
CHAPTER I

INTRODUCTION

1.1 Background

Heart diseases have been the utmost cause of world wide human death in re-

cent years [23]. There are many factors that trigger these heart diseases, one of

them is the so-called atherosclerosis. The name atherosclerosis comes from the

Greek words athero (meaning gruel or paste) and sclerosis (hardness). It is the

process of fatty substances, cholesterol, cellular waste products, calcium and fibrin

(a clotting material in the blood) building up in the inner lining of an artery. The

buildup produced is called plaque.

Plaque may narrow down the blood vessel, which would let the blood stream

to flow faster, and even block the artery. When the plaque is formed and blocks

the artery, it would stop the flow of blood, and would stop the oxygen supply. If

the oxygen supply to the heart muscle is reduced, a heart attack can occur [2]. And

if the oxygen supply to the brain is cut off, a stroke can occur. And if the oxygen

supply to the extremities is cut, gangrene can occur. Considering the fatality of this

disease, a thorough research on this phenomenon is important in order to help med-

ical practitioners to have a clearer picture of this situation.

Studying the behavior of blood flow on atherosclerosis condition in a real lab-

oratory would be dangerous, expensive, time-consuming, and sometimes we fail

to grasp the information we need. This is when numerical simulation becomes a

handy tool to help us describe important aspects of the physical problem we are

facing. Specifically, when we are working on a liquid, the Smoothed Particle Hy-

drodynamics (SPH) Method is able to model fluid flows well.
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SPH is a Lagrangian particle method for modeling fluid flows. Although SPH

is used to model the general fluid flows, it was originally invented to solve as-

trophysical problems in three-dimensional open space. This method was invented

because of the difficulties faced when scientists were using the usual grid-based

numerical methods, such as Finite Difference Methods (FDM) or Finite Element

Method (FEM) .

SPH is one of the mesh-free methods, which means that we are not obliged

to create some grids or meshes to discretize the domain, like the FEM. It has some

advantages compared to the previously known method. Since we do not need to

do the mesh generation process, this method is convenient to use in modeling in a

complex domain, or a domain which is deformed easily. It’s accuracy and stability

has also reached an acceptable range for engineering applications [26, 16].

Applying SPH to build a numerical simulation of blood flow would help the

medical practitioners to fully understand the process of blood flow whenever a con-

striction is occurring or not, so that a more thorough medical treatments could be

made [21]. In this thesis, the numerical simulation of blood flow in atherosclerosis

condition using Smoothed Particle Hydrodynamics method will be discussed.

1.2 Addressed Issues

In this thesis, a numerical simulation of the blood flow is developed. In doing

so, the followings will be discussed.

1. The mathematical formulation of the physical phenomenon of blood flow in

atherosclerosis condition,

2. the numerical scheme using the Smoothed Particle Hydrodynamics method,

3. the graphical simulation of this phenomenon.
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1.3 Objectives

The objectives of this thesis are:

1. to create a mathematical model that describes a blood flow in atherosclerosis

condition;

2. to build a numerical scheme of this phenomenon using Smoothed Particle

Hydrodynamics method;

3. to develop a software which portrays this condition visually.

1.4 Literature Studies

SPH was firstly invented to solve astrophysical problems in three-dimensional

open space, this method has been studied and extended to dynamic response with

material strength as well as dynamic fluid flows with large deformations. Regard-

less of its original reason, this method has been used in many areas such as the

simulations of binary stars and stellar collisions, supernova, collapse and the for-

mation of galaxies, and many other areas of studies [17].

In addition to the ability of solving astrophysical problems, SPH has also been

used to develop a formalism for the identification and accurate estimation of the

strength of structure formation shocks during cosmological simulations. Shocks

play a decisive role not only for the thermalization of gas in virtualizing struc-

tures but also for the acceleration of relativistic cosmic rays (CRs) through diffusive

shock acceleration. The formalism is applicable both to ordinary non-relativistic

thermal gas, and to plasmas composed of CRs and thermal gas. An analytic solu-

tion to the one-dimensional Riemann shock tube problem for a composite plasma

of CRs and thermal gas is derived [25].

SPH also employs an artificial viscosity to properly capture hydrodynamic
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shock waves. In its original formulation, the resulting numerical viscosity is large

enough to suppress structure in the velocity field on scales well above the nominal

resolution limit, and to damp the generation of turbulence by fluid instabilities. This

could artificially suppress random gas motions in the intra-cluster medium (ICM),

which are driven by in-falling structures during the hierarchical structure formation

process. It is shown that this is indeed the case by analyzing results obtained with

an SPH formulation where an individual, time-variable viscosity is used for each

particle, following a suggestion by Morris & Monaghan [9].

An extension of the classical scheme of SPH has also been developed to han-

dle diffusion terms in the momentum and energy equation of viscous and heat con-

ducting flows. A key aspect of the present SPH approach is the periodic reinitial-

ization (re-meshing) of the particle locations, which are being distorted by the flow

map. Higher order moment conserving kernels are being implemented for this re-

meshing procedure leading to accurate simulations. The accuracy of the proposed

SPH methodology is tested for a number of benchmark problems involving flow

and energy transport. The proposed SPH methodology is shown to be capable of

doing a Direct Numerical Simulation (DNS) while maintaining its robustness and

adaptivity [7].

Another application for SPH is to simulate the high explosive (HE) explosion

which consists of detonation and dispersion process. The combination of mesh-less

and Lagrangian nature inherent in the SPH methodology avoids the disadvantages of

traditional numerical methods in treating large deformations, large inhomogeneities

and tracing free surfaces in the extremely transient explosion process. Four numeri-

cal examples are presented with comparisons from different sources. The presented

numerical examples involve in various HE explosion scenarios of arbitrary charge

shape and different detonation orientations. The simulation results show that the

presented SPH methodology can give good prediction for both the magnitude and

4



form of the detonation wave as well as the pressure transient in the explosion pro-

cess. Major physics of the HE explosion can be well captured in the simulation

[18].

Another implementation of SPH is to model the impact of a single wave gen-

erated by a dam break with a tall structure. This phenomenon is modeled with a

three-dimensional version of the smoothed particle hydrodynamics method. The

method is used to analyze the propagation of a long wave and the force it exerts on

a tall structure located in a region with vertical boundaries. Velocities and forces

obtained from a numerical model are shown to be in good agreement with labora-

tory measurements. The effect of having a dry bed in front of the dam prior to the

dam break versus a wet bed in the experiment is discussed [11].

Research on atherosclerosis has been studied for many parts of the body. One

research conducted by Mette S. Olufsen et al. was focusing on atherosclerotic

aneurysms which occur in the abdominal aorta. In addition, they also discussed

about the steady and unsteady three-dimensional flow cases, and gave simulation in

abdominal aortic aneurysm using a flow simulation package on a graphics worksta-

tion. In the steady case, three aneurysm models of 8.0 cm length were simulated

using Reynolds numbers of 350 and 700. In the unsteady case, blood flow in a sin-

gle asymmetric aneurysm of 8.0 cm length was simulated at Reynolds numbers of

350 and 700 and 1400 [22].

Studies about numerical simulation of blood flow has been started using other

methods, such as FEM. Marie Oshima et al. focused on the development of a nu-

merical simulation system for the clinical study of a cerebral aneurysm. They break

down the system into three processes: pre-processing, numerical simulation and

post-processing. In the pre-processing process, the three-dimensional solid model

was constructed from the computed tomography (CT) angiography raw data. FEM

is used in order to simulate flow in a complicated geometry. The simulation is
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conducted to investigate hemodynamics of blood flow in the carotid siphon under

real flow conditions measured by Doppler ultrasound velocimetry technique. The

results are visualized for a better understanding of the flow characteristics such as

distributions of the flow pattern and the wall shear stress in the carotid siphon [24].

S. Shahriari had done a dissertation on SPH to simulate pulsatile flow in the

cardiovascular system. First, a series of benchmark cases are conducted to address

internal oscillating flows at moderate Reynolds numbers. The performance of the

two most commonly used formulations to model the diffusing viscous term and the

XSPH variant, proposed to modify the movement of the particles, is investigated.

The relation between particle resolution and sound speed to control compressibility

effects in SPH simulations and the spatial convergence rate of the SPH discretiza-

tion are examined. Furthermore, a modified formulation for wall shear stress cal-

culations is suggested and an approach to implement inflow and outflow boundary

conditions in SPH is introduced. It is also shown how SPH simulations with dif-

ferent particle resolutions exhibit behaviors equivalent to a finite volume scheme

of different accuracy orders for moderate Reynolds numbers. The SPH simulations

result in the realistic calculation of the shear stress loading on the blood compo-

nents and illustrate the important role played by non-physiological flow patterns to

shear-induced hemodynamic events [26].

A study related to the blood flow concerning the evaluation of shear induced

hemodynamic complications by S. Shahriari et al. has also been conducted. The

monitoring of these events relies on both numerical simulations and experimental

measurements. Currently, numerical approaches are mainly based on a combined

Eulerian-Lagrangian approach. A more straightforward evaluation can be based on

the Lagrangian analysis of the whole blood. As a consequence, Lagrangian mesh-

free methods are more adapted to such evaluation. In this study, SPH, as a fully

mesh-free particle method is applied to study the flow through a normal and a dys-
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functional mechanical heart valves (BMHVs). The SPH results are compared with

the reference data. The accumulation of shear stress patterns on blood components

illustrates the important role played by non-physiological flow patterns and mainly

vortical structures in this issue. The statistical distribution of particles with respect

to shear stress loading history provides important information regarding the relative

number of blood components that can be damaged. This can be used as a measure

of the response of blood components to the presence of the valve implant or any im-

plantable medical device. This work presents the first attempt to simulate pulsatile

flow through BMHVs using SPH method [27].

Another study in blood flow simulation using SPH has been done by Yim Pan

Chui and Pheng Ann Heng. They proposed a particle-based rheological modeling

framework for simulating thrombus formation in medical simulation applications.

The effect of blood rheology has been simulated through an SPH formulation of

non-Newtonian flow. By modeling vessel wall and embolizing coil as virtual par-

ticles, a pure Lagrange particle formulation for fluid-structure interaction (FSI) is

proposed for modeling the blood-vessel or blood-coil interaction. Having benefited

from the elegant formulation of Lagrangian particle interaction; the simulation can

be maintained at interactive frame-rates. The proposed framework builds one of

the common vascular complication sites, aneurysm, based on purely mess-less ap-

proach. Particles are distributed using angiography data or processed mesh-based

data. A thrombus (clot) formation-dissolution model is integrated into this fluid-

solid interaction framework. Results have demonstrated the feasibility of employ-

ing our proposed particle framework in simulating blood vessel interaction in the

clotting process which is essential to coil embolization simulations [3].

1.5 Restrictions and Assumptions

There are some restrictions and assumptions in this thesis. Those are:
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1. normal blood vessels are assumed to be rectangular;

2. blood vessels do not have branches;

3. blood flow is assumed to be incompressible;

4. heart beat is assumed to be periodical and is not random;

5. computational cost is not accounted;

6. simulation is limited in 2D.

1.6 Methodology

The methodologies used in this thesis are literature studies, mathematical

model development, software construction, and analysis. Literature studies is done

by reading literatures, journals, and articles from many sources. After these stud-

ies is done, mathematical model, along with the numerical schemes of this case are

developed. The numerical schemes developed before is implemented to build a soft-

ware. The software will be built in MATLAB. The numerical results are analyzed

and qualitatively compared to the results obtained from laboratory experiments.

1.7 Structure of The Thesis

The writing structure of this thesis is as follows:

1. Chapter I describes the background, objectives, limitations, methodology, and

the writing structure of the thesis.

2. Chapter II describes the mathematical model development of the blood flow

in atherosclerosis condition. In this chapter, the governing equation of the

problem is built.
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3. Chapter III describes the Smoothed Particle Hydrodynamics method, which

is used for the simulation. In this chapter, the numerical scheme will be thor-

oughly built.

4. Chapter IV describes the software construction. This chapter will describe the

structure of the program and the implementation in Graphical User Interface

(GUI) windows.

5. Chapter V describes the results and analysis. This chapter will explain the

results of some models.

6. Chapter VI describes the conclusions and recommendations for further re-

search in this topic.
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