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ABSTRACT 

The flow of biomagnetic fluid is considerably influenced by the presence of 

magnetic field especially in the case of spatially varying magnetic field. Blood is 

known as the most common biofluid where its magnetic properties are governed by 

the existence of high concentration of hemoglobin, which is a form of iron oxide in 

mature red blood cells. Biomagnetic fluid dynamics is a study for the relationship 

between fluid dynamics of biological blood with the magnetic field. The problems of 

blood flow in the presence of magnetic field with an overlapping stenosis in the straight 

and bifurcated channel are investigated numerically. In this study, the flow is 

considered to be steady, two-dimensional, laminar, and electrically nonconducting 

under the influence of spatially varying magnetic field. The mathematical model for 

biomagnetic fluid dynamics for isothermal case is constructed based on modified 

Navier-Stokes equations coupled with the principles of ferrohydrodynamics (FHD) 

and magnetohydrodynamics (MHD), which consider force arising due to 

magnetization and Lorentz force, respectively. Based on these assumptions, the 

nonlinear system of the governing equations is then discretized by employing Galerkin 

finite element method and the source code is developed by using MATLAB software 

in order to solve the problem. The numerical result shows that the intensity of the 

applied magnetic field could alters the behaviour of blood flow at the area near the 

magnetic source and cause the formation of new vortex. This could be seen from the 

velocity profile and streamline pattern of both straight and bifurcated artery. When the 

magnetic intensity is increased, the flow velocity can be seen to be reduced 

considerably near the stenosis area compared to the velocity of the flow before 

magnetic field is introduced. This shows that the study on magnetic field on 

biomagnetic fluid is proven to be beneficial for future development in biomedical area.  
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ABSTRAK 

Aliran bendalir yang bersifat biomagnetik sangat dipengaruhi oleh kehadiran 

medan magnet terutama dalam kes medan magnet yang mempunyai kedudukan ruang 

berbeza. Darah dikenali sebagai bendalir biologi di mana sifat magnetnya ditadbir oleh 

kewujudan kepekatan hemoglobin yang tinggi, yang merupakan bentuk oksida ferum 

dalam sel darah merah yang matang. Dinamik bendalir biomagnetik adalah kajian bagi 

perkaitan antara dinamik bendalir bagi darah dengan medan magnet. Masalah aliran 

darah dengan kehadiran medan magnet dengan stenosis bertindih dalam saluran arteri 

lurus dan arteri bercabang dikaji secara berangka. Dalam kajian ini, aliran dianggap 

mantap, dua dimensi, laminar, dan bukan pengkonduksi elektrik di bawah pengaruh 

medan magnet yang berbeza ruang. Model matematik bagi dinamik bendalir 

biomagnetik untuk kes isoterma telah dibina berdasarkan persamaan Navier-Stokes 

yang diubahsuai dengan mengambil kira prinsip ferohidrodinamik (FHD) dan 

magnethidrodinamik (MHD), yang masing-masing mempertimbangkan daya yang 

timbul kerana daya pemagnetan dan daya Lorentz. Berdasarkan andaian ini, sistem tak 

linear dari persamaan menakluk kemudiannya dicerakinkan dengan menggunakan 

kaedah unsur terhingga Galerkin dan kod pengaturcaraan telah dibangunkan dengan 

menggunakan perisian MATLAB bagi menyelesaikan masalah tersebut. Hasil 

daripada kaedah berangka menunjukkan bahawa intensiti medan magnet yang 

digunakan boleh mempengaruhi sifat aliran darah pada kawasan berhampiran sumber 

magnet dan menyebabkan pembentukan pusaran baharu. Ini juga dapat dilihat dari 

profil halaju dan corak garis arus arteri lurus dan bercabang. Apabila kadar intensiti 

magnet ditingkatkan, halaju bendalir dapat dilihat menunjukkan penurunan 

berhampiran kawasan stenosis berbanding halaju bendalir sebelum medan magnet 

diperkenalkan. Ini menunjukkan bahawa kajian mengenai medan magnet pada 

bendalir biomagnetik telah dibuktikan bermanfaat untuk perkembangan bidang 

perubatan masa hadapan.  
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CHAPTER 1  

 

 

INTRODUCTION 

1.1 Research Background 

Current worldwide increase in cardiovascular disease has triggered a clinical 

interest on the study of flow in blood. Cardiovascular diseases are the leading cause of 

death in Malaysia and globally. Based on statistics (World Health Organization, 2018) 

ischemic heart disease was the principal cause of death in 2016. Cardiovascular system 

is an organ system empowered by heart with the help of blood vessels that functions 

to distribute blood all over the body enabling the cell to receive the nutrients and 

nourishment from the blood cell itself. Consequently, any disorder that occur to these 

vital organs may lead to cardiovascular complications lead to fatalities (World Health 

Organisation, 2017).  

 

 

Blood, blood vessels and heart are three vital components that made up human 

cardiovascular or circulatory system. Blood circulates through a network of vessels 

throughout the body by action of the pumping of the heart. The main function of blood 

is to carry and transport necessary substances such as oxygen, carbon dioxide, nutrient 

and waste product to the targeted area. While the structure of heart is a four chambers 

muscular organ which are two upper atria also acting as the receiving chamber and 

two lower ventricles function mainly as the discharging chamber since the walls are 

much thicker compared to atria. The right heart (right atrium and right ventricle) 

receives blood from the body and pump it to the lungs while left heart delivered the 

blood received from the lungs throughout the body (Health Encyclopedia, 2019). 

 

 

In average human body contains about 4 to 5 liters of blood. Particularly, blood 

is a liquid connective tissue that consist of 4 basic components, which are red blood 

cells (RBCs) or erythrocytes, white blood cells (WBCs) or leucocytes, platelets and 

plasma membrane. Each component contributes in helping the blood to fulfil it roles. 
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The composition of blood and the characteristics of each components are shown in 

Figure 1.1.  

 

 

 

Figure 1.1 The composition of blood  

 

 

Around 20% of oxygen were carried by haemoglobin and transported to the 

body tissue and lungs respectively. The hemoglobin is a metalloprotein containing iron 

and makes up to 96% of dry weight of the red blood cells (Lakna Panawala, 2017). 

Plasma membrane transported these blood cells along with the nutrients, waste 

product, antibodies, clotting materials and chemical. Another function of blood is to 

protect the body from infection and developing body immune system with the help of 

leucocytes and plasma protein. Platelets in the other way aid the blood in the process 

of hemostasis to prevent any unnecessary blood loss during injury by forming blood 

clot and ultimately covers the wound (American Society of Hematology, 2019). The 

blood is transported through an elastic tube called blood vessels known as artery, veins 

and capillaries. They have different features and functions in accordance with their 

nearby structure as shown in Table 1.1.  

 

 

Erythrocytes (RBC)
44%

Leucocytes (WBC) and 
Platelets

1%

Plasma Membrane
55%

Composition of Blood

- Biconcave, anucleate 
disc shaped

- Contain pigment 
called hemoglobin that 
occupies 1/3 of RBC 
which contributes the 
colour of red blood 
cells

- Transport respiratory 
pigment which is 
hemoglobin, Hb

Leucocytes

- Large size and oval in size

- Responsible for fighting 
disease and infection in the 
body

Platelets or Thrombocytes

- Small non-granulocytes 
disc

- Helps in coagulation 
(haemostasis) or blood clot

- Protein-salt solution 
which acts as a suspension 
for RBC, WBC and 
platelets

- Composed of 90-92% 
water, 7-8% plasma protein 
and 1-2% of other 
substances 

- Transport water and 
nutrients to the body tissues
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Table 1.1 Characteristics of blood vessels  

Types/ 

Characteristics 
Arteries Capillaries Veins 

Functions Carry blood away from 

the heart 

Carry blood very close to 

the cells of the tissues of 

the body 

Carry blood return to 

the heart 

Blood Types Oxygenated blood 

except pulmonary artery 

No specifications Deoxygenated blood 

except pulmonary vein 

Pressure High blood pressure No specifications Low blood pressure 

Wall of Blood 

Vessels 

Thicker, elastic and 

muscular walls 

Thin layer of 

endothelium 

Thinner and less elastic 

walls 

Figure 

   

 

 

Ischemic or coronary heart disease occurred due to the atherosclerosis which 

is the hardening of arterial wall forming a stenosis or plaque. From Table 1.1, it is 

shown that the wall of arteries is thicker than veins because they received blood at high 

pressure due to its location near to the heart. In addition to that, having lumen with 

small diameter helps maintain the pressure of blood moving through the system. 

Therefore, any abnormalities i.e. stenosis, that occur in the arterial wall could disturb 

the normal flow of blood, limiting the amount of transported oxygenated blood needed 

and eventually lead to heart attack or worse, death. Figure 1.2 (a) illustrate the 

differences between healthy (normal) artery and artery having plaque inside it.  

 

 

(a) 
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(b) 

 

Figure 1.2 (a) Comparison of the normal artery and stenosed artery (Katz et al., 

2016) and (b) Formation sequence of the ruptured blood clot (Health Encyclopedia, 

2019). 

 

 

Based on Young (1968), Biswas (2000), Biswas and Chakraborty (2009) and 

Sankar and Lee (2009), two major complications that causes by atherosclerosis are the 

atheromatous plaques and an aneurysm. The plaque formation cf., Figure 1.2 (a) is due 

to the accumulation of fatty materials such as cholesterol and other substances that 

exist in blood. Over time when the fibrous cap is at the thinnest, the plaque ruptured 

and thrombosis process will take place producing blood clot as shown in Figure 1.2 

(b) (Jacob et al., 2018). The shrink or heal clot leave behind a stenosis (arterial 

hardening) causing constriction of the artery. As a result, the blood supply demands 

cannot be achieved and initiate many types of disease such as coronary artery disease, 

heart attack, kidney failure and stroke (Tegos et al., 2001).  

 

 

Abnormality such as stenosis in blood vessels highly influenced the 

hemodynamic of flow (Srivastava, 1995). It is discovered that the flow in stenotic 

region is different than one in normal arteries where the increasing severity of stenosis 

also cause the change in flow field (Mustapha et al., 2010). Numerous authors have 

contributed to the study of blood flow problem in stenosed artery with various type of 

flow model. In the early stage of studies on stenosed artery, blood used to be modelled 

as Newtonian fluid. Then, Chakravarty et al. (1996) stated that blood behaves as 

Newtonian fluid in wider arteries while behaves as non-Newtonian in small arteries. 

Various studies in this area (Ismail et al., 2008; Varshney et al, 2010; Roy et al., 2018), 
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could provide the researcher with more understanding on the behavior of blood flow 

in vessels.   

 

 

For example, the arising of interest in the effect of fundamental body forces on 

the blood flow in arteries lead to the improvement of study model with the addition of 

gravitational force and magnetic field. Besides, it is commonly known that most of the 

cardiovascular disease treatment tools utilize the concept of magnetic field. This is due 

to the natural attribute of blood having a unique iron containing protein known as 

hemoglobin and it is able to orient in the presence of magnetic field. Some of the 

applications of magnetic field are magnetic devices for cell separation and magnetic 

drug targeting which use to deliver drugs to the targeted cells for tumor patient 

treatment. 

 

 

 

 

1.2 Problem Statement 

Recognizing the importance of a healthy lifestyle in human life, especially the 

cardiovascular systems has initiate massive studies in bio-medical area. In this thesis, 

fluid dynamic study coupled with electromagnetic force is studied in order to 

understand the haemodynamic of blood flow in a constricted channel with the presence 

of spatially varying magnetic field. Hence, a mathematical model that describe the 

flow is demonstrated based on the interaction between Navier-Stokes equations and 

magnetic field equations. Understanding the effect of magnetic force on blood flow 

characteristics helps to provide a better view on the roles of blood dynamical factor to 

the progression of arterial diseases. 

 

 

It is known that constricted or stenosed artery may lead to a serious 

cardiovascular disease since the flow of blood is being disturbed from performing their 

designated task. This indicates that the geometry of the artery is a crucial factor that 

should be considered in studying blood flow characteristics. Since blood vessel 

consists of  single and bifurcated vessels, both geometries are studied to observe the 

effects of magnetic force on the flow of blood with the existence of overlapping 
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stenosis. To solve the proposed problem in this study, Galerkin weighted residual finite 

element method is applied. This is because finite element method (FEM) is known for 

its ability to solve the problem with complex geometry and provides a faster rate of 

convergence.  

 

 

 

 

1.3 Objectives of Study 

The main purpose of this study is to develop a mathematical model based on 

the biomagnetic blood flow in a channel by using Galerkin weighted residual finite 

element method. In addition, it is worth to note that this study considered the fluid to 

be isothermal in order for the mathematical model to be more simplified. Specifically, 

the objectives are to:  

 

a) Develop the mathematical model of biomagnetic fluid dynamic of blood 

flow in a channel with an overlapping stenosis 

 

b) Generate the Matlab source code for biomagnetic fluid flow in a straight and 

bifurcated channel discretized by Galerkin weighted residual finite element 

method. 

 

c) Investigate the effects of biomagnetic fluid flow in the presence of an 

overlapping stenosis in a straight and bifurcate channel.  

 

 

 

 

1.4 Scope of Study 

The fluid flow models are based on the Newtonian Navier-Stokes equations 

where the blood flow is assumed to be to-dimensional, steady and laminar; a fluid that 

travels smoothly in regular paths. In addition to that, the fluid is flowing under the 

presence of magnetic field since this study focus on biomagnetic fluid flow in a 

channel artery. The flow is isothermal and the magnetic field involves are based on the 

force arising due to spatially varying magnetic field (magnetic gradient). The geometry 
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of stenosis chosen here is an overlapping stenosis which presented in both straight and 

bifurcated channel arteries. Bifurcated artery is an artery that consists of a single 

mother and daughter arteries. In this study, the mathematical model is then discretized 

by using finite element Galerkin weighted residual method and the results are 

computed by using MATLAB software. The validation of the source code is made by 

comparing the benchmark problem for lid driven cavity case. Although there exists a 

limitation in the study due to the negligibility of heat transfer, stability term is added 

to cope with this issue. Finally, the characteristics of blood flow considered in this 

study includes the velocity profile, streamlines pattern and pressure drop.  

 

 

 

 

1.5 Significance of Study 

This main focused for this research is on the flow characteristics for 

biomagnetic fluid inside the straight and bifurcated channel with an overlapping 

stenosis. It is important to note that the presence of magnetic field did influence the 

fluid flow especially in the case of spatially varying magnetic field (Tzirtzilakis, 2005). 

Hence, further study that considered different types of channel with the presence of 

overlapping stenosis might provide a more details and wide evaluation on 

haemodynamics alterations of blood flow.  

 

 

Another significance that can be considered here are the application of finite 

element formulation method to solve the biomagnetic fluid dynamics (BFD) problem. 

It is advantages to use finite element method due to its efficiency in handling complex 

geometry such as bifurcated channel geometry. Besides, BFD is the study on the 

interaction of biological fluid with electromagnetics force which results in a lot of 

benefits in real-life situation. Such examples are medical devices that make use of 

magnetic field such as magnetic drug targeting which proven useful in targeting and 

delivering the drugs to the targeting spot with the use of external magnetic field. This 

shows that exploring deeper in this research area could prove to be helpful in 

advancing biomedical technology area.  
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1.6 Thesis Outline 

This thesis started with the introduction of the research. In this chapter, 

background of the research is briefly introduced followed by the problem statement, 

objectives, scopes and significance of the research.  

 

 

The remainder of the thesis is organized in four chapters. Chapter 2 present the 

literature review which consists of the discussion on previous and current study related 

to this research. This chapter begin with the introduction of blood as biofluid and 

followed by the study of magnetic effect of blood which are ferrohydrodynamics and 

magnetohydrodynamics. Then, the finite element Galerkin method for solving the 

nonlinear problem is discussed with all the problems related to this method of solution.  

 

 

The derivation involves in this study is detailed in Chapter 3. This includes the 

derivation of the governing equations and magnetic field equations. Subsequently, 

Chapter 4 introduced the modeling of the study using Galerkin weighted residual 

method formulation. The numerical flow of the solution starts with non-dimensional 

equations and discretization of the model is provided and the source code validation is 

also presented.  

 

 

Chapter 5 focused on the results of the study. The effects of biomagnetic fluid 

dynamics (BFD) in two types of channel which are straight and bifurcated channel are 

presented. This chapter present the results on the effect of magnetic field in both 

channels. Finally, the conclusion of this study is summarized in the last chapter, 

Chapter 6. This follows by a section with some of recommendation for future works. 
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