

» Thermal and frictional entropy generation decreases with higher wave amplitudes,
while the Hartmann number has a more complex effect, decreasing thermal entropy
but increasing frictional entropy due to viscous dissipation caused by the Lorentz
force.

» The Bejan number decreases with increasing Hartmann number, reflecting reduced

irreversibility and enhanced thermal performance in stronger magnetic fields.

The results demonstrate that the strategic use of binary and ternary hybrid nanofluids, along
with the application of magnetic fields, can significantly improve heat transfer efficiency and

manage entropy generation in various flow configurations

Perspectives and future research

Future studies building on the present work can be formulated as follows:

» Plan an experimental study on hybrid nanofluids to determine our correlations of
thermal conductivity and dynamic viscosity as a function of temperature.

» Investigate the effects of different geometrical configurations of the annular duct. This
includes varying the inner and outer radii and introducing additional geometric
complexities.

» Explore the use of ferrofluids and examine the impact of magnetic fields on heat transfer
and fluid flow characteristics.

» Extend the current numerical model to simulate multiphase flows within the annular
duct.

» Explore the integration of the studied thermal systems with renewable energy sources,

such as solar or geothermal energy.
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Abstract

This thesis presents a comprehensive numerical study on the laminar convective heat transfer of hybrid
nanofluids between two horizontal concentric cylinders filled with porous media under uniform heating.
The study investigates two distinct applications: laminar mixed convection through a straight annulus
duct exposed to a full magnetic field at different inclination angles and laminar forced convection
through a wavy annulus duct exposed to both full and partial magnetic fields across various scenarios
considering joule heating. The primary focus is on understanding the magneto-hydrothermal flow
behavior of binary and ternary hybrid nanofluids. The hybrid nanofluids are composed of different
materials and shapes of nanoparticles, spherical, cylindrical, and platelet with different mixture ratio
dispersed in water or kerosene. The Finite volume method was employed to solve the system of
equations using single phase approach. The simulation explores the effects of multiple parameters
including Hartmann number, magnetic field inclination angle, Darcy number, Grashof number,
amplitude wave, and wavelength at fixed Reynolds number and volume fraction. The results indicate
that the ternary hybrid nanofluid exhibits the highest Nusselt number compared to binary compositions
under similar conditions. It was observed that increasing the Darcy number reduces the heat transfer
rate. Moreover, the influence of magnetic fields, characterized by the Hartmann number, shows that
higher values enhance the Nusselt number, indicating improved heat transfer efficiency due to enhanced
magnetic field-induced suppression of convection. Additionally, variations in wave amplitude also
contribute positively to heat transfer enhancement, while changes in wavelength showed no significant
impact.

Keywords: Annulus, Duct, Joule heating, Laminar convection, Magnetic field, Porous media, Ternary
hybrid nanofluid, Wavy.
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Résumé

Cette thése présente une étude numérique sur le transfert de chaleur par convection laminaire de
nanofluides hybrides entre deux cylindres concentriques horizontaux remplis d'un milieu poreux sous
chauffage uniforme. L'étude porte sur deux applications distinctes : la convection mixte laminaire a
travers un conduit annulaire droit exposé a un champ magnétique uniforme a différents angles
d'inclinaison et la convection forcée laminaire a travers un conduit annulaire ondulé exposeé a des champs
magnétiques uniforme et partiels a travers différents scénarios prenant en compte I’effet joule. L'objectif
principal est de comprendre le comportement de I'écoulement magnéto-hydrothermique des nanofluides
hybrides binaires et ternaires. Les nanofluides hybrides sont composés de différents matériaux et formes
de nanoparticules, sphériques, cylindriques et en plaquettes avec différents rapports de mélange
dispersés dans I'eau ou le kéroséne. La méthode des volumes finis a été employée pour résoudre le
systeme d'équations en utilisant une approche monophasique. La simulation explore les effets de
multiples paramétres, le nombre de Hartmann, lI'angle d'inclinaison du champ magnétique, le nombre de
Darcy, le nombre de Grashof, I'amplitude de I'onde et la longueur d'onde a un nombre de Reynolds et
une fraction de volume fixes. Les résultats indiquent que le nanofluide hybride ternaire présente le
nombre de Nusselt le plus élevé par rapport aux compositions binaires dans des conditions similaires. Il
a été observé que l'augmentation du nombre de Darcy réduit le taux de transfert de chaleur. En outre,
I'influence des champs magnétiques, caractérisée par le nombre de Hartmann, montre que des valeurs
plus élevées augmentent le nombre de Nusselt, ce qui indique une amélioration de I'efficacité du transfert
de chaleur en raison de la suppression de la convection induite par le champ magnétique. En outre, les
variations de I'amplitude des ondes contribuent également a I'amélioration du transfert de chaleur, tandis
que les variations de la longueur d'onde n'ont pas d'impact significatif.

Mots clé :  Convection laminaire, Nanofluide hybride ternaire, Champ magnétique, Milieu

poreux, Effet joule, Ondulation, Anneau, Conduit.



