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ABSTRACT 

 

 

 

 

This thesis is concerned with the development of mathematical models for the 

computation and simulation of biomagnetic fluid flow in either a stenosed or 

aneurysmal artery in the presence of non-uniform magnetic fields. The mathematical 

models take into account blood rheology where blood behaves as a magnetic fluid 

due to the complex interaction of intercellular protein, cell membrane and 

haemoglobin. The present study involves steady three-dimensional biomagnetic fluid 

flow and mass transfer through a horizontal cylinder. Numerical solutions obtained 

through a finite volume method shows that the magnetisation force has an effect on 

the fluid concentration and exerts a greater influence on the secondary flow motions 

compared to that caused by the Lorentz force. Earlier studies allow only Lorentz 

force due to uniform magnetic fields but neglect the effect of magnetisation force. 

Here, a modified finite difference method has also been designed specifically to 

study separately the effect of magnetisation force, Lorentz force or both, on a steady 

two-dimensional channel flow. It is observed that a distorted asymmetric flow profile 

is presented near the magnetic source and that the Lorentz force gives little influence 

to the flow behaviours, vindicating previous proposition that the Lorentz force need 

not be considered in the model of biomagnetic fluid flow.  
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ABSTRAK 

 

 

 

 

Tesis ini berkaitan pembangunan model matematik untuk pengiraan dan 

simulasi bagi aliran bendalir biomagnet di dalam arteri berstenosis atau beraneurisma 

di bawah pengaruh medan magnet tak seragam. Model matematik ini mengambil kira 

reologi darah bahawa darah bertindak sebagai suatu bendalir magnet disebabkan oleh 

interaksi kompleks antara sel protein, sel membran dan hemoglobin. Kajian ini 

melibatkan aliran mantap tiga matra bagi bendalir biomagnet melalui silinder 

mendatar dengan pemindahan jisim. Penyelesaian berangka yang diperoleh 

menggunakan kaedah isipadu terhingga menunjukkan daya pemagnetan memberi 

kesan kepada kepekatan bendalir dan mempunyai lebih pengaruh terhadap aliran 

sekunder berbanding aliran yang teraruh oleh daya Lorentz. Kajian sebelum ini tidak 

mempertimbangkan kesan daya pemagnetan, sebaliknya hanya mempertimbangkan 

daya Lorentz yang terhasil daripada medan magnet seragam. Di sini, kaedah beza 

terhingga telah diubahsuai khususnya untuk mengkaji secara berasingan kesan daya 

pemagnetan, daya Lorentz atau kedua-duanya terhadap aliran mantap dalam saluran 

dua matra. Hasil kajian menunjukkan profil aliran tak simetri berubah berhampiran 

sumber magnet, dan daya Lorentz pula mempunyai pengaruh yang kecil kepada 

kelakuan aliran. Keputusan ini mengesahkan hujah sebelum ini bahawa daya Lorentz 

boleh diabaikan bagi model aliran bendalir biomagnet. 

 

 

 

 

 

 

 

 

 



vii 
 

 

 

 

 

 

 

TABLE OF CONTENT 
 

 

 

 

CHAPTER TITLE PAGE 

   

 DECLARATION  ii 

 DEDICATION iii 

 ACKNOWLEDGEMENTS iv 

 ABSTRACT v 

 ABSTRAK vi 

 TABLE OF CONTENT vii 

 LIST OF TABLES xi 

 LIST OF FIGURES xii 

 LIST OF SYMBOLS AND ABBREVIATIONS xviii 

 LIST OF APPENDICES xx 

   

1 INTRODUCTION 1 

 1.1          Introduction 1 

 1.2          Problem Statement 2 

 1.3          Objectives of Research 3 

 1.4          Scope of Research 4 

 1.5          Significance of Research 4 

 1.6          Outline of the Thesis 5 

   

2 LITERATURE REVIEW 7 

 2.1         Introduction 7 

 2.2         Physiological Background 7 

 2.3         Biomagnetic Fluid Models 12 

                2.3.1     Magnetic Drug Targeting (MDT) 12 

                2.3.2     Blood as Magnetic Fluid 13 



viii 
 

 

 2.4          Development of Biomagnetic Fluid Model 14 

 2.5          Governing Equations of Biomagnetic Models 22 

 2.6          Numerical Works on Biomagnetic Fluid Models 26 

 2.7          Methods of Solution 27 

 2.8          Concluding Remarks 28 

   

3 

THREE DIMENSIONAL NUMERICAL 

SIMULATIONS OF BLOOD FLOW BEHAVIOR IN 

STENOTIC AND ANEURYSMAL ARTERIES 

 

30 

 3.1          Introduction 30 

 3.2          The Governing Equations 31 

 3.3          Numerical Model Description 32 

                3.3.1     Geometry and Boundary Conditions 35 

                3.3.2     Grid 36 

 3.4          Numerical Method  38 

 3.5          Verification 38 

                3.5.1     Cylindrical Model 39 

                3.5.2     Stenosis Model 41 

                3.5.3     Aneurysm Model 42 

 
3.6         Steady Blood Flow through an Arteries subjected  

              to the External Magnetic Field 

 

43 

                3.6.1     Straight Artery 44 

                3.6.2     Artery with Stenosis 51 

                3.6.3     Artery with Aneurysm 60 

 3.7          Flow Distribution of UV2D 69 

 3.8          Conclusions 71 

   

4 

BLOOD FLOW AND TRANSPORT OF OXYGEN IN 

ARTERIES WITH ANOMALIES SUBJECTED TO 

STRONG NON-UNIFORM MAGNETIC FIELD 

 

73 

 4.1          Introduction 73 

 
4.2          The Governing Equations and Boundary   

               Conditions  

73 



ix 
 

 

 4.3          Numerical Method 75 

 4.4          Results and Discussions 75 

 4.5          Conclusions 87 

   

5 
NUMERICAL COMPUTATION OF A TWO-

DIMENSIONAL BIOMAGNETIC CHANNEL FLOW 

88 

 5.1          Introduction 88 

 5.2          The Governing Equations 89 

 5.3          Numerical Method 91 

                5.3.1     Finite Differencing on a Staggered Grid 91 

 
               5.3.2     Discretisation of the Momentum  

                            Equations 

93 

                5.3.3     Discretisation of the Continuity Equation 96 

                5.3.4     Solution Algorithm  97 

 5.4          Verification 100 

                5.4.1     Lid-Driven Cavity Flow 100 

                5.4.2     Developing Flow in a Rectangular Duct 103 

                5.4.3     Backward-Facing Step Flow 105 

 5.5          Biomagnetic Flow in a Channel 107 

 5.6          Conclusions 113 

   

6 

THE EFFECT OF MAGNETISATION AND 

LORENTZ FORCES IN A TWO-DIMENSIONAL 

BIOMAGNETIC CHANNEL FLOW 

 

114 

 6.1          Introduction 114 

 6.2          The Governing Equations 114 

 6.3          Numerical Method 116 

 6.4          Verification 117 

 6.5          MHD Flow in a Channel 120 

 6.6          Conclusions 123 

   

7 CONCLUSION      124 

 7.1       Summary of Research         124 



x 
 

 

 7.2  Suggestions for Future Research 126 

   

REFERENCES 131 

Appendices A - C 142 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xi 
 

 

 

 

 

 

 

LIST OF TABLES 
 

 

 

 

TABLE NO. TITLE PAGE 

   

3.1 Properties of blood used for numerical simulations 40 

3.2 Comparison of WSS for stenosis 41 

3.3 Comparison of WSS for aneurysm 43 

5.1 Reattachment length as a function of Re 106 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xii 
 

 

 

 

 

 

 

LIST OF FIGURES 
 

 

 

 

FIGURE NO. TITLE PAGE 

 

2.1 

 

Blockage of a coronary artery by a blood clot 

 

9 

2.2 Artery narrowed by Atherosclerosis  10 

2.3 (a) Anatomy of an aneurysm (b) Different types of 

aneurysms 

11 

2.4 

 

Pictures of a white New Zealand rabbit fourty days 

after a MDT treatment with 20% (left side) and a 

normal treatment with 80% (middle) of the regular 

dose, and a human patient undergoing a MDT 

treatment (right side) 

13 

3.1 Longitudinal and transverse views of (a) straight, (b) 

stenotic and (c) aneurysmal arteries and the location of 

magnetic field generating wire 

34 

3.2 Switching from full geometry to half geometry based 

on symmetry axis  

35 

3.3 Numerical implementation of the boundary conditions 36 

3.4 3228282   volumes mesh 37 

3.5 

 

 

 

Control volume arrangement with borders (inner circle 

around the symmetry point is exaggerated in size for 

clarity reasons), W = West; E = East; S = South; N = 

North; T = Top; and B = Bottom 

38 

3.6 Pipe geometry of Poiseuille flow 39 

3.7 The WSS distributions of analytical and numerical 

solution for stenosis and aneurysm cases 

40 

3.8 WSS results for Newtonian case 42 

   



xiii 
 

 

3.9 The WSS distributions for the straight artery for 

different magnetic strength  

44 

3.10 The 3D view of re-circulative flow patterns of neutral 

situations with active magnetic fields parallel to the 

flow direction for straight artery 

45 

3.11 Velocity W and streamlines in the xz-plane for straight  

artery for different strength of magnetic field  

46 

3.12 Sketch of geometry to show an exact location of the  

secondary motions for a straight artery 

47 

3.13 Velocity component contours and streamline plots of 

blood flow in a straight artery when exposed to a non-

uniform magnetic field. First column – U/Wm (left) and 

V/Wm (right); second column – W/Wm (left) and 

streamlines (right) at m0432.0z  

48 

3.14 Velocity component contours and streamline plots of 

blood flow in a straight artery when exposed to a non-

uniform magnetic field. First column – U/Wm (left) and 

V/Wm (right); second column – W/Wm (left) and 

streamlines (right) at m06.0z  

49 

3.15 Velocity component contours and streamline plots of 

blood flow in a straight artery when exposed to a non-

uniform magnetic field. First column – U/Wm (left) and 

V/Wm (right); second column – W/Wm (left) and 

streamlines (right) at m1026.0z  

50 

3.16 Profiles of the spanwise velocity U for straight artery 51 

3.17 The WSS distributions of numerical solution for the 

artery with stenosis cases 

52 

3.18 The 3D view of re-circulative flow patterns of neutral 

situations with active magnetic fields parallel to the 

flow direction for stenotic artery 

53 

3.19 Velocity W and streamlines in the yz-plane for stenotic 

artery for different strength of magnetic field 

 

55 

 



xiv 
 

 

3.20 Sketch of a geometry to show an exact location of the 

secondary motions for artery with stenosis 

56 

3.21 Velocity component contours and streamline plots of 

blood flow in a stenotic artery when exposed to a non-

uniform magnetic field. First column – U/Wm (left) and 

V/Wm (right); second column – W/Wm (left) and 

streamlines (right) at m0432.0z  

57 

3.22 Velocity component contours and streamline plots of 

blood flow in a stenotic artery when exposed to a non-

uniform magnetic field. First column – U/Wm (left) and 

V/Wm (right); second column – W/Wm (left) and 

streamlines (right) at m07.0z  

58 

3.23 Velocity component contours and streamline plots of 

blood flow in a stenotic artery when exposed to a non-

uniform magnetic field. First column – U/Wm (left) and 

V/Wm (right); second column – W/Wm (left) and 

streamlines (right) at m1026.0z  

59 

3.24 Profiles of the spanwise velocity U for artery with 

stenosis 

60 

3.25 The WSS distributions of numerical solution for artery 

with aneurysm cases 

61 

3.26 The 3D view of re-circulative flow patterns of neutral 

situations with active magnetic fields parallel to the 

flow direction for aneurysmal artery 

62 

3.27 Velocity W and streamlines in the yz-plane for 

aneurysmal artery for different strength of magnetic 

field 

64 

3.28 Sketch of geometry to show an exact location of the 

secondary motions for artery with aneurysm 

65 

3.29 Velocity component contours and streamline plots of 

blood flow in an aneurysmal artery when exposed to a 

non-uniform magnetic field. First column – U/Wm (left) 

and V/Wm (right); second column – W/Wm (left) and 

66 



xv 
 

 

streamlines (right) at m0432.0z  

3.30 Velocity component contours and streamline plots of 

blood flow in an aneurysmal artery when exposed to a 

non-uniform magnetic field. First column – U/Wm (left) 

and V/Wm (right); second column – W/Wm (left) and 

streamlines (right) at m06.0z  

67 

3.31 Velocity component contours and streamline plots of 

blood flow in an aneurysmal artery when exposed to a 

non-uniform magnetic field. First column – U/Wm (left) 

and V/Wm (right); second column – W/Wm (left) and 

streamlines (right) at m1026.0z  

68 

3.32 Profiles of the spanwise velocity U for artery with 

aneurysm 

69 

3.33 Velocity profiles of blood flow when exposed to a non-

uniform magnetic field 

70 

3.34 3D cross section for aneurysmal artery with 10T 71 

4.1 Distribution of Sherwood number for cylinder cases 77 

4.2 Distribution of Sherwood number for stenosis cases 78 

4.3 Distribution of Sherwood number for aneurysm cases 80 

4.4 Concentration contours of cylindrical blood flow when 

exposed to non-uniform magnetic field 

82 

4.5 Concentration contours of stenotic blood flow when 

exposed to non-uniform magnetic field 

83 

4.6 Concentration contours of aneurysmal blood flow when 

exposed to non-uniform magnetic field 

84 

4.7 Horizontal slice of concentration contours of stenotic 

artery when exposed to non-uniform magnetic field 

85 

4.8 Horizontal slice of concentration contours of 

aneurysmal artery when exposed to non-uniform 

magnetic field 

86 

5.1 Staggered grid arrangement 93 

5.2 Flow chart of the SIMPLE algorithm 99 

5.3 Boundary conditions for the lid-driven cavity 101 



xvi 
 

 

5.4 Velocity u along vertical line through geometric centre 

of cavity for 100Re   

101 

5.5 Velocity v along horizontal line through geometric 

centre of cavity for 100Re   

102 

5.6 Velocity contour of cavity of 100Re   103 

5.7 Geometry of the channel with the prescribed boundary 

conditions 

103 

5.8 Fully developed velocity profile 106 

5.9 Centreline velocity for 50Re   104 

5.10 Sketch of geometry for backward-facing step flow 105 

5.11 Velocity plot of the flow 106 

5.12 u velocity contour and streamlines for 50Re   107 

5.13 u velocity contour and streamlines for 100Re   107 

5.14 Mesh and boundary condition of biomagnetic flow 

subjected to a magnetic field (a) Problem domain and 

boundary condition (b) Magnetic field intensity 

108 

5.15 U velocity profiles for various magnetic field strength 109 

5.16 Pressure contour of the flow for T8B  110 

5.17 Comparison of velocity profiles with Loukopoulos and 

Tzirtzilakis (2004) for T8B  

111 

5.18 Skin friction coefficient along the channel (a) lower 

wall, and (b) upper wall subjected to various magnetic 

field intensities at 250Re   

112 

6.1 2D Hartman flow and its boundary conditions 117 

6.2 Validation with analytical solution by Xu et al. (2008) 118 

6.3 Velocity contour of the flow 119 

6.4 Full geometry of velocity contour of the flow 119 

6.5 U velocity profiles for 3 values of magnetic field 

strength 

120 

6.6 Skin friction coefficient along the channel (a) lower 

wall, and (b) upper wall subjected to various magnetic 

field intensities at 250Re   

 

122 



xvii 
 

 

7.1 Proposed 3D model for fluid flow problems (a) 

prototype (b) drawings 

129 

7.2 Detail insight of pressure and velocity locations in the 

proposed model using 3D drawings 

130 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xviii 
 

 

 

 

 

 

 

LIST OF SYMBOLS AND ABBREVIATIONS 

 

 

 

 

SYMBOLS: 

 

  - Density 

   - Velocity vector 

  - Gradient operator 

 

  
 - Material derivatives 

T - Temperature 

Sh - Sherwood number 

Sc - Schmidt number 

  - Diffusion constant 

C  - Reference concentration difference 

c - Concentration 

  - Dissipation function 

  - Stress 

  - Viscous stress tensor 

P - Pressure 

  - Dynamics viscosity 

  - Kinematic viscosity 

  - Magnetic susceptibility 

M - Magnetisation 

  - Differential operator 

Re - Reynolds number 

   - Thermal expansion 

   - Acceleration due to gravity 

   - Eckert number 

  - Temperature number 



xix 
 

 

    - Magnetic number due to FHD 

    - Magnetic number due to MHD 

L
F   Lorentz force 

M
F   Magnetisation force 

  - Electrical conductivity 

   - Specific heat 

k - Thermal conductivity 

  - Reference length 

   - Reference velocity 

   - Reference magnetic field intensity 

  - Magnetic field gradient 

  - Electrical potential 

fC

 
- Skin friction coefficient 

N - Stuart number 

  

 

ABBREVIATIONS :  

 

CFD - Computational fluid dynamics 

BFD - Biomagnetic fluid dynamics 

FDM - Finite difference method 

FVM - Finite volume method 

FEM - Finite element method 

MDT - Magnetic drug targeting 

FHD - Ferrohydrodynamics 

MHD - Magnetohydrodynamics 

SIMPLE - Semi-Implicit Method for Pressure-Linked Equations 

TDMA - Tri-Diagonal Matrix Algorithm 

ECG - Electrocardiogram 

LDL - Low density lipoprotein 

WSS - Wall shear stress 

 

 



xx 
 

 

 

 

 

 

 

LIST OF APPENDICES 

 

 

 

 

APPENDIX TITLE PAGE 

   

A Mathematical Model for Chapter 3 142 

B Velocity Profile of a Circular Poiseuille Flow 144 

C Derivation of Laplace Operator in Appendix B 147 

  

 

 

 



 

 

 

 

 

CHAPTER 1 

 

 

 

 

INTRODUCTION 

 

 

 

 

1.1 Introduction 

 

 

Blood is essential in maintaining life. It transports oxygen and nutrients to all 

parts of the body, relays chemical signals and moves metabolic waste to the kidneys 

for elimination. Despite more than 150 years of closed study, a concise, predictive 

model of blood flow is still of far reaching. A quantitative model of blood flow is 

important not only as it relates to clinical diagnosis of disease, but as an integral 

component of models of more complex structures. In this introductory chapter, some 

physiological background is provided in order to pave the way for the mathematical 

modelling and numerical simulations to be developed in later chapters. 

 

 

To date, numerous mathematical models have been developed to describe 

blood flow in the circulatory system (Mahapatra et al. (2002), Midya et al. (2003), 

Maikap et al. (2005), Layek and Midya (2007), Chakravarty et al. (2007)). Following 

such a tradition but looking at different aspect, this thesis adopts the biomagnetic 

fluid model in representing the blood flow. A biomagnetic fluid is defined as a fluid 

that exists in a living creature and its flow is influenced by the presence of a 

magnetic field. The main reason in choosing this model to describe blood flow 

comes from the fact that blood behaves as a magnetic fluid (Tzirtzilakis, 2005). Due 

to the complex interaction of the intercellular protein, cell membrane and the 

hemoglobin, a form of iron oxides presents at a uniquely high concentration in the 

mature red blood cells (erythrocytes). Its magnetic property is affected by factors 

such as the state of oxygenation (Higashi et al. 1993).  
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During the last decades, extensive research has been done on the fluid 

dynamics of biological fluids in the presence of magnetic field. Numerous useful 

applications have been proposed in bioengineering and medical sciences (see Ruuge 

and Rusetski (1993), Plavins and Lauva (1993), Haik et al. (1999)). Among them are 

the development of magnetic devices for cell separation, targeted transport of drugs 

i.e. using magnetic particles as drug carriers, magnetic wound treatment and cancer 

tumor treatment, reduction of bleeding during surgeries and provocation of occlusion 

of the feeding vessels of cancer tumors and development of magnetic tracers.  

 

 

It is imperative to acknowledge that mathematical modelling and numerical 

simulations provide many important insights on the underlying interactions between 

blood flow and magnetic field, some of which are not directly assessible through 

experimental investigation. Computational simulations make possible the study of 

the feasibility of a medical technique before entering clinical trials, and simulations 

are useful for investigating the influence of various factors independently (Haverkort 

and Kenjeres (2008), Haverkort et al. (2009)). Since the human blood is slightly 

electrically conductive, it is important to formulate a mathematical model that 

mimics properly the effects of magnetisation and Lorentz force on the blood flow 

(Kenjeres and Opdam, 2009). The application of biomagnetic fluid will be 

considered in this research because the model is more realistic from the physiological 

point of view. 

 

 

 

 

1.2 Problem Statement 

 

 

Computational fluid dynamics (CFD) occupies one of the key physical 

disciplines that involve the description of fluid flow in terms of mathematical models 

which comprise convective and diffusive transports of matters. New techniques are 

needed when problems in real environments get more difficult and complex. Such 

complexities are encountered especially when the behavior of fluid in motion is no 

longer governed by the Navier-Stokes equations alone. In considering more realistic 

behaviour of the flow, such as biomagnetic fluid model in this study, other effects 

must be considered and this usually results in coupled partial differential equations. 
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One of the major difficulties in solving such a coupled problem is the handling of 

pressure terms in which singularity occurs. Having stated aforementioned matters, 

this study is therefore very general nature in regard to interactions between 

mathematical model, numerical simulation and blood flow behaviour in 

oversimplified geometries (artery is never a perfectly circular straight tube). Even so, 

we put concentration on the effects of two-dimensional and three-dimensional 

biomagnetic blood flow models when being imposed with non-uniform magnetic 

field. There are several issues pending to be addressed, all of which are stated in the 

followings. What are the effects on blood flow characteristics of anomalous 

geometry in stenosis and aneurysm compared to normal arteries in presence of 

magnetic field? What are the severities of the oxygen distribution along the artery for 

both geometries? What are the effects of aforementioned cases under the influence of 

non-uniform magnetic field? What are the effects on blood flow patterns when only 

magnetisation force is imposed? What happens to the flow when magnetisation and 

Lorentz forces are imposed? These research questions constitute the main concern of 

the present thesis.  

 

 

 

 

1.3 Objectives of Research 

 

 

 The main concern of current study is to investigate the two-dimensional and 

three-dimensional blood flow through an artery by solving the following problems: 

 

 

1. To investigate the blood flow patterns considering a three-dimensional 

channel flow in horizontal cylinder, cylindrical geometry with significant 

narrowing (mimicking stenosis) and cylindrical geometry with significant 

swelling (mimicking aneurysm) allowing magnetisation and Lorentz forces. 

2. To determine the effect of mass and flow transport phenomena associated 

with disease on geometries stated in (1). 

3. To derive and solve Navier Stokes differential equation allowing 

magnetisation force description using finite difference method considering a 

two-dimensional channel. 
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4. To derive and solve Navier Stokes differential equation allowing 

magnetisation and Lorentz forces description using finite difference method 

considering a two-dimensional channel. 

 

 

 

 

1.4 Scope of Research 

 

 

This study considers the nonlinear, steady, two-dimensional and three-

dimensional blood flows through an artery in the presence of magnetic field. In 

addition, the symmetric and three-dimensional cylinder, stenotic and aneurysmal 

blood flows through an artery are investigated. It is imperative to emphasize also that 

this study only considers single horizontal flow without branching effect, treating all 

material properties as constant. In addition to the neutral conditions (0 Tesla), the 

investigated strengths of magnetic field include 5 Tesla and 10 Tesla. The finite 

volume method (FVM) will be used as the numerical technique for three-dimensional 

models. For two-dimensional modelling, a modified numerical algorithm based on 

the finite difference method (FDM) will be adopted. 

 

 

 

 

1.5 Significance of Research  

 

 

The significance of the study can be stated as follows: 

 

 

1. To present more realistic mathematical models to interpret and enhance the 

understanding of blood flow characteristics under stenotic and aneurysmal 

conditions through mathematical behaviour. 

 

2. The establishment of new numerical techniques will pave the way for the 

solution of more difficult bio-fluid and mathematical problems.  

 



5 

 

3. For diagnostic purposes, this study would help molding the fundamental 

understanding of bio-fluid behaviour and contribute to the advancement of 

medical science. 

 

4. Development of simulation and visualization packages of real-time solution 

for application in medicine for physicists and biomedical engineers. 

 

 

 

 

1.6 Outline of the Thesis 

 

 

This thesis is divided into seven chapters including this introductory chapter. 

Chapter 1 presents some general introduction, research background, objectives, 

scope and significance of research. All the problems in this study are based on the 

Navier Stokes equations which is associated with varying magnetic field. Chapter 2 

contains the general literature review on the significance of this study. Considered 

problems will be discussed in four chapters, namely Chapters 3 through 6. All of 

these problems are solved numerically using either the finite volume method or finite 

difference method. 

 

 

Chapter 3 discusses the blood flow patterns allowing magnetisation and 

Lorentz forces through a horizontal cylinder, cylindrical geometry with significant 

narrowing (mimicking stenosis) and cylindrical geometry with significant swelling 

(mimicking aneurysm). This chapter is divided into nine main sections, content of 

which includes the introduction, literature review, governing equations, numerical 

model description, numerical method, verification, steady blood flow through an 

artery subjected to the external magnetic field, flow distribution of velocity in two-

dimensional view and conclusions. The discussion is focused on the effects of blood 

flow patterns when being imposed with different strengths of magnetic field which is 

0 Tesla, 5 Tesla and 10 Tesla. The presentation of problem takes the form of a three-

dimensional channel flow solved using a finite volume method.  
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 In Chapter 4, problem related to the effect of mass and flow transport 

phenomena will be discussed. This problem is an extension from the first problem 

(Chapter 3) which also involves magnetisation and Lorentz forces. This chapter 

contains six sections. They are introduction, literature review, governing equations, 

numerical method, results and discussions and conclusions. In this chapter, the 

discussion concentrates on the effect of mass and flow transport phenomena 

associated with disease on geometries stated in Chapter 3 when exposed to various 

magnetic field values.  

 

 

 Chapter 5 explains a two dimensional channel flow allowing magnetisation 

force. This chapter is divided into seven sections: the introduction, literature review, 

governing equations, numerical method, verification, results and discussions and 

conclusions. A modified finite difference scheme based on staggered grid will be 

used to derive and solve Navier-Stokes differential equation. Three benchmark cases 

were considered for verification, i.e. lid driven cavity flow, Pouiselle flow and 

backward facing step flow. The discretization of the Navier Stokes equations 

allowing magnetisation force description in the numerical computation part is given 

afterward. This method has been found to be suitable and flexible to deal with 

varying magnetic field i.e. magnetisation force. 

 

 

 Finally, the last problem is discussed in Chapter 6 which concentrates on the 

effects of Lorentz force when associated with magnetisation force from Chapter 5. 

This chapter is divided into seven sections: the introduction, literature review, 

governing equations, numerical method, verification, results and discussions and 

conclusions. In this chapter, Navier-Stokes differential equation allowing 

magnetisation and Lorentz forces description will be derived and solved using the 

same method as described in Chapter 5. The model verification and validation are 

carried out in terms of results comparison with the analytical solution of 2D Hartman 

flow. The final and concluding chapter, Chapter 7, contains some concluding 

remarks, summary of research as well as some suggestions for future research. 
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