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Abstract

The ascending aorta is located at the outflow tract of the heart and its function is to
supply the body with oxygenated blood from the lungs. Any damage to the ascending
aorta as a result of age or disease can have severe effects on the entire body.

A computational study of both the artery wall tissue and the blood flow in the aorta and
the coupling of these two systems, to find the effects on aortic compliance is described
in this report. The investigation involved one fluid model (analysed with CFD) coupled
with three models of a healthy aorta, and one model of a diseased aorta (analysed with

FEM). Various programmes were created in Matlab to couple the solid and fluid systems.

The aorta was modelled as a straight cylinder and thus the solid and fluid models were
assumed as axi-symmetric. Blood was modelled as Newtonian, with constant density
and viscosity values. A steady blood flow model was defined, and the flow was modelled
as laminar.

Arteries are comprised of three layers, the intima, media and adventitia, however the
intimal layer is very thin in a healthy artery and its effect was assumed negligible
in the healthy artery models. Constitutive equations were developed for the artery
walls, which described a linear elastic, transversely isotropic material. A bottom-up
engineering approach was taken and the aorta was first modelled as isotropic, consisting
of only one averaged layer, then as isotropic, consisting of an adventitial layer and a
medial layer, and finally as orthotropic, consisting of the adventitial and medial layers.
The thickening of the intima was then induced in the models to approximate an artery

affected by arteriosclerosis.

The results showed an increase in aortic compliance from the initial model to the
final model. It was also found that the effect of blood flow in the coupled simulations
increased the compliance of the ascending aorta.

It was concluded that as the values of compliance were within the measured range
under physiological conditions the coupled investigation was successful. However various
improvements can be made to the models, in terms of the material models, pulsatility

of the blood flow and a three-dimensional model of the aorta.
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Nomenclature

Symbols

Cq Compliance

Dy Diameter (m)

E Elastic modulus (Pa)
f Frequency (Hz)

k Stiffness (N.m™!)
Liniy Initial length (m)

v Poissons ratio

P Pressure (Pa)

r Radius (m)

\ Strain energy (m?2.s72)
o Stress (Pa)

u Displacement (m)

v Velocity (m.s™')

Greek Symbols
Y Shear strain (—)

7 Rotation (rad)

il



p Density (kg.m™3)
T Shear stress (Pa)

L Viscosity (kg.m™'s™1)

Acronyms
CFD Computational Fluid Dynamics
FEM Finite Element Method

UDF User Defined Function
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Glossary

Adventitia
Anteriorly

Arterial system
Arteriosclerosis

Atherosclerosis

Bifurcation

Compliance/Distensibility

Constitutive equations

The outermost layer of the artery

Towards the front of the body

The system of blood vessels transporting oxy-
genated blood from the heart to the body

An unhealthy condition when there is a thick-

ening and resulting stiffening of the artery wall

An unhealthy condition when there is a build
up of compounds such as cholestorol inside the
artery, which negatively affects its compliant

properties

The branching of a single artery into two or

more separate arteries

A measure of the change in diameter with

pressure applied

Mathematical equations completely describ-

ing the material behaviour of a substance



Glossary

Diastole

Flat velocity profile

Hyperelasticity

Intima

Isotropic

Media

Orthotropic/Transversely isotropic

Reynolds number

Rheology

Systole

Venous system

The condition when the heart dilates, creating

the lower blood pressure value

A constant velocity at all parallel points at the

flow inlet

Non-linear elasticity

The innermost layer of the artery

A material with the same elastic properties in

all directions

The middle layer of the artery

A material with different elastic properties in

two, orthogonal directions

Ratio of inertial forces to viscous forces

The study of non-Newtonian fluids

The condition when the heart contracts, cre-

ating the upper blood pressure value

The system of blood vessels returning de-

oxygenated blood from the body to the heart
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Glossary

Viscoelasticity Material properties resembling those of both

a solid and a fluid
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Chapter 1

Introduction

1.1 Motivation

The study of biomechanics (mechanics applied to biology) allows a deeper understanding
of living systems. Most biomechanical studies concentrate on physiological and medical
applications. The study of biology from a mechanical point of view enables an under-
standing of the body under normal conditions, prediction of the effects of any changes

and the provision of prevention and intervention in case of adverse changes [6].

As the first section of the aorta, the ascending aorta plays a vital role in the human
body, that of transporting oxygenated blood from the lungs to all other organs and
limbs, including the heart itself. If blood supply to a muscle is cut off for more than a
few minutes, the muscle cells may experience permanent injury and, especially in the

case of the heart muscle, damage may induce severe disabilities or even death [2].

Prevention and correction of any form of degeneration of the ascending aorta is
paramount, with bypass surgery and stenting being typical methods of correction and
prevention of failure. For the diagnosis of any ill conditions and for the design and
improvement of any prosthesis to be advantageous, it is important that there is detailed
knowledge and understanding of the stress and strain conditions in the aorta [7], [§].
Detailed information about the stresses and strains in the aorta under physiological
conditions can be deduced via computational methods, in particular the use of the finite
element and finite volume methods in solving equations of solid deformation and fluid
flow approximately. The coupled simulation of blood flow and wall deformation in the

ascending aorta further deepens the understanding of the interaction of the character-



1. Introduction 1.1 . Motivation

Ascending Aorta
Aortic Valve

Vg TO
Pulmonary
Valve

Mitral Valve

Right Ventricle Left Ventricle

Figure 1.1: Diagram showing the valves and chambers of the heart, and the location of

the ascending aorta (modified from [I])

istics of the aortic system.
The resolution of the flow field and the analysis of the deformations resulting from the
pressure induced by the flow, can provide useful information but require the communi-

cation of these variables.

One of the main advantages of computational investigations into biological systems, as
a complement to experimental and clinical methods, lies in the opportunity to perform
virtual experiments and simulate situations on a system that could be inconvenient,

dangerous, complicated or even impossible in a practical form.

The purpose of this investigation is to create a numerical approximation to t he
coupled problem of blood flow through, and deformation of the human ascending aorta.
This allows the discovery of the artery wall stresses and strains as well as blood flow
and pressure as a result of the interaction between blood flow and the compliant action
of the artery wall.

The location of the ascending aorta with the heart’s chambers and valves is shown in

Figure [I.1]
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1. Introduction 1.2 . Theoretical Approach

1.2 Theoretical Approach

The potential value of a realistic coupled simulation of the blood flow and wall deforma-
tion in the ascending aorta lies in the reliability of the results. Thus the desired model

includes as many parameters as possible to closely resemble physiological conditions.

At the outset of this investigation it was expected that the coupling software MpCCI®
would be used to communicate the relevant information between the solid analysis soft-
ware and the computational fluid dynamics software. As this communication was to be
dealt with via sophisticated software the original model was to be a three dimensional
model, which took into account the transient nature of (pulsatile) blood flow.

It was soon established, from a documented analysis performed using MpCCI® [8] how-
ever, that simulations for pulsatile flow modelling in the aorta would be extremely time
consuming and unlikely to be feasible within the time constraints of the investigation.
Thus the pulsatile flow aspect of the investigation was discarded.

After much time and effort from all concerned with the various licensing and installation
aspects of MpCCI® , it became clear that there was some form of error preventing the
software from being effective immediately.

Also, the nature of MpCCI® is such that a considerable amount of time was needed to
fully understand the programme. Therefore, due to the time constraints it was decided
that the MpCCI® would not be employed in this thesis.

As a result of this the scope of the investigation was altered to include the programming
of an effective interface between the FEM and CFD packages to reduce manual trans-
fer as far as possible. To simplify the coding, it was decided that the ascending aorta
would be modelled axisymmetrically and that the coupling would consist of a series of
static steps in the independant FEM and CFD models, which are updated with the field
defined in the preceding job.

1.3 Objectives

The main objectives of this thesis are to:

e build on basic knowledge of the solid analysis package ABAQUS® and use it to

develop a finite element model of the human ascending aorta

e become familiar with the CFD pre-processor GAMBIT® and use it to create a

suitable flow domain

Centre for Research in Computational and Applied Mechanics Page 3
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Introduction 1.4 . Plan of Development

become familiar with the CFD solver package FLUENT® and use it to develop a

model of blood flow in the human ascending aorta

investigate and understand the format of the text based input and output files of
both ABAQUS® and FLUENT® so as to create a programme, using the math-
ematical programming language Matlab, to import and export data to and from

ABAQUS® and FLUENT® to create a coupling between the solid and fluid prob-

lems

create in the above manner models characterising a healthy, young ascending aorta

as well as an aged and/or diseased ascending aorta

provide a comparison between the different models used, to illustrate the effects
of various human body phenomena existing in the ascending aorta as well as the

effects of degenerative conditions on the artery

1.4 Plan of Development

The report starts with a review of existing numerical models of arterial systems used in

the course of this investigation. This is followed by detailed descriptions of the various

models analysed as well as relevant theoretical information on the biological system.

The results of these analyses are then presented and discussed. Conclusions are then

drawn based on these results and finally recommendations are given for further analyses

which may be carried out.
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Chapter 2
Literature Review

Information on the methods used and previous models in this field are included in this
chapter. A brief overview of the circulatory system and the ascending aorta is also
provided here. Theory specific to the individual modelling sections is not included here,

but is detailed in the corresponding chapters.

2.1 Finite Element Analysis

Finite element analysis is a computational method used for solving the governing equa-
tions of mechanical and other systems approximately. This method can be applied to
stress analysis to calculate stress and displacement fields. The finite element method
involves dividing a structure into finite elements, formed of a number of nodes, and
interpolating the field quantity (i.e. stress or displacement) between these nodes [9].
The set of simultaneous equations that is generated can then be solved to find values
for the field quantity as desired. The problem set up requires the definition of geometry,
material properties, loading conditions and boundary constraints [9].

In stress analysis the simultaneous equations solve the equilibrium conditions.

Three steps are involved in this process as follows:

1. Pre-processing
A structural definition for the problem is given in this step and a suitable mesh
is created. Boundary conditions are defined, allowing or constraining certain dis-

placements and rotations. The loading conditions are also defined in this step.

2. Solver

The matrix of simultaneous equations is solved computationally in this step to



2.

Literature Review 2.2 . Computational Fluid Dynamics

satisfy solid equilibrium.

. Post-processing

The results may be analysed in a variety of ways. The parts involved in the analysis
may be viewed in their undeformed and deformed states, for every analysis step.
The analysis may be evaluated in a number of ways. For example contour plots

are available and information may be requested in the form of an xy plot.

Pre-processing, solving and post-processing were all executed in ABAQUS® Stan-

dard for this investigation.

2.2 Computational Fluid Dynamics

The fundamental basis of computational fluid dynamics are the Navier Stokes equations,

which define Newtonian fluid flow. CFD is a computational proce ss, which solves these

equations approxmimately using the finite element, finite volume or finite differencing

methods. FLUENT® , in particular, uses the finite volume method, which applies the

governing equations on discrete volumes, conserving certain properties [10].

CFD is performed in the following three steps:

1. Pre-processing:

In the pre-processor (GAMBIT® was used for this investigation) the flow domain
is defined and divided into a number of volumes or cells (by a process called
meshing). Boundary entities, including various inlets and outlets, are specified
in this step, so that variables, such as temperature, velocity and pressure can be

evaluated at the nodes within the control volumes [10].

. Solver:

The governing equations, the Navier Stokes, are integrated over all of the control
volumes in the domain, with regard to mass, momentum and, in some cases,
energy conservation. The equation is then discretised via the substitution of the
approximations into the governing flow conditions. Either an iterative or direct

method is then used to solve the resulting algebraic equations [10].

. Post-processing:

The results of the solved equations may be viewed in a number of ways, depending
on the specific purpose of the programmer. One can view the results as contour

or vector plots, xy data plots etc.
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2 . Literature Review 2.3« The circulatory system and the ascending aorta

Anrta (to bady)

Pulmonary

SUpEROr VEna cava artery

{from upper body) ==
- " Left Fulmmaﬂ'
Right pulmoniary arteries (1o beft lung)
arteries (1o right lung) —\/ E
i LY Ledt pulmonary
Aorlic valve = r‘}_ weing (from left lung)
Right pulmonary

veins (Trom right lung) Left atrium

Mitral valve
Ledt ventricle

Right atrium ——

Tricuspid vahe
Inferior vena cava
{from lower body)

Pulmonary valve
Direction of blood flow ——
Right wentricle ———

Figure 2.1: Circulation of blood through the heart and to the body (courtesy of [2])

2.3 The circulatory system and the ascending aorta

The heart is comprised of four chambers, the left and right atria and the left and
right ventricles. De-oxygenated blood, from the body, enters the right atrium and is
transported to the right ventricle via the tricuspid valve. The blood is then pumped
through the pulmonary artery, which branches to the left and right lungs, where the
blood is oxygenated. From the lungs the blood is transported to the left atrium via the
pulmonary veins. From here the mitral valve allows blood to flow from the left atrium
to the left ventricle, from where the blood is pumped through the aorta to all of the
body’s limbs and organs (except the lungs). The de-oxygenated blood then returns to
the right atrium by the venous system to complete the cycle, which is then repeated.
[2] This system is shown in Figure [2.1]

Blood is pumped into the body by the heart muscle. As the heart muscle contracts,
pushing blood out, the blood pressure reaches its peak value (a value around 120mmHg
is considered normal) and this is called systole. When the heart expands with blood, the

lowest value of blood pressure is reached (a value near 80mmHg is considered normal)
and this is called diastole [L1].

Centre for Research in Computational and Applied Mechanics Page 7
University of Cape Town



2. Literature Review 2.4 . Numerical investigations of arteries

The aorta is the largest artery in the human body and consists of three sections; the
ascending aorta, the aortic arch and the descending aorta. The ascending aorta is the
first section of the aorta and extends obliquely upward, anteriorly and to the right for
about five centimetres to the aortic arch. Changes in the mechanical properties in this

section of the aorta can have an impact on the entire body [2].

2.4 Numerical investigations of arteries

A number of biomechanical studies have focused on the human artery, with various
points of focus. In his investigation, Perktold [12] focused on the effect of distensibility
of the artery wall on local blood flow in the carotid artery bifurcation. He noted the
relationship between the progress of the disease atherosclerosis as related to an irregular
flow field in arteries. This irregular flow field was attributed to curvature in areas of the
arterial system.

His model involved an incrementally linear elastic wall and a non-Newtonian incom-
pressible fluid. The flow and wall behaviour were analysed using CFD and the FEM
respectively, and an iterative coupling procedure was applied to fully solve the problem.
The model was three-dimensional as the bifurcation geometry caused secondary motion,
which would not have been captured by a two-dimensional model [13], [I4]. The rhe-
ology of blood was incorporated into the model with a multi-parameter shear thinning

model and the blood flow was pulsatile [15].

Another study coupling blood flow and artery wall mechanics was executed by Geng
Gao et al [I6]. A three-dimensional layered model of the aortic arch was developed, in-
cluding the adventitia, media and intima. The walls were approximated as linearly elas-
tic and a FEM anaylsis was carried out, while the flow was pulsatile, and the wall /fluid
mechanical interaction was analysed using computational loose coupling fluid structure

interaction analyses.

Pedrizzetti et al [I7] modelled pulsatile flow in elastic arteries to find the effects of
this wall elasticity on flow. The artery was modelled as being a circular conduit, and
the blood/wall interaction was evaluated via a perturbative method. The model was
axi-symmetric due to the circular nature of the geometry and attention was placed on

the lag between pressure and flow in the artery.
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An investigation of abdominal aortic aneurysms was performed by Silber et al [§] The
focus was on the flow and deformation in an aneurysm. The CFD code /fluent and the
FEM code ABAQUS® were used for the investigation and the two codes were coupled
using MpCCI. The arterial wall was modelled as hyperelastic [18] and isotropic and the
non-Newtonian aspect of blood was modelled using a Carreau model [19]. Blood flow

was modelled as steady, as a transient simulation was foreseen to be too time consuming.

A number of independent flow models have been developed [20], [21], [22] [23], which
approximate the artery wall as being rigid. Morris et al [24] developed one of these
models. The structural model represented the entire aorta and emphasis was placed
on the effects of geometry on the three dimensional model. The fact that the model
was three-dimensional was imperative due to the complex geometry and the possible
three-dimensional flow effects of this geometry.

The data in the study was based on CT/MRI scans while various model simplifications
were made. These include the modelling of a constant circular cross section based on
the assumption of Shahcheragi et al [25]. Blood flow was modelled both as steady
and unsteady to assess how these aspects affected influenced the flow regime. Flow
was modelled as laminar and the inlet flow profile was modelled as flat. Blood was
approximated as Newtonian, homogeneous and incompressible with constant viscosity
and density values. FLUENT® was used as the CFD solver and GAMBIT® as the

pre-processor.
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Chapter 3

Aortic Wall Models

A number of material models were investigated using a bottom-up engineering approach.
The object of this process was to investigate how the various material properties of the
ascending aortic wall affect its compliance characteristics. The models start with the
simplest case and build, step by step, a more realistic model. The models range from a

young and healthy ascending aorta to a diseased aorta affected by arteriosclerosis.

The chapter begins with an introduction to the theory describing the physiological
conditions of artery walls. The numerical modelling as performed in this investigation
is then described, beginning with a description of the aspects common to all the models
used. The individual ABAQUS® models are then detailed, starting with the models of
a healthy aorta and concluding with the aged/diseased model.

3.1 Physiology of arterial walls

3.1.1 Geometry of the ascending aorta

The ascending aorta is approximately five centimetres in length with a diameter varying
between 20 and 25mm along its length [26]. The aorta is made up of three layers, with
a combined (but not constant) thickness of approximately 2mm [27]. These three layers
of the aorta are common to all arteries in the body, but vary in size and thickness in
the different blood vessels. The innermost layer, the intima (tunica intima), is very thin
and almost negligible in a healthy young artery [3], the outermost layer, the adventitia
(tunica externa), makes up approximately one third of the total thickness, and the

middle layer, the media (tunica media), is the thickest portion of the ascending aortic
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Composite reinforced by
collagen fibers arranged
in helical structures

Helically arranged fiber-
reinforced medial layers

Bundles of collagen fibrils
External elastic lamina
Elastic lamina

Elastic fibrils

Collagen fibrils

Smooth muscle cell

Internal elastic lamina
Endothelial cell

Figure 3.1: Microscopic structure of an elastic artery showing the three layers: tunica

intima, tunica media and tunica externa [3]

wall [28]. The three layers are shown in Figure below.

3.1.2 Material behaviour of the aortic wall

Each of the three layers of the ascending aorta have different non-linear elastic properties.
Artery walls are viscoelastic, which means that they behave simultaneously as both
liquid and solid. Ideal fluids will flow when subjected to a shear field, and stop flowing
as soon as the stress is removed. An ideal solid subjected to a shear field deforms,
and if the stress is removed will recover its original shape immediately (in accordance
with Hooke’s law), the combination of these properties existing in a viscoelastic material

enable the material to exert normal stress [29)].
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Figure 3.2: Pressure-strain relationship of a healthy artery under loading. (Modified
from [4])

The elastic stiffness of arteries increases non-linearly as the load increases. At systole
(when the heart contracts) the arteries expand passively with blood, at diastole (when
the heart dilates) the arteries recoil elastically, causing the blood to be forced along the
arteries. This elastic recoil is the driving force of circulation and reduces the demand
on the heart to pump blood round the body. The particular non-linearity of the arterial
wall allows stable inflation of the vessel such that a small increase in pressure does not
cause a sudden large increase in radius [I1]. The non-linear behaviour with loading of

a healthy artery is shown in Figure [3.2]

The three concentric layers of the arterial wall as discussed in Section all ex-
hibit this non-linear behaviour, but with varying levels of stiffness. The innermost layer,
the intima, is the stiffest and the adventitia the least stiff of the three. The combined
properties of the layers are non-linear, and a certain degree of load transfer between the

layers results in the elastic recoil [11].

3.1.3 Mathematical model of the arterial wall

Various constitutive equations describing the material behaviour of soft, biological tis-

sues have been developed. For this investigation, the focus was on a model developed by
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L]

Figure 3.3: Axis system for Holzapfel’s material model

Holzapfel [30]. Holzapfel’s model was based on the constitutive theory of finite hypere-
lasticity, combining neo-Hookean and Fung-type strain energy functions. The model was
developed from the results of uniaxial extension tests and histostructural data. These
tests were performed on the individual layers (intima, media and adventitia) of a healthy

human ascending aorta.

The mathematical model was of a transversely isotropic material. In uniaxial tension-
ing, the tensor in the direction normal to the plane becomes zero for an axis system as

in Figure |3.3|

The strain energy, ¥, completely defines the material and is expressed as a function
of the Green-Lagrange strain tensor, E, and is made up of both an isotropic component

and a orthotropic component:
U = W(e) + Yornole). (3.1)

The isotropic component of the strain energy governs the initial stiffness of the artery,
while the orthotropic contribution governs the much higher stiffness at high strains.
Plane stress was assumed and therefore these components are functions of only Fq; and
E9s, yielding:

U = Wiso(e11,€22) + Yortho(€11, €22) (3.2)

The Holzapfel model went on to assume incompressibility (v = 0.5, where v is

Poisson’s ratio). The isotropic component of strain energy is shown to be given by:

A

- g2(€11 Foeo) 4 (2611 +1)(2e + 1)1 — 1 (3.3)
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The orthotropic contribution of the strain energy adopts a exponential “Fung-type”
strain energy function [31]. This incorporates four constitutive parameters C, c11, ¢1o
and ceg where C is a stress-like parameter, while ¢y, ¢12 and ¢yy are dimensionless [31]
Thus,

Vo = Cle? — 1] (3.4)
where:
Q= C11€%1 + C12€11€22 + 022532 (3.5)

The stress then becomes:

A

8‘1’(5117522)

011 = D1t (3-6)
3‘@(5117522)
= e 3.7
022 D (3.7)
and
033 — 0 (38)

The four constants (C, ¢11, ¢12 and cg) were obtained by a rigorous curve fitting process,

to yield the values shown in Table |3.1}

Layer u (kPa) | C (kPa) | ¢ C12 C9
Intima 39.8 1.42 999.0 | 510.0 | 127.0
Media 31.4 0.14 32.8 | 14.7 | 23.5
Adventitia | 17.3 4.71E-04 | 37.7 | 58 63.8

Table 3.1: Material constants describing artery walls as derived by Holzapfel [30]

3.1.4 Effect of arteriosclerosis on the aorta

Age affects the arteries in a number of ways, and a condition known as arteriosclerosis
is often a result of the aging process. The main effect is a reduction in compliance
of the arteries due to a thickening of the intimal layer. As the intima has the stiffest
characteristics of the three layers (as can be seen in Table , thickening can drastically
reduce the arterial compliance. The result of this is that the elastic recoil as discussed
in Section [3.1.2] is less effective and there is a more substantial strain on the heart
muscle. Arteries may also become brittle with the aging process, increasing the chances
of rupture, which can occur during corrective surgery, sometimes having fatal results
[32].
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3.1.5 Compliance

Compliance is the percentage change in diameter of the artery for a pressure equivalent
to 100mmMHg, thus it is a measure of elasticity of the artery. The mathematical formula

for compliance is:[33]
AD

~ D,AP
Compliance values in the ascending aorta range between 16.7%/100mmHg with an un-
certainty of £84% [34] to 37%/100mmHg with an uncertainty of £25% [35]. This large
range is due to different testing methods, but it is generally accepted to expect a com-
pliance value between 20% and 25% [32].

Cy 10%. (3.9)

3.2 Numerical models as used in this investigation

For each model the geometry, material parameters and boundary conditions and surface
interactions of the models will be described in the following sections. Any aspects specific

to the individual models will be further explained in the corresponding section.

3.2.1 Common geometrical aspects

The ascending aorta was simplified to resemble a straight cylinder, and therefore the
entire problem was assumed to be axi-symmetric. The cylinder had a length (parallel
to the flow direction) of 50mm and an internal diameter of 12.05mm. This diameter
corresponded with the geometrical condition at diastole. This simple geometrical offset
acted as the pre-tension in the aorta, which was sufficient as the material was modelled
as linearly elastic throughout and therefore independant of the deformation history.
The initial thicknesses of the media and adventitia were set at 1.2mm and 0.6mm
respectively, thus the combined thickness of the two layers was 1.8mm in agreement
with Gao’s model [16]. The geometry is shown in Figure

3.2.2 Boundary conditions and surface interactions

Boundary conditions fix certain motion or applied tractions, while interactions specify
contact relationships between two components or materials. In the models, the only
type of interaction used was the elastic foundation, which was used to model the effects
of surrounding fatty and muscular tissue. This acts as a series of springs, in parallel,

along the length of the relevant surface with a stiffness per unit area, (k/A) specified
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t=1.8mm
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Figure 3.4: Geometry of modelled ascending aorta

by the user. These springs approximate another material or deformable part in direct
contact with the modelled solid. The stiffnesses were evaluated as follows:

For linear elasticity

where 0 = £ and ¢ = AL | thus:

Lint

B!

but, according to Hooke’s law

therefore

and thus the stiffness per unit area:

E

k/A - Linit

(3.10)

The boundary conditions and surface interactions for the models are as follows:

1. At inlet:
No displacement was allowed in the axial direction (u, = 0)

No rotation was allowed in the circumferential direction (6, = 0)
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2. At outlet:
An elastic foundation was specified, such that the ascending aorta may “shorten”
but not freely, with the stiffness per area such that it was equivalent to there being

50mm of aortic material extending from it.

3. Along the length of the aorta:
Two different elastic foundations were specified along the length of the aorta, for
Imm, k/A = 8000Pa/m? and for the rest of the length k/A = 4000Pa/m?.

The inlet condition constrains the aortic model where it was “connected” to the left
ventricle, and assumed that the area in direct contact would not move away from the
ventricle (condition 1).

The interaction acting on the first 1mm after inlet to the aorta (as mentioned in con-
dition 3) acted as a cylinder encompassing the beginning of the aorta, allowing it to

expand in a constrained fashion.

The outlet of the ascending aorta model was allowed to move in any direction (con-
dition 2), but was restrained from an uncontrolled axial shortening by an interaction
mimicking an extension of aortic material for 50mm, which was the modelled aorta
length again. This interaction was specified to mimic, to some extent, the support of

the aortic arch, descending aorta and the rest of the system.

As the aorta is supported by various biological tissues and fluids within the my-
ocardium, the model needed to be constrained along its length in some way (condition
3). The combination of these media were approximated as a 2.5mm thick layer of fat,

following the example set out by Janoske et al [§].

The layers of the aorta were modelled as one entity, with the total thickness partitioned
into layers with material properties specific to the relevant sections of the aorta (intima,
media and adventitia), rather than separate parts modelled in full contact with one
another. This modelling technique was used to ensure that any deformation of the
vessel did not cause any separation between the layers as a result of the soft and hard
contact methods of employed by ABAQUS® . For the hard contact specification, the
penetration of one surface into the other is minimised, and as soon as the contact
pressure reduces to zero, the surfaces will separate. This presents the risk of a loss of
contact. When soft contact is specified, a force exists between the surfaces as a function

of the distance between the surfaces. Because this force exists, actual contact between
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the surfaces may never actually occur. Using an elastic foundation also obviates the
existence of two deformable parts, and consequently two meshes, thus simplifying the

solution of the matrix. The boundary conditions are shown in Figure [3.5]

3.2.3 Loading conditions on the aorta

As previously discussed, the aorta was modelled during diastole, therefore for the inde-
pendantly run solid simulations only the difference in pressure from diastole to systole
(equivalent to 40mmHg) was applied to the aorta. This load was applied as a uniform
pressure along the entire inner wall of the artery creating the condition as shown in

Figure 3.5

For the coupled simulations the loading is as described in Chapter [5

3.2.4 Development of constitutive equations

As previously discussed blood vessels are viscoelastic (see Section [3.1.2)), in this investi-
gation, the ascending aorta was analysed within the linear range of elasticity. The ma-
terial model was obtained by the linearisation of the constitutive equations as discussed

in Section [3.1.3| which takes the transverse isotropic nature of arteries into account.

The model discussed in Section [3.1.3] described the strain energy, ¥, as consisting of
the sum of two components, one isotropic, W;s,(e), and one orthotropic, W,.4x0(¢). The
material was approximated as being incompressible (v = 0.5), and the model defined
a hyperelastic material, however, for a linear elastic model, material stability requires
that the tensor D¢ be positive definite and thus there exist certain restrictions on the
material constants.

The assumption of incompressibility led to this instability and therefore the material
was instead modelled as being near-incompressible, with v = 0.45.
The isotropic component from the Holzapfel model was discarded and was instead de-

veloped incorporating the Lamé moduli, where:

Ev
A= (1+v)(1—2v) (3:.11)

and -
o0+ ) .

It can be seen from Equation how the assumption of incompressibility lead to a

zero denominator in A and why the near-incompressible model was necessary.
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Figure 3.5: Boundary conditions, surface interactions and loading conditions on the

models
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Thus the isotropic stress component of the material, as a function of strain, was:

g = )\(EH + E22 + E33)(I) + 2”((E)

where (I) is the identity matrix.

(3.13)

The orthotropic component of Holzapfel’s model was linearised via a Taylor expansion

to the first degree, and added to the above isotropic component. The linearisation led

to the following stress definitions:

o1 = 011(0) + a1e11 + a2ean

092 = 011(0) + Br1e11 + B

where
oy
(8% g
11 Ders ,
o . Oon
2 = Dens |,
(lopy)
bu = G|
0099
fo = 9o |
and
ov
oy = —
11 Dent
ov
Oy = ——
22 Den ),
This gives:
aqq = dp+ 2c1,C

agy =2+ Ceia= [
ﬁ22 = 4/J + 26220

(3.16)
(3.17)
(3.18)

(3.19)

(3.20)

(3.21)

(3.22)
(3.23)
(3.24)

The components were transformed into an equivalent cylindrical coordinate system

such that the subscripts 1, 2 and 3 are equivalent to r, z and 6 respectively and summed
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to give
[ O | [ Err ]
Oz €2z
=y | " (3.25)
Trz Vrz
Tro Yro
| 720 | e
where:
-a11+)\+2u Q9o + A A 0 0]
B+ A Bag + A+ 2u A 0 0
D] = A A A 2u 0 0 P (3.26)
0 0 0 2u 0 0
0 0 0 0 2u 0
i 0 0 0 0 0 24

The constants were dealt with in a way specific to each model, which will be discussed

in the sections on the individual models.

3.2.5 Meshing of the models

The models were all meshed in the same manner as they all needed to be compatible
with the fluid model mesh. It was necessary that the mesh be fine enough to capture
any relevant information in the running of the job. On the other hand an excessively fine
mesh was avoided so as to keep the compatibility of the fluid and solid grids as simple
as possible. It was found that 200 elements along the common boundary was sufficient
for this problem, with an equivalent spacing along the two boundaries perpendicular
to the axis of symmetry. This resulted in 0.25mm spacing between the nodes. A free
meshing technique was adopted, as it was found that this allowed the greatest control
according to the edge seeding. The meshed part is shown in the section specific to the
individual model. The elements used were axisymmetric stress elements, which is the
default element type for axisymmetric models in ABAQUS® . This element type allows
only isotropic or orthotropic material properties, and loading only in the radial and axial
directions. If a radial displacement occurs, this will cause a “hoop” strain, which is a

strain in the circumferential direction.
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3.2.6 Models of a healthy, young ascending aorta

In a healthy artery the intima is “very thin” [3] and thus the effect of this layer on
the solid mechanical properties is assumed to be insignificant. Consequently the models
analysed in this subsection neglected this layer entirely, with only the material and

geometrical properties of the media and adventitia being included.

Single layer, isotropic model

Geometry: The geometry of the aorta is that shown in Figure|3.4] with the combined
thickness of the two relevant layers used as the entire wall thickness (1.8 mm). The
ascending aorta model is five centimetres long with an internal diameter of 12.5 mm as
used in [16].

Material: The first model created was linear elastic, isotropic and consisted of only a
single layer. The elastic modulus of this layer was derived as a weighted average of the
elastic moduli found for the two layers, according to the area of each of the layers in the

cross section of the ascending aorta as follows:

2 1
Eave = _Eme ia _Ea ventitia 3.27
3 dia 1 3 Hadventit ( )

as the media makes up two thirds and the adventitia makes up one third of the total
cross sectional area of the ascending aorta (see Figure |3.6|in Section [3.2.6), and E was
found from Equation [3.12

As the material is isotropic, the constants in the orthotropic component of the math-

ematical model were set to zero:
C11 = C12 = Co9 = 0 (328)

while all the others were maintained as those in Table B.1l The elastic modulus of the

isotropic material was 0.07794M Pa and had a D-matrix of:

[ 0.2937 0.2403 0.2403 0 0 0 |
0.2403 0.2937 0.2403 0 0 0
0.2403 0.2403 0.2937 0 0 0

(D] = M Pa (3.29)

0 0 0 0.0534 0 0
0 0 0 0 0.0534 0

i 0 0 0 0 0 0.0534 |

Centre for Research in Computational and Applied Mechanics Page 22

University of Cape Town



3. Aortic Wall Models 3.2 . Numerical models as used in this investigation

Adventitia
t = 0.6mm

Figure 3.6: Cross section of healthy artery showing the thicknesses of the medial and

adventitial layers

Boundary conditions and surface interactions: The boundary conditions de-
scribed in Section [3.2.2 hold for this model. The elastic foundation at the aortic outlet
has a stiffness per area of 1548.6 Pa/m?, which represents a continuation of the material
properties as for the rest of this model. The interaction property values in all other

regions of the model are as set out in Section [3.2.2]

Double layer, isotropic model

Geometry: This model consisted of two layers; the media, being 1.2mm thick, and
the adventitia, being 0.6mm thick. All geometrical aspects of this model are as discussed
in Section and the cross section is shown in Figure

Material: As in the single layer, isotropic model (Section |3.2.6)), the material model
was isotropic. Therefore the constants in the orthotropic component of the material
model were zeroed:

C11 = C19 = C29 = 0 (330)
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for all of the layers. The various material constants are shown in Table [3.1] and were

assigned to the relevant layers, yeilding a D-matrix as follows:

[ 0.3454 0.2826 0.2826 0 0 0
0.2826 0.3454 0.2826 0 0 0
0.2826 0.2826 0.3454 0 0 0
D] = MPa (3.31)
0 0 0 00628 0 0
0 0 0 0 00628 0
0 0 0 0 0 0.0628
for the medial layer, with £ = 0.09106 M pa, and
[ 0.1903 0.1557 0.1557 0 0 0 |
0.1557 0.1903 0.1557 0 0 0
0.1557 0.1557 0.1903 0 0 0
D] = M Pa (3.32)
0 0 0 00346 0 0
0 0 0 0 00346 0
0 0 0 0 0 0.0346

for the adventitial layer, with £ = 0.0517.

Boundary conditions and surface interactions: Once again the elastic models as
described in Section held. The elastic foundation at the outlet was specific to each
layer of the aorta, with an extension of the media tissue connecting to the medial layer
at outlet and an extension of the adventitia tissue connecting to the adventitial layer
at outlet. This resulted in k/A = 1821.2Pa at the media and k/A = 1034Pa at the
adventitia. All other interaction properties from Section held..

Double layer, orthotropic model
Geometry: As in section the model consisted of two layers, as shown in Figure
.6l The media is once again 1.2mm thick and the adventitia 0.6mm thick.

Material: The material in this model is orthotropic, with the values of the constants
mentioned in section having the values shown in Table [3.1]
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These values result in a D-matrix of:

[ 0.345400 0.282600 0.282600 0 0 0o |
0.282600 0.354584 0.284658 0 0 0
0.282600 0.284658 0.351980 0 0 0
D] = MPa (3.33)
0 0 0 0.062800 0 0
0 0 0 0 0.062800 0
0 0 0 0 0 0.062800 |
for the medial layer, with £ = 0.03106 M pa and
[ 0.190300 0.155700 0.155700 0 0 0 |
0.155700 0.190360 0.155727 0 0 0
0.155700 0.155727 0.190335 0 0 0
[D] = MPa (3.34)
0 0 0 0.034600 0 0
0 0 0 0 0.034600 0
0 0 0 0 0 0.034600

for the adventitial layer, with E' = 0.0517M Pa.

Boundary conditions and surface interactions: Again the boundary conditions
and interactions as laid out in Section hold. The interaction property values are

the same as those discussed in Section B.2.6] above.

3.2.7 Models of an aged/diseased artery
Effects of age and disease

As dicussed in section [3.1.4] arteriosclerosis is caused by a thickening of the intimal layer
in the arteries. As the elastic properties of the intima lead to a much stiffer material, this
thickening reduces compliance in the arteries. This effect was investigated by adding an
intimal layer to the wall model as described in the sections below.

It should be noted that the effects of atherosclerosis would be similar to those of arte-
riosclerosis, at some level, as the former is a build up of various compounds (cholesterol,
calcium, etc), which also cause a stiffening of the artery walls. However, this condition
also “clogs” the artery, decreasing the cross sectional area through which the blood must

flow, thus further increasing the strain on the heart.
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Adventitia
0.6mm

Figure 3.7: Cross section of model affected by arteriosclerosis, with an initial intimal

thickening of 0.2mm

Geometry: The model of the artery affected by arteriosclerosis included all three lay-
ers; intima, media and adventitia. The inner diameter of the aorta was held at 12.05mm
to maintain compatibility with the fluid mesh, while the outer diameter became larger
as a result of the increasing thickness of the artery wall. The initial model had an in-
tima with a thickness of 0.2mm (as used by Gao et al [16] in a three layer healthy aorta
model). The thickness was increased to 0.4mm and finally to 0.6mm, at which point
it has the same thickness as the adventitia, to investigate the possible existence of a
trend with intimal thickening. Figure shows the first model, with the initial intimal

thickening condition.

Material: The material model for the medial and adventitial layers was the same as
that in Section The added intimal layer used the constants as shown in Table
and E = 0.11542M Pa. The D-matrix for the two outer layers were as in Section [3.2.6]
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while that of the intimal layer was:

[ 0437800 0.358200 0.358200 0 0 0
0.358200 0.288094 0.760020 0 0 0
] — | 0358200 0.760020 0404460 O 0 0 MPa (3.35)
0 0 0 0.079600 0 0
0 0 0 0 0.079600 0
0 0 0 0 0 0.079600

Boundary conditions and surface interactions: The boundary conditions and
surface interactions as described in Section held, with the elastic foundation at the
outlet being that of each layer extending for 50mm. The surface interaction properties
for the media and adventitia at outlet were the same as those in Sections[3.2.6] and [3.2.6]
The intima outlet interaction had a value of k/A = 2308.4Pa.
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Chapter 4

Blood Flow Models

A single blood flow model was developed and used for every wall model. The details of
the modelling process will be laid out in this chapter, introduced by a review of literature

on the subject. The modelling process is then described in the following sections.

4.1 Blood flow in the ascending aorta

Blood is a very complex fluid, and the pulsatile nature of blood flow in the human
body adds still more complexity to the modelling of this flow, however there are various

assumptions which may be made to greatly simplify this problem.

4.1.1 The material properties of blood

Blood is a non-Newtonian fluid, a class of fluids including all fluids that have behaviour
deviating from Newton’s laws. In a Newtonian fluid, the rate of deformation of the fluid
and the stress applied to it are directly proportional, that is, the fluid obeys Newton’s
law of constant viscosity. A non-Newtonian fluid, like blood, has a non-linear response
to stress; the stress in the fluid is dependant on both the instantaneous deformation
and the instantaneous rate of change of the deformation [29]. This greatly affects the
behaviour of blood in arteries, however it is reasonable to model blood as a Newtonian
fluid when dealing with large, elastic arteries [24] and, as the aorta is the largest artery

in the human body, this assumption applied to this investigation.
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4.1.2 Blood flow characteristics

Flow in arteries is pulsatile, which may cause the flow to become turbulent, thus an
investigation into this possibility was conducted by Morris et al [24]. Accelerating flow
is more stable and decelerating flow less stable than steady flow, therefore there is a
possibility of bursts of turbulence in the decelerating phase of the pressure pulse [30],
[37]. In another investigation, conducted by Nerem et al [3§], a critical Reynolds number
for unsteady flow was found. For the model used by Morris et al [24] the maximum
Reynolds number (for the decelerating flow phase) was below this critical value and

thus the flow was assumed to be laminar.

4.1.3 Laminar flow

When a fluid flows along a surface the friction between the surface and the fluid causes
there to be no relative motion between the surface and the fluid that is in direct contact
with it. As a result of this, a velocity gradient exists between the fluid at the surface
and the fluid far away from the surface (i.e. that in the free stream). In fully developed
pipe flow the flow profile approximates a parabola, due to the increasing velocity with
distance from the wall, and the shape of this parabola is determined by the viscosity of
the fluid.

4.2 Grid geometry and boundary conditions

As the ascending aorta was approximated as cylindrical, with a constant cross section,
the flow was assumed to be axi-symmetric. FLUENT® calculates the results of axi-
symmetric problems by integrating over 2II radians. The geometry for the flow domain
of the aorta was defined in GAMBIT® . A rectangular domain was created and meshed,
as shown in Figure 4.1

Four boundary types were assigned as follows:

e The common boundary between the solid and fluid meshes was defined as a “wall”

boundary, which contains the fluid and defaults to a no slip condition.

e The centre line of the aorta was defined as an “axis” boundary, which assigns it
axis of symmetry properties, and does not require the specification of any other

boundary conditions.
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arid Oot 31, 2008
FLUENT 82 (axi, segregated, lam)

Figure 4.1: Meshed grid used for CFD analysis

e The inlet boundary was assigned a “velocity inlet” boundary type as the informa-
tion available described an inlet value [24]. This type of boundary is suitable for

incompressible flow. The inlet velocity profile will be described in section [4.6]

e At the outlet, no information was known, and therefore an “outflow” boundary
type was assigned, which is also appropriate for incompressible flow. For this type

of boundary, FLUENT® extrapolates the required information from the interior.

e The fluid within the boundaries assumed the default “interior” boundary type.

The mesh consisted of bilinear quadrilateral elements, created by the “map” meshing
scheme, which creates a structured, regular grid. The grid was refined in the area close
to the artery wall so as to monitor boundary layer phenomena. The refinement was
graded according to an exponential function with a ratio value of 0.32. A total of 40
elements were created along the inlet and outlet boundaries of the aorta. The elements
along the wall and axis boundaries were evenly spaced for 200 elements.

As discussed in Section it was essential to have a grid fine enough to capture any
relevant flow phenomena but also it was necessary to maintain compatibility with the
solid mesh. The nodes on the fluid domain wall boundary fell on the same points as the

nodes on the solid boundary.

4.3 (General properties of model

As discussed in Section [4.1] blood flowing through the aorta can be approximated as

Newtonian, therefore, the density and viscosity were set as constant, with values of
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1050kg/m? and 0.0035Pas respectively and the fluid was assumed incompressible [16],
[24].

4.4 Operating Conditions

Due to the fact that the wall model had an initial condition of diastolic pressure, the
initial pressure induced in the artery had to be representative of the flow conditions at
systole. Therefore the operating conditions were set at the systolic condition, with an
operating (guage) pressure of 120mmHg. The reference point was set at the inlet to the

aorta at the vessel wall (i.e. on the common boundary).

4.5 Flow characteristics as defined in Fluent

The flow was defined as axi-symmetric, and therefore an axi-symmetric solver was
utilised. A time averaged input velocity as deduced by Morris et al [24] was applied.
This inlet velocity was deduced from flow rates obtained from Nichols and Rourke [39].
As discussed in the model used by Morris et al [24] was laminar for the decelerating
phase of the flow, therefore as steady flow is more stable than flow in the decelerating

phase [30], the flow was assumed to be laminar throughout the ascending aorta.

The working fluid was set as blood with the properties discussed in Section [4.3] The
default no slip condition at the aorta wall was retained. At the outflow boundary the
flow rate weighting was left at the default value of 1, as all the flow exits through the

same outlet.

4.5.1 Solution Controls

SIMPLEC (Semi-Implicit Method for Pressure-Linked Equations (Consistent)) was used
as the method of pressure velocity coupling and the under-relaxation factors were left
at the default values. This solver is an improved version of the SIMPLE algorithm and
is ideal for steady state problems [40]. The discretisation scheme utilised was QUICK
(Quasi-upwind interpolation for convective kinetics), which interpolates between three
data points with an upstream weighting [24]. The increased accuracy due to the extra
data point was not foreseen to create any significantly increase the simulation time due

to the computational simplicity of the model.
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Grid

Qct 31, 2008

FLUENT 6.2 {axi, segregated, lam)

Figure 4.2: Partitions and mesh of investigated inlet velocity profile

4.6 Investigation into the inlet velocity profile

Blood flow into the ascending aorta is controlled by a one-way valve (the aortic valve).
The change in flow area from the left ventricle of the heart to the ascending aorta was
foreseen to yield a velocity profile at the aorta inlet which was neither completely flat
nor parabolic (the case in fully developed laminar flow (see Section [4.1])).

This combination of velocity gradients was expected as a result of the sudden change in
flow area, but the extent of the gradients was not known quantitively. However, it was
expected, from reports of CT scans [36], [41],[42], [43], [44] that the profile would show
a relatively flat velocity profile at the inlet to the aorta.

4.6.1 Geometry and mesh

The geometry of the aorta with the included ventricle is shown in Figure 4.2 The
geometric properties of the aorta are the same as those described in Section 4.2l The
extension of the left ventricle is by no means an accurate representation, but merely
served the purpose of simulating a sudden change in flow area. The radius of the
ventricular section was set to five times that of the aorta radius, at 60.25mm. The
section connecting the ventricle to the aorta was angled at 30°, and entry was smoothed
with a fillet radius of 3.95mm (see Figure |4.2]).
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4. Blood Flow Models 4.6 . Investigation into the inlet velocity profile

The rectangular aortic section was meshed as described in Section [4.2] The ventricle
was partitioned as shown in Figure[d.2] to allow the most even mesh possible. Parts 2 and
3 (Figure ) essentially extend the mesh from Part 1, with an exponentially graded
mesh, in keeping with that of Part 1. Due to the quadrilateral shape of these parts,
they were meshed with the “map” meshing scheme of GAMBIT® with quadrilateral
elements.

It was not imperative that the elements along the inlet boundary of Part 4 were graded
as they are sufficiently far away from any surface. 41 evenly spaced elements were set
along this edge, and 52 along the axis boundary (which were extended through Part
3). As this section was three sided, GAMBIT® s “tri-primitive” meshing scheme was
utilised. This scheme divides a three sided shape into three quadrilateral regions and
uses a “map” scheme to mesh these three regions [40]. A total of 15008 elements were

created for this model.

4.6.2 Boundary conditions

The boundary conditions as described in Section were applied to the model, except
for those at the inlet to the aorta. The inlet to the “ventricle” was assigned the velocity
inlet boundary type and the inlet to the aorta/outlet to ventricle was defined as an
interior boundary type, to enable the extraction of data at this boundary. The ventricle

wall was assigned the wall boundary type and the no slip condition was retained.

Inlet condition

The profile was investigated with a crude geometric model of the left vetricle leading
into the diameter of the aorta as shown in Figure 4.2l The average axial velocity at inlet
to the aorta was approximated as 0.0035m/s [24]. This condition was ensured by the
assumption of a constant volume flow rate to the ventricle inlet as shown in Figure [4.2]

Continuity in an incompressible fluid is satisfied by:
U'inAin = UoutAout (41)

where A is the cross-sectional flow area and v is the velocity normal to A, while subscripts
“in” and “out” are the values at inlet and outlet respectively, this resulted in a constant

velocity value of 0.00354m/s at the “inlet” to the ventricle.
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4.6.3 Use of profile in final model

The model was run with the flow characteristics as defined in Section and the ve-
locity profile was extracted at the aortic inlet. This profile was then programmed into
a User Defined Function (U.D.F) which was included in the boundary condition at the
aorta inlet in the final model.

FLUENT® requires that the velocity be given as a function (written in the C program-
ming language) such that any value of velocity at any point on the boundary of interest
may be determined. The U.D.F. is included below:

vprofile.c
UDF for specifying steady-state velocity profile boundary condition

************************************************************************/

#include "udf.h"

DEFINE_PROFILE(inlet_x_velocity, thread, position)
{
real x[ND_ND]; /* this will hold the position vector */
/*xreal z = 0;*/
face_t f;
int i, n;
real R[31], V[31], v;
FILE *fp;
fp = fopen("RvsV_vectors.txt", "r");

n = 30; /*counter maximumx*/
for (i=0; i<=n; i++)

{fscanf (fp, "%f%f", &R[i], &VI[il);

begin_f_loop(f, thread)

{

F_CENTROID(x,f,thread);

for (i=0; i<=(n-1); i++)

{

if (x[1]1>=R[i] & x[11<R[i+1])
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{
v = V[i] + ((V[i+1]-V[i])/(R[i+1]-R[1]))*(x[1]-R[i]);

}

}
F_PROFILE(f, thread, position) = v;

}
end_f_loop(f, thread)
fclose(fp);

This U.D.F. initialises two arrays, one containing the node values in the range of the
inlet, and the other the axial velocity magnitudes at these nodes. Because the nodes
are close together, a simple linear interpolation between nodes was specified to smooth

the function, such that:
Avy_

ATl_Q

Where v is the velocity, r is the radius, subscripts 1 — 2 are the change between the

v T+ v (4.2)

consecutive known values, and subscript 1 is the previous known value.

Note on inlet velocity profile

It must be noted that due to the fact that the same velocities at inlet are used in spite
of the inlet area changing, the volume flow rate will not be constant. However, it was
expected that due to the extra constraints of the aorta at the inlet (see Section [3.2.2)),
the radial displacements of the ascending aorta would not cause an appreciable change
in flow area. This was investigated and found to be the case (see Section [6.1]), and the

method was applied as described above.
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Chapter 5
Interface and Coupling

This chapter explains the coupling process used in this investigation. The interface
between the solid problem (in ABAQUS® ) and the fluid problem (in FLUENT® )
was written in the Matlab programming language and the code is included on the
CD attached to this report. Principles upon which the the code was based, various
algorithms used, and the purposes of each programme will be described in this chapter,

preceeded by an introduction to the theory behind coupling.

5.1 What are coupled systems?

The aim of the investigation was to simulate the coupling between the solid and fluid
problems in the ascending aorta. A coupled system is one consisting of at least two
distinct systems, which overlap with common variables. Although each system is solved
with a characteristic set of differential equations, the overlapping variables make it
impossible to solve each system separately [5] and information has to be exchanged
between the systems to fully solve the problem. Figure [5.1] shows the basics of a

coupled system.

5.2 Coupling as applied to this study

The system in this investigation is the fluid structure interaction (FSI), and the common
variables are displacement and pressure. The fluid problem is solved by the Navier-
Stokes equations (see Section and the solid probelm is solved for solid equilibrium
(see Section . ABAQUS® and FLUENT® do not perform this coupling automati-

cally.
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domain A domain B

fla,b.ec,d) =0
and

f(a,bc,d) =0 gled,ef) =0 gledet) =0

coupling region

Figure 5.1: A coupled system showing two domains and a coupling region. Variables ¢

and d are shared in the system. (courtesy of [5])

The fluid flow creates a pressure profile on the aortic wall, causing the structure to
deform. The displacements of the solid boundary consequently cause a change in the
flow, creating a new pressure profile, in turn changing the geometry of the boundary wall
once again. In the steady flow scenario specific to this investigation, this continued to
happen until an equilibrium was reached between the aortic wall and the blood flowing

in the aorta.

The way the problem ran is as follows:
1. Blood flow was simulated and a pressure profile on the boundary was output.

2. The pressure profile was applied to the aortic wall outputting displacement values
of the wall.

3. The new fluid domain boundary coordinates were aquired and a new flow domain
defined.

The system repeated itself until equilibrium was reached.

5.2.1 Exchanged variables

The pressure profile required from the fluid system was that of total pressure at the

common boundary, which is the sum of the static and dynamic pressures [45]:

Total pressure = Ap + % pv*
~~~ ~—

static pressure  dynamic pressure

The deformations required from the solid system were the nodal displacements at the

common boundary.
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code A ® @
[receive] : ““: I--: e o o
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code B Y Y
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[ ™ physical time t

Figure 5.2: Initial exchange of data and subsequent parallel solving as used by MpCCI
(courtesy of [3])

5.3 Available software for coupling problems

Mesh based Parallel Code Coupling Interface (MpCCI® ) is a software designed to han-
dle a range of coupling processes including the FSI as described in the above sections.
MpCCI® searches the relevant input files for regions which exhibit coupling compati-
bility. This software uses a weak coupling system (that in which each system is solved

separately) to solve the problem. MpCCI® runs a parallel solution that runs as shown

in Figure 5.2

The use of this software would have allowed a more complex model in this inves
tigation as described in Section [1.2]

5.4 Sequence used for running the coupled simula-
tion

The interface as created in this investigation minimised the requirement for manual data
transfer as far as possible, however, in order to allow the process to be monitored and
evaluated, the process was run in a series of steps. These steps are set out in the fol-
lowing flow chart (Figure and each step is described in the following subsections of
this chapter. For better clarity in the following sections, example files of the ABAQUS®
input and data files as well as the FLUENT® case files have been included along with

the programming code on the CD attached to this document.
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Sequence used for running the coupled simulation

Startin Matlab

M-File tasks

Pre_Fluentm
1. Creates journal file

Initialise all variables
and file names in Matlab

2. Creates U.DF. reference
3. Extracts boundary nodes

4. Extracts boundary elements

Run Pre_Fluentm

/ Execute journal file in FLUENT /

Pre_aAbagus.m
1. Creates initial Abaqus input file
2. Extracts pressure profile

AfterAbagus.m
1. Creates beginning of Abagus input file
2. Adapts fluid grid
3. Creates Fluent case file

AfterFluentm
1. Extracts pressure profile

Isthe
displacement is within the
given tolerance?

/ Execute CFD simulation and read journal file /

Run AfterFluent.m

Figure 5.3: Flow chart showing the sequence of actions required to run a coupled simu-

lation as defined in this investigation.
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It should be noted, before describing any of the code, that when an axi-symmetric
problem is specified in ABAQUS® , the Y-axis is the convention for the axis of symmetry,
whereas FLUENT® uses the X-axis as the axis of symmetry. Therefore all coordinate

systems were transformed accordingly.

5.4.1 Files required in working directory

For the simulation to run correctly, the following nine files needed to exist in the current

working directory:
1. Pre_Fluentl.m
2. Initial FLUENT® case file, with the extension .cas
3. Pre_Abaqusl.m

4. Initial ABAQUS® input file, with the extension .inp. This file should not have a
defined load and necessary changes as described in the corresponding section must

be made.
5. AfterAbaqus.m with initial file names
6. AfterFluent.m
7. profile.c
8. journal _temp.txt

9. RvsVtemp.txt

5.4.2 Pre_Fluentl.m
Creation of journal file

This programme creates a journal file to be read by FLUENT® . A journal file (ex-
tension .jou) contains certain instructions which FLUENT® reads and executes. These
commands are the same as those which can be typed directly into the FLUENT® console
to perform the required actions. The journal file created by Pre_Fluent.m commands
FLUENT® to extract the profile of total pressure and write it to a text file (extension
xy) which is given a standard name, and placed in the working directory.

The journal file is created from the template text file, named journal temp.txt. The
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additional information which Pre Fluentl.m writes to the journal is the name of the

pressure profile file to be created.

Creation of U.D.F reference file

The U.D.F. used for the velocity profile at the inlet to the aorta calls an array of the
coordinates along the inlet boundary. Because it was expected that the range of the
inlet would change and thus the array would have to be updated for U.D.F. to call the
correct r values for each simulation. Pre_Fluentl.m creates the initial range for the
U.D.F (profile.c) to read. The text file RvsVtemp.txt contains the template of initial

coordinate values to be used.

Boundary node extraction

Because the nodes of interest are only those at the common boundary between fluid
and solid, it was necessary to distinguish these from the rest of the nodes. A vector is
created by Pre_Fluentl.m, which is then used by the subsequently run programmes, as
the node numbering does not change, but the node coordinates corresponding to these
numbers do.

This was acheived via a loop containing a condition forcing only the nodes along the
common boundary to be placed into the vector. These nodes were then arranged in the

ascending order of the node numbers.

Boundary element extraction

As an element set was defined in ABAQUS® for the inner wall of the aorta, these
elements were listed in the input file (extension .inp) and were simply extracted and
placed in a vector. In case of this element set not being defined in ABAQUS® , or if
the input file is formatted without CAE (the user interface of ABAQUS® ), a loop was
created which can extract these elements on the condition that the nodes constituting
the four element corners includes at least one of the node numbers in the boundary node

vector as detailed in the above section.

5.4.3 Initial low model case file

It was important that the same case file was used for all the models. The solver con-
ditions may be altered but the grid formation (as created in GAMBIT® ) had to come

from the same file every time. The reason for this was that when a grid is created, the
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bandwith of the solution matrix is optimised. Therefore, the nodes are numbered in an
order specific to each model. The node connectivity as defined in the case file is written
in a hexadecimal numbering system, which makes it complicated to analyse. It is con-
sequently simpler to ensure that the same node numbering and thus the corresponding
node connectivity is used for every model, to be compatible with the programming code

creating the new case file for the subsequent job.

An unfortunate result of this is that the written code became very problem specific,
and cannot be used generally for any rectangular grid created in GAMBIT® . Notwith-

standing this, the code was written as generally as was possible.

5.4.4 Initial artery wall input file

This input file acts simply as a template for the first ABAQUS® simulation which is
run. There is no defined loading, as the pressure profile created in FLUENT® acts as
the initial loading condition. Various lines need to be added to this input file for it to
output the correct information to the data file (extension .dat). Anywhere in the STEP

section of the input file the following lines must be inserted:

*Node Print, Nset=Aorta-1.All, Freqg=1
U1, U2, COORD

“*Node Print” specifies that information must be printed for the nodes specified in
N-set. “Aorta-1” is the name of the part instance and “All” is the name of the set
containing all the nodes of the part instance. “Freq” defines the frequency with which
the information must be reported (i.e. it will be printed for every step if set to 1 as in
the example).

The second line specifies the information that will be printed to the data file. “U1” and
“U2” are the nodal displacements in the 1 and 2 directions respectively and “COORD”

specifies that the original nodal coordinates are printed to the data file.

5.4.5 Pre_Abaqusl.m

By the time that this programme is run, the first FLUENT® simulation will have been
completed. FLUENT® will have read the journal file and consequently created a text

file containing the total pressure profile along the common boundary.
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Creation of input file

The first job to be run by ABAQUS® needed to be created with the correct load applied
to it. The first part of the programme extracts the formatted input file from the template
file described in Section and places it into a new file. The pressure profile is added
to this input file by AfterAbaqus.m

Pressure profile extraction

The second task that Pre_Abaqusl.m performs is to extract the pressure profile from the
text file created by F LUENT® . The profile is then placed into the correct format for
ABAQUS® to read in a pressure using an analytical field, and acting on the boundary
elements as isolated in the vector as previously described. As FLUENT® outputs nodal
pressure values, and ABAQUS® applies pressures to the surfaces of elements, the average
pressure between two nodes was applied to the element faces. For the initial pressure
load on the artery wall, the change in systolic and diastolic pressure is added to the
total pressure from the FLUENT® simulation.

5.4.6 AfterAbaqus.m

This programme is run after every ABAQUS® job has been completed. It requires the
user to update the names of the files which are to be written to and read from. It
is the only programme that needs to be altered after the initial setup. It also prints

information to the screen which should be monitored by the user.

Creation of new input file

This programme extracts the information which was written to the data file (original
coordinates, and displacement magnitudes). It sums the coordinates and displacements
in each direction to get the new coordinates of the nodes. This new nodal information
is written to a new input file, so that the next ABAQUS® job has the geometry of the
previous job at completion. It also creates all the other sections of the new input file up
until the loading section, which is only completed after FLUENT® has output the new
pressure profile. The nodal displacements of the central boundary node are displayed

to the screen, to enable the user to monitor the process.
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Creation of new case file

AfterAbaqus.m copies all parts of the previous case file, except the nodal coordinates,
into a new case file to be run in the next FLUENT® simulation. It also creates the new
journal file to be read by FLUEN T® 5o that the new pressure profile is written to a file.
The new radius (y) coordinates at the inlet boundary are written to a file to be called
by the U.D.F. for the new inlet velocity profile.

Grid adaptation

As the solid mesh geometry changes, the fluid grid must change accordingly. The bound-
ary nodes are copied directly across from the ABAQUS® data file to the FLUENT® case
file, using the vector of boundary node numbers, which was created in Pre_Fluentl.m,
and placed into the correct positions in the new case file. However, to leave the rest
of the grid as it was for the previous job would yield unreliable results and render all
refinements in the initial grid futile (see Section[4.2)). Therefore it was required that the
grid be adapted to the new geometry of the wall boundary, and it was chosen to acheive
this by the method set out below:

The axial coordinates were simply stacked one below the other, that is the nodes lay
on lines perpendicular to the axis of symmetry. Therefore, all X-coordinates of equal
value in the initial simulation, had equal values in all subsequent runs.

The Y-coordinates (those parallel to the radial axis) were interpolated such that:

Yof — Y1y _ Y2i — Y1i
Yo — Ysf Ybi — Ysi

(5.1)

where subscripts f and ¢ are the new grid values and old grid values respectively, 1 and
2 are any two consecutive nodes and b and s are the nodes at the boundary and axis of
symmetry respectively. In this way, the refinements near the artery wall are not lost or

meaningless.

5.4.7 AfterFluent.m

This programme is run after the second FLUENT® simulation, and after all FLUENT®
simulations for the rest of the process. It’s only task is to extract the pressure profile
created by FLUENT ® according to the instructions in the journal file and append it,
along with the remainder of the input file, to the incomplete ABAQUS® input file,
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created by AfterAbaqus.m. The total pressure is applied without the addition of the

change between systolic and diastolic pressures.

5.5 Conditions for convergence

The process was expected to reach a steady state at which point the displacements of
the aortic wall become equal for each iteration. The difference between the subsequent
displacement values was monitored until it was satisfied that:

di+1 _ dz

— < tolerance (5.2)
where tolerance = 9.5 x 10~® A number of subsequent iterations were run after this

point to ensure that no further fluctuations would occur.
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Chapter 6
Results and Discussion

The models were first run independently and later coupled. The current chapter will
first provide the details of the independent wall model simulations and a short discussion
of these results.

The independent blood flow model results will then be presented and discussed, starting
with the results of the inlet velocity profile investigation as detailed in section and
followed by the final fluid model as modelled on this data.

The results of the coupled models will then be presented and discussed and finally a

comparative discussion on the independent and coupled models will be given.

6.1 Independent wall models

For the artery wall models the focus of the results was on principal stresses and strains,
as well as those in the axial and radial directions. Compliance calculations were for the

maximum, minimum and averaged values.

Single layer models were formed by the averaging of the medial and adventitial layer
material properties, according to their area (see Section [3.2.6). Two layer models com-
prised of a layer of medial material and a layer of adventitial material in the healthy

aorta models as discussed in Section [3.2.6l

The independent wall models were loaded with the difference in pressure magnitudes
between the systolic and diastolic phases of the heart, as described in Section [3.2.3]
Compliance was calculated as described in Equation [3.9] and is a measure of the change

of the diameter of an artery with pressure loading.
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6 . Results and Discussion 6.1 . Independent wall models

6.1.1 Independent single layer, isotropic model

The values for this model are set out in Tables and [6.3] and contour plots of the
principal stresses and strains are displayed in Figures [6.1] and [6.2]

Compliance (%100mmHg)
Max 24.5228
Min 15.7448
Ave 22.3544

Table 6.1: Maximum, minimum and average compliance values for independent, single

layer, isotropic ascending aorta

Principal Stress | Max compressive stress | 3.1148E-04
(MPa) Max tensile stress 5.0903E-03
Radial Stress | Max compressive stress | 6.2523E-03
(MPa) Max tensile stress —
Axial Stress Max compressive stress | 6.2523E-03
(MPa) Max tensile stress 3.8523E-03

Table 6.2: Maximum principal, radial and axial stresses in independent single layer,

isotropic ascending aorta model

Principal Strain | Max compressive -
- Max tensile 0.0961
El1 Max compressive | 0.1202
- Max tensile -
E22 Max compressive | 0.0168
- Max tensile 0.0509

Table 6.3: Maximum principal, radial and axial stresses in independent, single layer,

isotropic ascending aorta model

6.1.2 Independent two layer, isotropic model

The values for this model are set out in Tables and [6.6, and contour plots of the
principal stresses and strains are displayed in Figures [6.3] and [6.4]
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6 . Results and Discussion 6.1 . Independent wall models

8, Max. Principal
(Bvg: T5%)

-1.142e-02

Figure 6.1: Principal stress for the independent isotropic, single layer model, with a

deformation scale of 3

Compliance (%100mmHg)
Max 24.4606
Min 15.6577
Ave 22.3622

Table 6.4: Maximum, minimum and average compliance values for independent, two

layer, isotropic ascending aorta

Principal Stress | Max compressive stress | 1.9724E-03
(MPa) Max tensile stress 6.6309E-03
Radial Stress | Max compressive stress | 6.1829E-03
(MPa) Max tensile stress -
Axial Stress Max compressive stress | 4.5451E-03
(MPa) Max tensile stress 4.9148E-03

Table 6.5: Maximum principal, radial and axial stresses in independent two layer,

isotropic ascending aorta model
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6 . Results and Discussion

6.1.

Independent wall models

E, Max. Principal
Avg: 75%)

+3.891e-032

Figure 6.2: Principal strain for the independent isotropic, single layer model, with a

deformation scale of 3

Principal Strain

Max compressive

Max tensile

0.0960

Ell

Max compressive

0.1145

Max tensile

E22

Max compressive

0.1145

Max tensile

0.0478

Table 6.6: Maximum principal, radial and axial stresses in independent, two layer,

isotropic ascending aorta model
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6 . Results and Discussion 6.1 . Independent wall models

8, Max. Principal
(Avg: T5%)
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-93Be-
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-6.41l6e-
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-290e-
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Figure 6.3: Principal stress for the independent isotropic, two layer model, with a de-

formation scale of 3
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6 . Results and Discussion 6.1 . Independent wall models

E, Max. Principal
(Avg: T5%)
-423e-01
-337e-01
-252e-01
.1662-01
.080e-01
.944e-02
.087e-02
.230e-02
. 373e-02
.5l6e-02
-650e-02
-802e-02
-945e-02

Figure 6.4: Principal strain for the independent isotropic, two layer model, with a

deformation scale of 3
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6 . Results and Discussion 6.1 . Independent wall models

6.1.3 Independent two layer, orthotropic model

The values for this model are set out in the Tables and and contour plots
of the principal stresses and strains are displayed in Figures [6.5) and [6.6]

Compliance (%100mmHg)
Max 27.1784
Min 17.1680
Ave 24.8793

Table 6.7: Maximum, minimum and average compliance values for independent, two

layer, orthotropic ascending aorta

Principal Stress | Max compressive stress | 5.2073E-03

(MPa) Max tensile stress 8.3529E-03
Radial Stress | Max compressive stress | 6.6637E-03
(MPa) Max tensile stress -

Axial Stress Max compressive stress | 5.2078E-03
(MPa) Max tensile stress 6.0144E-03

Table 6.8: Maximum principal, radial and axial stresses in independent two layer,

orthotropic ascending aorta model

Principal Strain | Max compressive -
- Max tensile 0.1067
El1 Max compressive | 0.1208
- Max tensile -
E22 Max compressive | 0.0254
- Max tensile 0.0491

Table 6.9: Maximum principal, radial and axial stresses in independent, two layer,

orthotropic ascending aorta model

6.1.4 Aged aorta model

It can be seen immediately from the visualisation (Figures and of the three
diseased aorta models under a constant pressure load that the results are not accurate.

Therefore this model was not included in a coupled process.
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6 . Results and Discussion 6.1 . Independent wall models

8, Max. Principal
(Avg: T5%)
-536e-02
-32le-02
-107=-02
-815=-03
.766e-03
4.616e2-03
.466e-03
-l64e-04
.633e-03
-3.983e-03
-6.133e-03
-8.283e-03
.04 3e-02

Figure 6.5: Principal stress for the independent orthotropic, two layer model, with a

deformation scale of 3
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6 . Results and Discussion 6.1 . Independent wall models

E, Max. Principal
(Avg: T5%)
-463e-01
. 356e-01
.252e-01
.ld6e-01
-04le-01
.35le-02
.295e-02
-239e=-02
-183e-02
- 1272-02
.071e-02
.0lie-02
.956e-02

Figure 6.6: Principal strain for the independent orthotropic, two layer model, with a

deformation scale of 3

&, Max. Principal
(Awg: 75%)

+1.165e-01
-3.896e-03

Figure 6.7: Resulting geometry of arteriosclerosis with a 0.2mm intima layer
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6 . Results and Discussion 6.1 . Independent wall models

8, Max. Principal

(Avg: 75%
+2.014e+00
+1.8458+00
+1.675e+00
+1.506e+00

-1.967e-02

Figure 6.8: Resulting geometry of arteriosclerosis with a 0.4mm intima layer

8, Max. Principal

(Awg: 75%
+1.070e+00
+3.752e-01

-1.492e-02

Figure 6.9: Resulting geometry of arteriosclerosis with a 0.6mm intima layer
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6 . Results and Discussion 6.2 . Independant blood flow models

6.1.5 Discussion of the independent wall models

The data shows a maximum compressive principal stress value existing in the two layer,
orthotropic model, with a value of 5.21 x 1072M Pa. The tensile value was also highest
in this model, with a value of 8.3529 x 1072M Pa. The tensile stress values get higher
with the complexity of the model.

This effect is likely to be due to the different material properties of the layers non-

linearising the elastic properties.

None of the models experienced any tensile stresses or strains in the radial direction,
but this due to the particular loading of the specimen. In the axial direction there was
some tensile stress, which may be due to the “stretching” of the specimen to compensate

for the expansion under the inlet and outlet constraints.

The maximum compliance was greatest in the two layer, orthotropic model and the
differences in maximum and minumum values for all of the models were within 10% of
each other. The lower compliance values are due to the constraints around the aorta
at the inlet, preventing expansion at this point. The minimum values are not entirely
relevant, as the constraints act as a counter-pressure, and thus the applied pressure is

not a sensible value.

6.2 Independant blood flow models

6.2.1 Results of investigation into inlet velocity profile

As discussed in Section a relatively flat velocity profile was expected. The investi-

gation yeilded a profile in accordance with this expectation as shown in Figure [6.10

At the nodes just in from the wall, the velocity magnitude was approximately 4.62 x
103m/s, which is 7.84% of the average value.
The velocity magnitude did not reach a peak value on the axis of symmetry, but rather
dipped slightly in the this region. The maximum velocity value occured at a radius of
10.36mm, and was 12.06 x 10°m/s. At the centre of the aorta the velocity was equal to
99.15 x 10%m/s.
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6 . Results and Discussion 6.3 . Coupled wall/blood flow models

Aorta Inlet Velocity Profile

o 0.002 0.004 0.006 0.008 0.01 0.mz2
Distance from wall

Figure 6.10: Inlet velocity profile for half the diameter of the aorta resulting from

investigation

6.2.2 Final blood flow model

The flow in the ascending aorta did not reach a fully developed state which can be seen
from Figure [6.11]

The total pressure at the wall had a maximum value of 1.044 x 10~°M Pa, and a
minimum value of 1.409 x 107> M Pa. These are the results for the first iteration of the

coupled jobs as no input data was required from ABAQUS® .

The pressure profile obtained from this intial low model is the first pressure defined
in the ABAQUS® input file. The profile in Figure shows only the total pressure,
before it is added to the change in pressure from diastole to systole (40mmHg).

The exit velocity profile for fully developed laminar flow would be parabolic, but

this was not the case at the exit to the aorta model as shown in Figure [6.13]

6.3 Coupled wall/blood flow models

The coupled simulations were run until the system reached a steady state. This state

was reached when the condition specified in Equation was satisfied.

As the first pressure profile on the wall included the change in pressure from diastole

to systole, the displacement value was not comparable with the subsequent displacement
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Figure 6.11: Velocity contours resulting from initial flow model
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Figure 6.12: Pressure profile output from initial CFD simulation
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Figure 6.13: Outlet velocity profile for half the diameter of the ascending aorta
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6 . Results and Discussion 6.3 . Coupled wall/blood flow models

values and was this initial iteration is not shown in the relevant graphs in the following
sections. The same blood flow model was used for all of the wall models. The size of
the displacement of the central boundary node for each iteration was compared with
that for the previous iteration, and the difference in these values is shown in the graphs

displayed for each section.

6.3.1 Coupled single layer, isotropic model

The difference between subsequent displacement sizes of the central boundary node are

shown in Figures and

No. Herations

Figure 6.14: Graph showing con- Figure 6.15: Graph showing con-
vergence process for radial dis- vergence process for axial displace-
placements in the isotropic, single ments in the isotropic, single layer
layer model model

The results for this model are shown in the tables below:

Compliance (%/100mmHg)
Max 25.1134
Min 3.5858
Ave 21.6846

Table 6.10: Maximum, minimum and average compliance values for coupled, single

layer, isotropic ascending aorta

6.3.2 Coupled two layer, isotropic model

The difference between subsequent displacement sizes of the central boundary node are

shown in Figures and
The results for this model are shown in the Tables [6.13] [6.13] and [6.15]
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6 . Results and Discussion

6.3 .

Coupled wall/blood flow models

Principal Stress | Max compressive stress | 1.0700E-03
(MPa) Max tensile stress 1.1886E-02

S11 Max compressive stress | 5.2820E-03
(MPa) Max tensile stress 4.9920E-03

S22 Max compressive stress | 1.2464E-02
(MPa) Max tensile stress 1.1862E-02

Table 6.11: Maximum principal, radial and axial stresses in coupled single layer,

isotropic ascending aorta model

Principal Strain | Max compressive —
- Max tensile 0.1152
El1 Max compressive | 0.1076
- Max tensile 0.0903
E22 Max compressive | 0.1296
- Max tensile 0.1148

Table 6.12: Maximum principal, radial and axial stresses in coupled, single layer,

isotropic ascending aorta model

Compliance (%/100mmHg)
Max 25.2184
Min 1.3567
Ave 21.6203

Table 6.13: Maximum, minimum and average compliance values for coupled, two layer,

isotropic ascending aorta

Principal Stress | Max compressive stress | 1.2920E-03
(MPa) Max tensile stress 1.5357E-02

S11 Max compressive stress | 5.2830E-03
(MPa) Max tensile stress 4.8740E-03

S22 Max compressive stress | 1.0601E-02
(MPa) Max tensile stress 1.5317E-02

Table 6.14: Maximum principal, radial and axial stresses in coupled two layer,

isotropic ascending aorta model
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6 . Results and Discussion

6.3 . Coupled wall/blood flow models

Figure 6.16: Graph showing con-

vergence process for radial dis-

placements for the isotropic, two

layer model

Figure 6.17: Graph showing con-

vergence process for axial displace-

ments for the isotropic, two layer

model

Principal Strain | Max compressive -
- Max tensile 0.1315
El1 Max compressive | 0.1182
- Max tensile 0.1177
E22 Max compressive | 0.1600
- Max tensile 0.1308

Table 6.15: Maximum principal, radial and axial stresses in Coupled, two layer,

isotropic ascending aorta model

6.3.3 Coupled two layer, orthotropic model

The difference between subsequent displacement sizes of the central boundary node are

shown in Figures and

Figure 6.18: Graph showing con-

vergence process for radial dis-

placements for the orthotropic, two

layer model

‘‘‘‘‘‘‘‘‘‘

Figure 6.19: Graph showing con-

vergence process for axial displace-

ments for the orthotropic, two layer

model
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6 . Results and Discussion 6.3 . Coupled wall/blood flow models

The results for this model are shown in the Tables [6.16] and and contour
plots of the maximum principal stresses and strains are displayed in Figures and
6.21]

Compliance (%/100mmHg)
Max 27.9850
Min 2.0297
Ave 24.0727

Table 6.16: Maximum, minimum and average compliance values for coupled, two layer,

orthotropic ascending aorta

Principal Stress | Max compressive stress | 1.6540E-03
(MPa) Max tensile stress 1.7193E-02

S11 Max compressive stress | 5.2750E-03
(MPa) Max tensile stress 4.8510E-03

S22 Max compressive stress | 1.1142E-02
(MPa) Max tensile stress 1.7161E-02

Table 6.17: Maximum principal, radial and axial stresses in coupled two layer,

orthotropic ascending aorta model

Principal Strain | Max compressive -
- Max tensile 0.1351
El1 Max compressive | 0.1251
- Max tensile 0.1199
E22 Max compressive | 0.1665
- Max tensile 0.1347

Table 6.18: Maximum principal, radial and axial stresses in coupled, two layer,

orthotropic ascending aorta model

The final flow domain for the orthotropic, two layer model is shown in Figure [6.22
to illustrate the adapted grid as outlined in Chapter 5. Figure [6.3.3] shows the velocity
contours resulting from this grid.

The pressure profile alters due to the different grid geometry as shown in Figure

6.23 which is the final pressure profile applied to the ABAQUS® model in the coupled

orthotropic, two layer model.
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&, Max. Principal
(Avg: 75%)
-720e-02
.562e-02
-4052-02
-247e-02
.090e-02

- 325e-
-750e-
-175e-
-600e -
.025e-
-450e-
-1.250e-
-1.700& -

[sYaTalelatatata)
Gt L 0 0 G G G

Figure 6.20: Principal stress for the coupled orthotropic, two layer model for the first

iteration, with a deformation scale of 3
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Coupled wall/blood flow models

6.3 .

Results and Discussion

6.

Principal

E, Max.

256e
16 3e
070e
770e
83%e
a09%e

Figure 6.21: Principal strain for the coupled orthotropic, two layer model for the first

iteration, with a deformation scale of 3
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Figure 6.22: The adapted mesh for the final orthotropic, two layer flow domain
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Figure 6.23: Pressure profile reulting from final CFD simulation in the orthotropic, two

layer model
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6.3.4 Discussion of coupled results

As in the independant models the greatest maximum principal stress result occured in
the orthotropic, two layer model, with a value of 1.65 x 1073M Pa for the compressive
stress and 1.72 x 1072M Pa for the tensile stress. Again the values increased with the

complexity of the model.

As before the maximum compliance value occurred in the orthotropic two layer model,
with a value of 27.99%. The minimum compliance values were all less than 5%, but these

values occurred close to the inlet and may be attributed to the constraints in this region.

6.4 Discussion and comparison of results

6.4.1 Stress and strain values

The maximum compressive principal stress value was 5.2073 x 1073M Pa and occured
in the orthotropic, two layer independent model, while the minimum value was 3.1148 x
10~*M Pa and occurred in the independent isotropic, single layer model. The fact that
these extremes occured in the independent models shows that the pressure profile from
the blood flow may have a smoothing effect on the stresses occurring in the walls. The

pressure drop may also account for lowered stresses in the coupled models.

The maximum principal strain value occured in the coup led orthotropic, two layer
model, with a value of 0.1351M Pa. The strain values for the independent models were
all within 0.0107M Pa of each other, and those for the coupled models were within
0.0199M Pa of each other and all of the strains were tensile.

The principal stresses and strains were generally larger for the coupled models, but
this may be attributed to the fact that a differential pressure added for each iteration,
effectively building on to the initial pressure. Where this is not the case, is likely to
be due to the pressure drop, through the flow domain, lowering the overall value of the
pressure.

Also, the non-linearity of the pressure profile is likely to cause the aorta to deform
non-uniformly. The uneven deformations resulting from this may “pull” the material in
different directions, increasing the tension through the vessel. This may also have been
the cause of the radial tensile stresses and strains occuring in the coupled models in that

as the pressure profile becomes uneven, the load is no longer fully compressive.
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It is apparent that the high stress regions are generally in the constrained sections of
the models. These sections include the inlet constraint, where the vessel has a concen-
trated stress region over the supported inlet region, and the outlet condition, where the

interaction seems to be pulling the aorta, preventing the deformations.

The radial stresses were mainly compressive, which is expected as there is an expansion
in the direction of the force, while the axial stresses are mainly tensile, due to the

stretching of the aorta because of the outlet condition.

6.4.2 Compliance values

The compliance in the models ranged between minimum values of 1.36% and 17.1 7%
,and maximum values of 24.46% and 27.99%. The minimum values were due to the
small displacements in the inlet region, where the constraints prevent them from having
larger values. The fact that there is essentially a pressure opposing the movement makes

this small compliance value irrelevant.

The average compliance values for the coupled jobs differed from those for the inde-
pendent models by 0.67% for the isotropic single layer model, 0.74% for the isotropic
two layer model and 0.81% for the orthotropic two layer model. The average values
for the all of the independent models were higher, but this is due to the low minimum
values. The maximum compliance value for every independent model is lower than that
of its corresponding coupled model, therefore it is safe to say that the effect of the blood

flow on the aorta was to increase the compliance.

The compliance values (both the average and maximum values) are within the range
for physiological values with the two layer, orthotropic model yielding the greatest com-
pliance value of 27.99%, as compared to the lowest maximum value, occuring in the

isotropic, two layer model, of 24.46%.

6.4.3 Mesh refinements

It was important that a finer mesh would not yield substantially different results. There-
fore the initial, independent wall jobs were run with a refined mesh. The difference in

results obtained were unsubstantial and therefore the mesh was not altered.
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Chapter 7

Conclusions and Recommendations

7.1 Consistency of results

The resulting maximum and average compliance values in the investigation of a young
and healthy were all well within the physiological range. The minimum values were lower
than those in physiological data, but this is due to the particular constraints around
these regions (those close to the aorta inlet) and therefore does not negate the relevance
of the other data.

The stress and strain values in the investigation may be seen as verified as they have a
direct relationship with the displacement and pressure values resulting in the compliance.
The range of physiological data is very large, so there is room for very different results to

exist and therefore the data aquired in this investigation should not be seen as conclusive.

The suspicious results yielded in the diseased aortic model should be investigated, as
they are not consistent with the results from the other models. The effects of such drastic
geometrical changes in an ascending aorta on blood flow should also be investigated, in

case of there being a reasonable cause for results of this nature.

7.2 Relevance of investigation

The realistic values obtained as discussed in the previous section and their consistency

with the uncoupled simulations show that the coupling process used was effective.
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7.3 Linear elasticity and steady flow

The non-linearity of artery walls has a smoothing effect on the pressure waves in the
arterial system. One of the effects of this is the effective pushing of blood onward
through the arteries, releasing strain on the heart. If the blood flow in the models had
been modelled as pulsatile, the linear elastic artery would not have shown any of this
effect. Also, if the artery elasticity were modelled as non-linear, while the blood flow

were transient, the reality of the interaction would again not be fully captured.

7.4 The limitations of axi-symmetric modelling

The axi-symmetric nature of the model was directly associated with the appriximation
of the ascending aorta being a straight cylinder. The irregularity of the aorta geometry
may cause a number of interesting effects on the blood flow that cannot be captured
by an axisymmetric modelling process and an investigation into this would be of great

value.

7.5 Further developments to the artery wall models

A bottom up engineering approach was used in this investigation, and there are many
extensions which could be implemented. The effects of visco-elasticity should be anal-
ysed, possibly starting with a hyper-elastic model to investigate the non-linearity of the
mechanical properties with increased loading.

As previously discussed, the effects of a three dimensional geometry should be included

in subsequent studies.

7.6 Further developments to the blood flow models

The blood flow in this study was not pulsatile. The true nature of blood flow and its
effects on the artery walls requires a fully transient model, especially with regard to the

stresses induced in the artery walls.
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7.7 Further developments to the coupling method

The static nature of the simulations in ABAQUS® and FLUENT® forced the superpo-
sition of resulting values, this may have led to a certain amount of error in the results.
A coupling procedure that allows a dynamic analysis process to be carried out would
be of great value here, and the use of an investigation, either using existing software
(for example MpCCI® ) or the creation of an extended interfacing code (such as that

created for the purpose of this study) is highly recommended.
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