
CHAPTER I

INTRODUCTION

1.1 Background

Cardiovascular diseases (CVDs) are the number one cause of death glob-
ally. Atherosclerosis is the pathology which underlies cardiovascular disease [3].
Atherosclerotic vascular disease is the most common cause of morbidity and mor-
tality in developed countries, and the world-wide importance of acute vascular syn-
dromes is increasing [4].

Atherosclerosis is a disease where plaques are formed by lipids inside the
artery. The plaques may cause arteries to narrow, which is very dangerous because
restricted blood flow could cause complications. If the arteries that supply blood
to the heart are blocked, a heart attack may occur. Likewise, if the arteries that
supply blood to the brain are blocked, a stroke may occur. Narrowed arteries are
also called stenosed arteries. It is expected that atherosclerosis will continue to be a
major health problem. Therefore, a thorough research on this disease is important.

The development of computational fluid dynamics (CFD) in recent years has
enabled us to better understand various CVDs. Also, its role as a diagnostic and
treatment tool for CVDs is invaluable. CFD offers chances for simulation before a
real commitment is undertaken to execute any medical design alteration and may
provide the correct direction to develop medical interventions [5]. Limitations in
the use of CFD simulations are related primarily to the model assumptions that are
made when these simulations are performed, e.g., geometry, viscosity, distensibility,
flow conditions [6].

Smoothed particle hydrodynamics (SPH) is a method for obtaining approxi-
mate numerical solutions of the equations of fluid dynamics by replacing the fluid
with a set of particles [7]. Initially, SPH was developed for astrophysical prob-
lems. Currently, it has been applied to engineering problems such as dam break and
naval hydrodynamics. SPH has numerous advantages compared to conventional
grid-based methods. It enables treatment of complex geometries with ease, and it is
naturally suited for parallel computing. The main disadvantage of SPH is that SPH
requires a special treatment for solid boundaries.
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1.2 Problem Statement

First, we discuss how to derive the governing equations of fluid dynamics re-
lated to blood flow. In section 2, we start from an introduction to Reynold’s transport
theorem, and we demonstrate how it relates to the derivations of the conservation
law equations. Furthermore, the influence of the assumptions on the equations is
also discussed.

Second, we discuss how to derive the SPH numerical schemes for the gov-
erning equations. In section 3, we first discuss the underlying idea of SPH approx-
imations. Then, we discuss about the properties of the smoothing functions and
the choices of the smoothing functions. After that, we derive the SPH numerical
schemes and discuss about time integration.

Last, we discuss how to develop the code and the graphical simulation. In
section 4, we first discuss about the boundary models. After that, we discuss how
to achieve a steady flow in the numerical simulation. Then, we present the design
of the graphical simulation. In section 5, we discuss about the results and imple-
mentation. We also evaluate the performance of the code, and we describe ways to
optimize performance.

1.3 Literature Review

Recently, researchers have paid great attention to study various CVDs using
computational models. For example, Vasava et al. [8] studied the effects of hypoten-
sion and hypertension using an idealized model of human aortic arch with the finite
element method. They specifically focused on the variation of wall shear stress,
which plays an important role in the localization and development of atheroscle-
rotic plaques. Another study, by Soudah et al. [9] investigated the correlation
between the abdominal aortic aneurysm (AAA) geometric parameters, wall shear
stress, abdominal flow patterns, intraluminal thrombus, and AAA wall rupture us-
ing CFD. They performed the computation using real AAA 3D models created by
three-dimensional reconstruction of computed tomography (CT) images from 5 pa-
tients.

Atherosclerosis has also been studied by researchers using computational
models of stenosed arteries. Kamalanand et al. [4] developed three-dimensional
finite element models of atherosclerotic vessel with 50% and 90% plaque deposi-
tion. They simulated the models using actual blood pressure signals. A two-layered
model of pulsatile blood flow through a stenosed elastic artery has been numeri-
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cally examined by Haghighi et al. [10] using the finite difference method. Various
computational methods have been used to study CVDs including atherosclerosis.
However, meshfree particle methods were given limited attention.

SPH was originally developed to solve problems in astrophysics. Since then
it has been used in other areas of science and engineering. Müller et al. [11] pro-
posed an interactive method based on SPH to simulate fluids with free surfaces.
They used the method to develop an interactive computer graphics application with
realistically animated fluids. Hérault et al. [12] used SPH to numerically simulate
lava flow. They implemented the method on a graphical processing unit (GPU) to
achieve faster simulation speed. Müller et al. [13] developed an interactive fluid
model based on SPH for medical purposes. They used the model to realistically
animate blood in surgical training systems. Dalrymple et al. [14] studied water
waves using SPH. They used it to model breaking waves on beaches in two and
three dimensions. In this thesis, we will use SPH to model blood flow in a pulsating
atherosclerotic blood vessel.

1.4 Objectives

The objectives of this thesis are:

1. To derive the governing equations of fluid dynamics related to blood flow.

2. To derive the SPH numerical schemes for the governing equations.

3. To develop the code and the graphical simulation.

1.5 Restrictions and Assumptions

The restrictions and assumptions used in this thesis are:

1. The blood vessel is symmetric, two-dimensional and rectangular.

2. The blood vessel is considered as a wall.

3. The computational domain does not include blood vessel branching.

4. The blood vessel pulsates harmonically.

5. Heart rate is assumed to be periodic and normal.

6. Blood is considered as an incompressible, Newtonian fluid.
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7. Blood is assumed as a homogeneous, constant viscosity fluid.

8. The blood vessel interacts with the blood only through the no-penetration
condition.

9. Initially, the velocity profile is uniform and blood flows laminarly.

1.6 Methodology

Listed below are the outline of the proposed method in this thesis:

1. Develop the appropriate mathematical model.

2. Derive the numerical schemes for the governing equations.

3. Develop the program to get the graphical simulation results.

4. Describe and interpret the results.

1.7 Thesis Structure

The writing structure of this thesis is as detailed below:

1. Chapter I describes the background, problem statement, objectives, restric-
tions, and methodology.

2. Chapter II describes the derivation of the governing equations of fluid dynam-
ics related to blood flow.

3. Chapter III describes the smoothed particle hydrodynamics method, including
how to develop the numerical schemes.

4. Chapter IV describes the boundary settings for the numerical simulations,
including software analysis and design.

5. Chapter V describes the computational results and software implementation.

6. Chapter VI describes the conclusions and recommendations for future work.
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