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ABSTRACT

II

In recent decades, several different types of prosthetic devices have been

introduced in clinical practice to replace the diseased natural heart valves. In Canada

alone, around 10,000 operations aimed at treatment of valvular diseases are carried

out every year. Although evolution of prosthetic heart valves have, in general,

succeeded in increasing the patient’s lifespan, scope exists in improvement of their

design as attested by failure of several commonly used heart valves. Successful design

of prosthetic heart valves depends on thorough understanding of several aspects

including biocompatibility, structural integrity and complex fluid dynamics.

Focus of the present thesis is on the fluid dynamical performance with

emphasis on fundamental information of long range value which can serve as

reference:

(i)

(ii)

(iii)

in assessing performance of prosthetic heart valves widely in use at present;

in development of improved configurations of new designs;

for government health agencies and manufacturers in formulating performance

criteria which must be met to protect the user community;

(iv) for practising cardiac surgeons in selecting appropriate prostheses for

implantation.

This thesis first introduces the basic knowledge about the heart, heart valves

and the laser Doppler anemometry (LDA) as the general background. This is followed

by a description of the test methodology. One of the challenging aspects is the analysis

and display of the vast amount of data obtained in a meaningful way. Computer codes

developed to this end thus form an important part of the thesis.

Finally, the thesis focuses on the fluid dynamic results and their analysis with

respect to the Bjork-Shiley monostrut tilting disc valve, in mitral location, using a
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sophisticated cardiac pulse duplicator in conjunction with a 3-beam, two-component,

LDA system. Time histories of the velocity profile, turbulence intensity, Reynolds

stress, etc., are presented for both posterior and anterior orientations of the valve, for

five different pulse rates.

Results suggest relatively favourable performance in the posterior position. The

stress level was found to be safe and would not present the danger of haemolysis. In

general, the valve performance was found to be insensitive to the flow rate.
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1. INTRODUCTION

Clinical introduction of the pump oxygenator in 1953 provided the means for

direct surgery on the mitral valve. The far advanced diseased state of most mitral

valves requiring operation, however, prevented satisfactory restoration of their

function. The surgical management of valvular heart diseases has progressed

considerably since the first successful clinical implantation of a ball mitral valve

prosthesis in 1960. Nowadays, around 10,000 operations or re-operations for heart

valve replacements are carried out every year in Canada. The replacement of the

diseased heart valves with prothetic devices has improved and prolonged many lives.

There are various models of artificial heart valve prostheses in use today. As

can be expected, they have their respective advantages and disadvantages including

the risk of unexpected complications. It is important to investigate mechanical and

hydrodynamic performance of artificial heart valves in vitro and, if possible, in vivo

to assist cardiac surgeons in the selection of the appropriate valve for a particular

patient. From an engineering point of view, the in vitro study has certain attractive

features:

(a) it is safe and provides a starting point in determining relative merits of

different prostheses at a relatively low cost;

(b) valve related complications for patients with an artificial valve can be directly

related to the performance of the valve;

(c) the performance of an artificial valve tested in vitro is similar to that obtained

through an in vivo study as long as the in vitro test system closely simulates

the physiological function, the anatomical shape of the natural environment

and the circulation parameters;

(d) with the application of the laser Doppler anemometry and other advance
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experimental tools, it is possible to obtain quantitative measures of the

hydrodynamic performance of artificial valves;

(e) an artificial heart valve design may be improved based on the results of in

vitro tests.

The objective here is to study fluid dynamical characteristics of the Björk

Shiley monostrut valve (BS mono, 27XAMMB), occupying the mitral position; and

develop appropriate codes required for the test operation, data analysis and display

of results.

1.1 Concepts in Human Cardiovascular System and Heart Anatomy

The cardiovascular system consists of the heart and blood vessels. The heart

is a hollow, four-chambered muscular organ, which is roughly the size of a clenched

fist and has an average weight of 255 grams in adult females and 310 grams in adult

males. It is estimated that the heart contracts, during a year, some 42 million times,

ejects 3 million litres of blood and consumes 5.0 x i0 Joules of energy which

approximately equals the work needed to raise an adult body with 50 kg of weight to

the height of 100 km. The small heart does a great deal of work.

The heart is located within the thoracic cavity between the lungs in the

mediastinum, and about two-third of it is placed left of the midline (Fig. 1-1). It

consists of the upper atria (left atrium and right atrium) together with the lower right

and left ventricles. The atria contract and empty simultaneously into the ventricles.

The atria are separated by a thick muscular membrane, while the ventricles by a thin

one, called the septum. Atrioventricular valves (tricuspid and bicuspid) are located

between the atria and ventricles, and semilunar valves (pulmonary and aortic) are

present at the base of the two large vessels leaving the heart. The valves maintain the



3

PERICARDIUM

RIGHT LUNG

DIAPHRAGM

HEART

APEX OF HEART

Figure 1-1 The position of the heart within the thoracic cavity.
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flow of blood in one direction (Fig. 1-2). The structure of the heart and the action of

its valves allow it to pump blood low in oxygen to the lungs and oxygen-rich blood to

the body.

The right atrium receives systemic venous blood from the superior vena cava,

which drains the upper portion of the body, and from the inferior vena cava, which

drains the lower portion. Blood from the right atrium passes through the tricuspid

valve to fill the right ventricle. Ventricular contraction causes the tricuspid valve to

close and the blood to leave the right ventricle through the pulmonary semilunar

valve. The blood enters the lungs through the right and left pulmonary arteries. After

gas exchange has occurred within the capillaries of the lungs, oxygenated blood is

transported to the left atrium through four pulmonary veins, two from each lung. The

left ventricle receives blood from the left atrium. These two chambers are separated

by the bicuspid or mitral valve. When the left ventricle is relaxed, the valve is open

and allows blood to flow from the atrium to the ventricle; when the left ventricle

contracts, the valve closes. The appearance of the valves is shown in Figure 1-3, and

their actions are summarized in Table 1-1.

The blood vessels consist of arteries, arterioles, capillaries, venules and veins.

It is estimated that there are 100,000 km of the blood vessels throughout the body of

an adult, which can go around the earth 4 times if connected in one line. The arteries

and veins transport blood from the heart to the capillaries and back to the heart. The

capillaries exchange plasma fluid and dissolved molecules between the blood and

surrounding tissues. Blood leaving the heart passes through the vessels of arteries,

arterioles and capillaries, which are of progressively smaller diameter, and blood

returning to the heart from the capillaries passes through venules and veins, the later

with larger diameters.

The blood circulatory system is schematically shown in Figure 1-4. There are
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Right atrium

Tricuspid valve

Right ventricle

Figure 1-2 A schematic diagram of the structure of the heart (an internal view).
Arrows represent direction of the blood flow.
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AORTIC SEMILUNAR
VALVE

TRICUSPID
VALVE

Figure 1-3 A diagram showing relative positions of the valves and the supporting
fibrous connective tissue.

two principal divisions of the circulatory blood flow. The pulmonary circulation

consists of the pulmonary trunk with its semilunar valve, the pulmonary arteries that

transport blood from the right ventricle to the lungs, the pulmonary capillaries within

each lung that oxygenate the blood, and four pulmonary veins that transport

oxygenated blood back to the heart. The systemic circulation is composed of all the

remaining vessels of the body including the aorta with its semilunar valve, all the

branches of the aorta, all capillaries other than those in the lungs, and all veins other

BICUSPID VALVE

FIBROUS CONNECTIVE TISSUE
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Table 1.1 Comments on the heart valves.

Valve Location Comments

Tricuspid valve Between right atrium Composed of three cusps that
and right ventricle, prevent a backflow of blood from

surrounding right atrium during ventricular

atrioventricular orifice contraction

Pulmonary Entrance to Composed of three half-moon-

semilunar valve pulmonary trunk shaped flaps that prevent a

backflow of blood from pulmonary

trunk into right ventricle during

ventricular relaxation

Bicuspid (mitral) Between left atrium Composed of two cusps that

valve and left ventricle, prevent a backflow of blood from

surrounding left ventricle to left atrium during

atrioventricular orifice ventricular contraction

Aortic semilunar Entrance to ascending Composed of three half-moon

valve aorta shaped flaps that prevent a

backflow of blood from aorta into

left ventricle during ventricular

relaxation
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A schematic diagram of the circulatory system. Arrows indicate
direction of blood flow.

PULMONARY

TRICUSPID VALVI
ORTIC VALVE

H EARl

KIDNEY
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Figure 1-4
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than the pulmonary veins. The right atrium receives all the venous return of oxygen-

depleted blood from the systemic veins.

The cardiac cycle, which results from the electrical activity, refers to the

repeating pattern of contraction and relaxation of the heart. The phase of contraction

is called systole, and the phase of relaxation is referred to as diastole. These terms are

normally used to suggest contraction and relaxation of ventricles.

The heart thus has a two-step pumping action. The right and left ventricles

contract almost simultaneously. During diastole, the venous return of blood fills the

ventricles. At the end of diastole, the amount of blood in the ventricles is referred to

as the end-diastolic volume. Contraction ofventricles in systole ejects about two-third

of the blood in the ventricles, leaving one-third of the initial amount as the end-

systolic volume. The ventricles then fill with blood during the next cycle. In each

normal cardiac cycle, five-eighth of the period is spent in diastole, and three-eighth

in systole [1].

1.2 Cardiac Output and Mitral Valve Disease

The normal cardiac output is around 4900 — 5600 ml of blood per minute at 70

beats per minute (average resting cardiac rate) in an adult or 70 — 80 ml per beat for

an average stroke volume. The total blood volume is equal to about 5 — 6 litres. This

means that it takes about a minute for a drop of blood to complete the pulmonary and

systemic circuits. Normally, ventricular contraction strength is sufficient to eject 70

— 80 ml of blood out of a total end-diastolic volume of 110 — 130 ml.

Blood pressure is regulated by a variety of control mechanisms. When the heart

is in systole, the maximum pressure is about 25 mmHg in the right ventricle and 120

mmHg in the left ventricle and aorta. When in diastole, the lowest pressure is around
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8 mmHg in the right ventricle, 0 mmHg in the left ventricle, and 80 mmHg in the

aorta. The blood pressure rises from the diastolic to systolic levels and provides the

driving force for blood flow. The average pressure is around 2 mmHg in the veins and

100 mmHg in the aorta (Fig. 1-5). The low pressure is insufficient to return the

venous blood, which is almost 70% of the total blood volume, to the heart. Veins,

however, pass between skeletal muscle groups that produce a massaging action as

they contract, which is often described as the skeletal muscle pump. There are two

venous valves in the part of the vein located in the skeletal muscle pump. When the

pump operates, the venous valves keep one-way flow of blood to the heart.

The average power produced by a normal heart is estimated at 1.5 watts: 1.3

W is produced by the left side of the heart, and 0.2 W by the right side. The pressure

change in the left ventricle is about 120 mmHg which is much larger than that of 17

mmHg in the right ventricle.

Because of large differences between these parameters vital to the function of

the heart, heart valve diseases normally relate to the left side, i.e. the mitral

apparatus (Fig. 1-6). The mitral valve is commonly the predominant cardiac structure

involved when the heart is a part of abnormalities or generalized disease processes

[1,21.

The mitral valve is a complex unit comprising an annulus, the leaflet or cusp

veil, the chordae tendineae and the papillary muscles as shown in Figure 1-7. The

leaflet veil is attached to a fibromuscular ring, i.e. the annulus. The free margin of the

leaflet veil is divided into anterior and posterior leaflets or cusps. The areas of the two

leaflets are nearly identical, but their shapes differ considerably and conform to their

functions (Fig. 1-8). The basal attachment of the anterior leaflet is comparatively

short, since it is in direct continuity with the aortic wall, which serves as its fulcrum.

The basal attachment of the posterior leaflet is comparatively long, since it attaches
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Figure 1-5 The pressure distribution inside the heart where: LPtthe pressure
difference between the origin of the blood flow (mean pressure of
about 100 mmHg in the aorta) and the end ofthe circuit (zero mmHg
in the vena cava); RA=right atrium; LA=left atrium; RV=right
ventricle; and LV=left ventricle.

Pressure=0-4 mmHg
( mean=2 mmHg )

Pressure=
0-120 mniHg

Pressure=80-120 mmHg
mean=100 mmHg )

Blood flow
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to the entire length of the annulus and is primarily a continuation of the mural

endocardium of the left atrium. Proper closure of the leaflets represents an important

goal of the mitral mechanism. Some heart diseases, typically rheumatic endocarditis

and dystrophic valvular disease, cause the mitral valve stenosis and incompetence

such as mitral regurgitation. It may lead to congestive cardiac failure and death.

The diseased mitral valve is usually replaced with an artificial one. It must be

emphasized that the mitral valve replacement is only a compromise, rather than a

cure. Even with extensive studies and progress towards an ideal valve substitute, the

problems associated with heart valve prostheses persist. As can be expected, certain

complications that cause stenosis or incompetence are uniquely associated with a

particular prosthesis because of its design or structure.

1.3 Overview of Prosthetic Mitral Valve Development

The history of mitral valve replacement with a prosthesis extends to more than

30 years since the first successful clinical implantation of a ball mechanical device by

Starr [31. The early protheses demonstrated the feasibility of mitral replacement with

the ball valve, but carried with it an unacceptable incidence of serious thromboembolic

complications. The developments in configuration design, material and manufacturing

technique have led to a wide variety of prostheses since then.

Some of the major configurations introduced for clinical mitral replacement

(Fig. 1-9) are listed bellow [2,4,5]:

1960 Starr mechanical caged ball;

1962 Starr-Edwards mechanical caged ball;

1965 Kay-Shiley mechanical caged disc;

1966 Lillehei mechanical pivoting disc;
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(a)

Cc)

(e)

(b)

Figure 1-9 Diagrams of some commonly used prostheses: (a) Bjork-Shiley
monostrut used in this study; (b) Bjork-Shiley c-c; (c) Bicer-Val; (d) St.
Jude bileaflet; (e) Starr Edwards; (f) Mitroflow.

(d)

U)
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1967 Wada-Cutter mechanical titling cusp;

1967 Beall-Surgitool mechanical caged disc;

1968 Starr-Edwards mechanical caged disc;

1969, Bjork-Shiley, mechanical tilting disc;

1970 Hancock biological leaflets;

1970 Lillehei-Kaster mechanical pivoting disc;

1975 Carpentier-Edwards biological leaflets;

1977 Hall-Kaster mechanical pivoting disc;

1977 St. Jude mechanical pivoting double discs;

1980 Bicer-val mechanical tilting disc;

1982 Mitroflow biological cusps.

Although there are a number of different designs of prosthetic mitral valve in

use, they can be classified into a few categories according to their material, structure

and mechanical performance.

Broadly speaking, based on the material used, there are two types of

prostheses, namely the mechanical and the biological valves. The bio-prostheses, like

the Mitroflow valve, are made of biological tissues. They are introduced in an attempt

to imitate natural valves more closely, and thereby, improve hemodynamic function

and decrease thrombogenicity. The Honcock porcine bio-prosthesis, commercially

available since 1970, is a representative of the first generation of successful biological

valves. The mechanical valves, like the Bjork-Shiley design [61, attempt to simplify the

structure of a natural valve. The use of an occiuder, in the form of a ball or a disc,

results in the peripheral flow as against the central flow for the tissue valves.

The mechanical valves are characterized by two distinctly different forms of

structural elements: the high-profile caged ball; and the low-profile disc. The low

profile disc valves are preferred in the mitral position, since they do not protrude into
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the left ventricular cavity as the caged ball valves may. The protrusion may cause

arrhythmia due to interference with the ventricular septum and obstruction of the left

ventricular outflow tract.

As mentioned before, characteristics of the occiuders do vary. The central

occluder obstructs the central forward flow, as in different types of ball valves or in

the Kay-Shiley disc valve [71. The tilting or pivoting disc occiuder permits a central

forward flow (together with the peripheral contribution) as in the Bjork-Shiley or

Lillehei-Kaster disc valves.

The closing mechanism of the mechanical valves may be looked upon as

overlapping or non-overlapping. An overlapping occluder hits the valve seat on closure

at every heart beat, as in the Starr-Edwards ball valve or the Lillehei-Kaster pivoting

disc valve. The non-overlapping occiuder fits within the valve ring but does not hit the

seat on closure, as in the Smcloff-Cutter ball valve or the Bjork-Shiley tilting disc

valve.

1.4 Review of In Vitro Studies

The objective of in vitro tests is to assess the performance of artificial valves

prior to implantation in the vital environment. These data are necessary to predict

clinical performance as well as interpret the clinical observations and areas of failure.

Moreover, in vivo assessment of prosthetic action has been limited by a number of

practical and challenging considerations besides technical and ethical. Hence a vast

body of literature pertains to in vitro studies in laboratories aimed at understanding

the process of stenosis, hemolysis, incompetence, regurgitation, clotting, etc.. Efforts

have been made to assess mechanical integrity through material properties and

fatigue tests. On the other hand, hemodynamic performance has focused on pressure
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change and recovery, flow rates and velocity profiles, stresses and energy losses, and

others.

1.4.1 Typical Results for Representative Mitral Valves

To have some appreciation of important parameter values, several typical

results reported in the literature are quoted here.

(i) Pressure drop across mitral valves

The maximum pressure change across the Beall valve (centrally occlusive

valve) with 17.75 mm of orifice diameter was found to be 52.5 mmHg at a cardiac

output of 12.4 1/mm [2,81. The Bjork-Shiley valve (c-c) with 22 mm of the orifice

diameter had the largest orifice and the smallest pressure drop, the maximum being

12.0 mmHg at the same cardiac output [2,81. The Hancock valve (stunted heterograft

three-leaflet valve) with an 18 mm diameter of orifice had a thick muscular region at

the base of one cusp which prevented it from opening fully with consequent stenosis

even at high cardiac outputs, and had a maximum pressure change of 27.0 mmHg

[2,81. The Starr-Edwards valve (caged ball valve) with a 17mm diameter of the orifice

produced a maximum pressure change of 21.0 mmHg [2,8].

The pressure change across the mitral valves during diastole depends on

velocity at the mitral ring and orifice area, not on shape, except for the Beall valve

whose orifice is obstructed by the posterior wall of the left ventricle when implanted.

(ii) Leak rates

A very high leak rate was found during the static test of the Bjork-Shiley valve

(maximum 720 ml/min at the pressure difference of 180 mmHg) [2]. Relatively high

leak rates were also observed in the Beall and Starr-Edwards valves (maximum 330

and 355 mllmin at the same pressure difference, respectively) [21. The leakage through
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these valves would, under unfavourable conditions, cause hemolysis [21. The Hancock

valve was found to have a smaller leak rate (182 mllmin maximum) [2].

(iii) Turbulent shear stresses

The maximum value of the mean turbulent shear stress measured during peak

of systole was 1200 dynes/cm2for the Starr-Edwards caged ball valve, 1600 dynes/cm2

for the Bjork-Shiley tilting disc valve, and 1050 dynes/cm2for the St. Jude bileaflet

valve [2,9,10,111. The corresponding values during the deceleration phase were around

800, 600, and 800 dynes/cm2,respectively. These results indicated that the prosthetic

valve geometries created large intensity turbulent flow fields with regions of flow

separation, stagnation and high turbulent shear stresses.

For biological prostheses, the maximum turbulent shear stress was found to

be much lower, around of 500 dynes/cm2,which may not cause damage to blood

elements [2,11,121.

1.4.2 Application of the LDA

Laser Doppler anemometry (LDA), a versatile procedure, has been widely used

in flow measurements since it does not affect the flow field, being a non-contact

sensor. It uses the Doppler shift (Christan Doppler, 1842) of light scattered by moving

particles to determine their velocity and hence of the fluid field. Dual beam

anemometer was the first to appear commercially and is still popular although 3-beam

two components and other more sophisticated devices are slowly gaining ground.

Of course, laser is the most important element of an LDA system. It provides

monochromatic and coherent beams, and has an extremely high frequency stability.

At the exit of a laser, the mode structure of light in a plane perpendicular to the

direction of propagation (TEMoo, Transverse Electromagnetic Mode), is circularly
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symmetric with a Gaussian intensity profile (Fig. 1-10). Two Gaussian beams crossing

at their waist (the narrowest part of the laser beam) in space generate an evenly

spaced fringe pattern. The spatial frequency ? of the fringe is given, approximately,

by

1 = 2nsin(O/2)

where ? is the laser wavelength; 8, the crossing angle; and n, the index of refraction

of the medium (Fig. 1-11). If the interference plane is put in the probe volume, a

particle moving in the direction perpendicular to the interference plane at a speed v,

will generate the frequency expressed by

f = V = 2vnsin(O/2)

A simpler explanation would be that the light scattered by a moving particle from

each beam has a Doppler shift proportional to its velocity. The difference in Doppler

shifts between the two beams is given by

f 1 ). 2vnsin(O/2)
1 2 -

_________

where k1, k2 are the propagation vectors of the two laser beams (k=2ic/?) and V is the

velocity vector. The dot product of the two vectors means that an LDA is only sensitive

to the component of velocity normal to the fringe plane. One can set with

considerable precision leading to an accurate method of measuring particle velocity

in the intersection region.

By means of the LDA, it is possible to measure local instantaneous velocity

components of the downstream flow across a mitral prosthetic valve. Some researchers

have reported measurements of fluid dynamical parameters associated with artificial

heart valves using an LDA system [5,9,10,12,131. The research group at UBC has

adopted a three-beam LDA system measuring two orthogonal velocity components

inside a cardiac duplicator of the left ventricle [5,141.
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Figure 1-10 A schematic diagram of the TEMoo
mode structure of the laser.

k1
V

k2
Interference plane

Figure 1-11 Fringe pattern in the measurement region.
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1.5 Background to the Present Study

The bioengineering group in the Department of Mechanical Engineering at

U.B.C. has designed, constructed and instrumented a complex cardiac simulator [51.

It closely duplicates the physiological function as well as the anatomical shape of the

vital left side of the heart and its circulation system to evaluate hemodynamic

performance of heart valves. A three-beam LDA system is used, which enables

researchers to obtain, accurately, two components of velocity distribution inside the

left ventricle. The computer control test methodology with 3-D scanning of the left

ventricle permits efficient collection of data including pressure change across the

mitral and aortic valves, two components of instantaneous velocity and their

distribution, flow rate and pulse rate. The versatile character of the system permits

selection of the pressure wave form of the pulse, flow rate, pulse rate, stroke volume,

etc.. It also allows for both steady and pulsatile flow experiments.

Over the years tests have been carried out using both mechanical and tissue

valves [5,121. They include Starr-Edwards, Bjork-Shiley (c-c), St. Jude and Bicer-val

(mechanical) as well as Hancock I and Carpentier-Edwards SAV (tissue, porcine).

Some experiments have also been conducted with Bjork-Shiley (mono) having 27 mm

of annulus diameter and 21.9mm of orifice diameter. The results have been presented

in terms of nondimensional similarity parameters as this would eliminate the

dependency on individual valve size, test fluid viscosity and density. The results were

presented in several different forms to help appreciate complex behaviour of fluid

dynamical parameters and the overall valve performance.
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1.6 Purpose and Scope of the Present Investigation

It is apparent that the bioengineering group has developed a unique system for

testing fluid dynamical performance of prosthetic heart valves. However, as can be

expected, there is always scope for improvement. In the present case, there was a need

for improvement in the software used for the control of experiments as well as

acquisition, analysis and display of data. This would not only facilitate conduct of the

experiments but also improve analyses and accuracy of results.

As shown by earlier studies, the Bjork-Shiley (mono) tilting disc valve had a

relatively better fluid dynamical performance as a mitral valve compared to other

mechanical valves [6,141. The next logical step is to assess the effect of valve

orientation and beat rate, corresponding to rest and exercise conditions, on the

performance.

To that end, the study attempts to gain better quantitative understanding of

the velocity and turbulent shear stress fields in the immediate vicinity of the mitral

valve, under simulated conditions of physiological pulsatile flow, as affected by the

pulse rate as well as posterior and anterior positions of the valve. The results are

fundamental to the understanding of the complex fluid dynamics involved, leading to

improved valve design as well as establishment of criteria for its manufacture.
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2. TEST SYSTEM AND METHODOLOGY

2.1 The Test Facility

The test system is schematically shown in Figure 2-1. The system has a closed

loop and permits hydrodynamic performance assessment of mitral and aortic

prosthetic valves during steady or pulsatile flow experiments.

The test chamber consists of the atrium and aorta, a thin flexible transparent

polyurethane ventricle, which attempts to simulate the natural left ventricle, and a

surrounding plexiglas box. These are held in place by a support block as shown in

Figure 2-2. The cavities containing the mitral and aortic valves are also made of

plexiglas in accordance with the anatomical information. The transparency of the

ventricle and plexiglas box is essential for the LDA measurements. The space between

the ventricle and the box is filled with distilled water.

Controlled reciprocating motion of the piston generates a fluctuating pressure

condition in the plexiglas box at a desired frequency which, in turn, leads to the

contraction and expansion of the polyurethane left ventricle, simulating the systolic

and diastolic phases of a typical cardiac cycle. The rhythmic ‘cardiac’ operation leads

to the flow from the left atrium to the aorta and the rest of the simulated

cardiovascular system with the fluid finally returning to the left atrium reservoir (Fig.

2-1).

The traverse mechanism allows the probe volume of the LDA to be placed at

almost any desired location inside the ventricle with three degrees of freedom. Motion

in the horizontal x-y plane is controlled by the main computer via two stepping niotors

with an accuracy of 0.001 mm in the x direction and 0.005 mm in the y direction. The

third degree of freedom (z-direction) is controlled through a scissor screw jack that
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raises and lowers the laser platform manually with an accuracy of around 0.5 mm.

2.2 Instrumentation and Model

2.2.1 Laser Doppler Anemometer

Measurement of velocity and turbulence intensity distribution in the ventricle

is carried out using a three-beam, two-colour, forward scatter LDA system. It consists

of an Argon Ion Laser (Model 549OACWC) made by Ion Laser Technology, U.S.A.; a

group of Dantec optics; and a Dantec signal processor frequency tracker (Model

55N20). The Argon Ion Laser is used to supply a polarized monochromatic beam in

TEMoo mode, which may be tuned in the range of 457 nm to 514.5 nm. The LDA

transmitting system splits the laser beam into two optically shifted beams of a blue

(488 nm) and a green (514.5 nm), and a non-shifted beam of mixed colours (blue and

green). The non-shifted beam is used as a reference while the shifted beams measure

two instantaneous orthogonal velocity components.

2.2.2 Computers

Two computers are responsible for the running of the cardiac pulse duplicator

system. Data acquisition and processing are accomplished with an IBM compatible

386/33 MHz personal computer. The movement of the LDA system in the x, y

directions is also controlled by this computer. The driver unit is controlled through a

Nova Turbo PC/XT.

2.2.3 Mitral Valve
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As mentioned earlier, disc valves of several different design have been

developed over the years and are widely used in practice. The Bjork-Shiley monostrut

(BS mono) is one such mechanical disc valve. In the present study, a BS mono valve

(Model XAMMB) with the annulus diameter of 27 mm and the orifice diameter of 21.9

mm was used at the mitral location (Fig. 2-3).

The BS mono valve consists of a free floating convexo-concave pyrolytic carbon

disc suspended between two eccentrically situated struts. The major orifice strut is

perpendicular to the minor orifice. The pyrolytic disc tilts open to a maximum of 700.

The housing and struts are made from a single piece of Haynes 25, a cobalt alloy, thus

avoiding any welding points which may cause mechanical failure. The design attempts

to overcome the strut fracture complications of earlier models by making the struts

integral parts of the valve ring.

2.2.4 Aortic Valve

A Starr-Edwards (Model 2M6120) caged ball mechanical valve was used in the

aortic position for all experiments. Among the mechanical valves, the caged ball valves

have the lowest rate of regurgitation (3-7%) compared to tilting disc valves (10-13%)

and bileaflet (10%) valves [2,41. Therefore, for the purpose of this study, the Starr

Edwards valve is ideal in the aortic position as the small amount of regurgitation has

a minimal effect on the flow development in the left ventricle.

2.3 Methodologies

Experiments were focused at measurement of instantaneous velocity

distribution and turbulent stresses downstream of the mitral valve. Effects of the
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Figure 2-3 Schematic diagram showing flow regions of the mitral valve (Björk
Shiley monostrut, model 27XAMMB) used in the experiments.
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valve orientation and pulse rate on the fluid dynamical parameters were also of

interest. All experiments were conducted under a pulsatile flow condition similar to

the natural cardiac cycle. The pressure change in the aorta during all the tests was

maintained approximately at 120/80 mmHg, the normal vital cardiac pressure drop.

The cardiac output ranged from 2.5 to 4.0 1/mm at 62 — 84 beats per minute, which

was smaller than the average natural cardiac output.

Data for velocity distribution were collected at 6 downstream locations: 0.4D;

0.5D; 0.625D; 0.75D; 0.875D and 1.OD as shown in Figure 2-4. Here D represents the

diameter of the upstream inlet tube just before the mitral valve. The closest

downstream location was limited to 0.4D since the laser beams were blocked beyond

that location. This limitation produced a gap in the velocity profile and valuable

information in close proximity to the valve was unobtainable. The fluid dynamic

parameters in the region beyond the 1.OD location, being far away from the mitral

valve, were not important and hence not measured. At each downstream location, i.e.

z = constant, data were collected across the x-y plane. At the centre line (x=100 mm)

of the x-y plane, several different pulse rates were used (84, 78, 71, 67 and 62 beats

per minute). The experiments were carried out using two different valve settings, the

anterior position (major orifice of the tilting disc valve anteriorly located towards the

aortic orifice) and the posterior orientation (major orifice posteriorly located away from

the aortic orifice). The ranges of the measuring positions in the ventricle are listed in

Table 2-1.

2.3.1 LDA Measurement Techniques

Two components of the instantaneous velocity at any point inside the ventricle

can be obtained using the three-beam, two-component LDA system. These orthogonal
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AORTIC

Figure 2-4 Plan and elevation views showing downstream measurement locations.
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Table 2-1 Ranges of the measuring positions in the ventricle.

Z X Ymin Ymax zWmax
(mm) (mm) (mm) (mm)

100 71 129
96 71 129

0.4D 5892 73 127
88 77 123
84 82 118

100 72 128
96 73 127 560.5D 92 75 125
88 78 122
84 84 116

100 74 126
96 75 1250.625D 52
92 78 122
88 82 118
84 87 113

100 75 125
96 76 124

0.75D 50
92 78 122
88 83 117
84 92 108

100 77 123
96 78 122 460.875D
92 81 119
88 87 113

100 79 121
96 80 120

1.OD 4292 83 117
88 90 110

Note: D=50 mm is the diameter of the upstream
inlet tube. The center of a measuring plane is
at X=100 mm,Y= 100 mm.
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components, directly acquired by the LDA system, are located on the y-z plane with

a ±45° angle to the z-axial direction as shown in Figure 2-5, where the v component

is anteriorly oriented and the w is in the posterior direction.

The centre of the ventricle (x=100 mm, y=100 mm) is determined by first

focusing the laser beams on one of the side walls of the ventricle in the y-direction,

and then traversing to the opposite wall. The mid-point of the travel is then taken as

the centre location in the y-direction (y=lOO mm). A similar procedure is followed for

the x-direction. However, because of the refraction, the movement of the measuring

volume inside the ventricle does not correspond to the movement scaled in the x

direction. So the centre in the x-direction (x=100 mm) is corrected.

For that reason, measurements are carried out at different points (x, y, z) along

a horizontal line in the y-direction. Desired movement of the probe volume of the laser

beams is controlled by the main computer. There is a 2 mm interval between the

measuring points in the y-direction from one side of the ventricle wall to the another

side while collecting the data. On completion, the computer moves the laser 4 mm in

the x-direction to conduct another y-direction sweep. This continues over the desired

range to construct a three dimensional map of the two-component velocity distribution.

2.3.2 Data Acquisition and Reduction

At a given instant in the cardiac cycle, at each physical point, the computer can

collect up to 8 different parametric values including two velocity components of the

LDA system, pressures in the atrium, ventricle and aorta, and the flow rate. For each

parameter, the rate of collecting data is 500 times per second. This allows a profile to

be constructed every 2 ms. The measurements of a batch of instantaneous data start

from the clock signal which is generated at the onset of systole (the piston moving
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Figure 2-5 Orientation and definition of velocity components within the ventricle.
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forward) by the computer controlling the driver unit. Every measuring period takes

1.2 seconds to collect a batch of 600 data points, over a normal cardiac cycle of 0.85

s. Each data point represents the average over 20 measuring periods. This insures

statistically valid and reliable results. In this way, up to 4800 data points are collected

at one measurement location. Obviously, for the entire experiment, to evaluate the

valve performance, enormous amount of information is recorded.

The turbulent stresses are calculated from the instantaneous velocity

measurements. The instantaneous velocity U(t) in a turbulent flow can be decomposed

into a mean flow component U(t) and a fluctuating component U’(t) which is defined

by

U’(t) = U(t) - 1.3(t).

Since only two instantaneous components, (t) and (t), are measured by the LDA

system, the fluctuating velocities, v’(t) and w’(t), are obtained from:

v’(t) = (t) - v(t);

and w’(t) r(t) - w(t);

where v(t) stands for the mean component in the v direction and w(t) for the mean

component in the w direction. Then, the turbulent shear stress or the Reynolds stress

is expressed as

RN(t) = —p v’(t) w’(t) ,

and the normal stresses as

= —p [v’(t) ]2

= —p [w’(t) ]2

in v and w directions, respectively. Here p is the density of the fluid.

The approach taken for determination of the Reynolds stress involves

measurement of the instantaneous velocity following the clock signal and calculation

of the mean flow velocity. To obtain the local instantaneous mean values, the
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instantaneous velocity signals in each batch of data are smoothed using a forward

averaging technique including five neighbouring points. The smoothing process is

repeated 10 times to provide a curve which approximately stands for the mean value

profile in that period. The fluctuating velocity components are now obtained by

subtracting the forward averaged data from the measured data. At each local point,

a total of 20 measuring periods are averaged to obtain the final results for the

turbulent velocities and stresses.

2.3.3 Data Analyses and Display

In the present study, the amount of data obtained is literally enormous. The

results represent the fluid dynamic performance of the mitral valve. It is important

to adopt an appropriate method to present this comprehensive information concisely.

The investigation focuses on the time histories of velocity and stress distributions in

the left ventricle. The maximum as well as minimum values are useful in the

evaluation of the mitral valve performance. Suitable graphical representation

appeared to be appropriate to show the time-history of the turbulent flow and its

distribution inside the ventricle. The velocity distribution plotted in vector form clearly

presents the profile changes during a cardiac cycle. On a monitor, the flow was clearly

animated through the display of spatially distributed time dependent velocity vectors.

In order to compare experimental results obtained under different experimental

conditions, the best way was to present them in the non-dimensional form. In some

cases, it was difficult to include all related fluid dynamic variables on a single chart.

In that case, a tabular form proved to be helpful.

To facilitate conduct of experiments in a desired regulated fashion and data

analyses, it was necessary to develop a set of computer programs. They can make the
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test procedure more flexible, relatively easy to implement and more accurate.

Furthermore, data acquisition, analysis and display can be carried out quickly,

efficiently and with a degree of versatility. Original programs were written by Akutsu

[5,14], however, there was scope for improvement. The new algorithms are described

in Appendix-I.
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3. RESULTS AND DISCUSSIONS

Using the test facility and instrumentation introduced in Chapter 2, both

steady and pulsatile flow experiments can be conducted. Steady state experiments

help understand fluid dynamic characteristics of prosthetic heart valves under the

fully open condition. Such studies are particularly useful during the developmental

stages of a prosthesis as an indication of acceptability. Akutsu [51 has reported steady

performance (besides pulsatile flow characteristics) of several mechanical prosthetic

heart valves. Of course, the steady flow condition may be obtained quite easily by a

simpler test system instead of this elaborate design, which is mainly aimed at

unsteady (pulsatile) tests.

The flow through a ventricle experiences 3 distinct phases during each cardiac

cycle: acceleration, peak flow and deceleration as shown in Figure 3-1. Steady state

experiments model only the peak flow condition which closely corresponds to the fully

open condition of the heart valves. They do not reveal information about the valve

performance during the acceleration and deceleration phases of the cycle. Since only

the peak flow condition is simulated during the steady state test, the results are time

independent which is different from the clinical situation. Focus here is on the

pulsatile flow test.

As pointed out before, the tests were carried out with the Bjork-Shiley

monostrut disc valve occupying the mitral position. The focus is on the time histories

of the velocity and turbulent stresses within the left ventricle during a cardiac cycle.

The results are presented in the nondimensional form. Effects of the valve orientation

as well as the frequency (of opening and closing of the valves, beats per minute) are

also assessed. The nondimensionalizing parameters are the orifice velocity U0 and the

radius of the ventricle at Z = O.4D station.



_
4

-
. c
)

.—
I F
ig

ur
e

3-
1

S
ch

em
at

ic
di

ag
ra

m
sh

ow
in

g
th

re
e

ph
as

es
of

in
te

re
st

in
a

ca
rd

ia
c

cy
cl

e
sh

ow
in

g
in

st
an

ce
s

w
he

re
m

ea
su

re
m

en
ts

ar
e

em
ph

as
iz

ed
.

P
E

A
K

12
-

6 0•

A
C

C
E

L
E

R
A

T
IO

N

O
pe

ns
V

al
ve

D
E

C
E

L
E

R
A

T
IO

N

V
al

ve
C

lo
se

s

0
10

0
20

0
30

0
40

0

T
im

e
(m

s)

C



41

In each figure, the velocity is presented in the vector form by solid lines, the

Reynolds shear stress by a solid line with cross symbols, one of the turbulent normal

stresses by a dotted line and the other by a solid line with b symbols.

Measurements were carried out at six downstream locations as defined in

Chapter 2. The amount of information obtained through systematic scanning of

variables is rather enormous, hence presentation of the comprehensive results in a

meaningful way becomes a challenging task. The format used help assess spatial

distribution of the important parameters simultaneously at selected instants

distributed over the entire cardiac cycle.

For the given valve orientations (posterior and anterior), periods of systolic and

diastolic phases as affected by opening and closing characteristics of the disc

(mechanical performance) are discussed first followed by the analysis of the fluid

dynamic parameters. Finally, the relative performance of the valve in the two

orientations is compared.

3.1 Posterior Orientation

A mitral disc valve in the posterior orientation has the minor orifice located

closer to the aortic valve (Fig. 3-2). The disc of the valve is perpendicular to the plane

formed by the axes of the left atrium and the aorta.

3.1.1 Mechanical Performance

The mechanical performance refers to the open period of the heart valve and

the duration of systolic as well as diastolic phases. These are the main parameters,

associated with mechanical operation of the valve, needed in understanding the fluid
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Figure 3-2 Schematic diagram showing the mitral disc valve in posterior
orientation.

dynamics of the mitral valve. Using the time history of velocity as given by the

program P9MENU, it is easy to evaluate the mechanical performance under a given

experimental condition. The following results correspond to the constant pulse

pressure (120 I 80 mmHg) and five different pulse rates.

Time is counted from the opening of the mitral valve. Hence, the negative time

implies that the data were recorded prior to the mitral valve opening.

(i) Reference pulse rate of 71 beats per minute

Figures 3-3 and 3-4 show a series of timehistory plots at the 0.4D and 0.625D

z stations, respectively. Striking variations of the velocity vector profiles with time and

the spatial y coordinate is apparent in both the figures. At T=0, i.e. the beginning of

the mitral valve opening, the number of data location is 256. When T=200 ms, the
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Figure 3-4 (cont’d) Time history ofvelocity and stress profiles for the posterior
orientation of the mitral valve at the location X=100 mm,
Z=O.625D (pulse rate=71 beats/mm, Uo=14.03 cmJs).
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mitral valve reaches the fully open condition. At the time of 300 ms, the left ventricle

starts contracting and the systolic phase begins. Almost at the same time, the mitral

valve starts closing. The left ventricle continues to contract and the mitral valve

progressively closes until it is completely shut at T=400 ms. The aortic valve begins

to open as soon as the mitral valve is completely closed. The aortic valve is fully open

at around 500 ms. At the instant corresponding to 650 ms or —200 ms, the aortic valve

is completely closed. Now the left ventricle starts to expand, i,e. the diastolic phase

begins. The diastolic phase continues until the left ventricle begins to contract at

T=300 ms.

Thus, the cardiac cycle takes 850 ms which is consistent with the pulse rate

of 71 beats per minute. The systolic and diastolic phase periods are 350 ms and 500

ms, i.e. 41 percent and 59 percent of the cardiac cycle, respectively. This is very close

to the normal vital cardiac situation mentioned in Section 1.1. Thus during a cardiac

cycle, for 400 ms or 47 percent of the period the mitral valve is open, and for 250 ms

or 29 percent of the period the aortic valve remains open. In the mitral valve open

period of 400 ms, three-fourth is spent inside the diastole, covering 60 percent of the

diastolic phase, and one-fourth inside the systole, representing 29 percent of the

systolic phase. The aortic valve open period of 250 ms represents 71 percent of the

systolic phase.

(ii) Pulse rate of 84 beats per minute

From the velocity profiles in Figure 3-5, the mitral valve open period, which

begins at T=0, ends at 350 ms, and the valve is fully open at around 200 ms. At the

beginning of the mitral valve opening, the number of data location is 206. The aortic

valve starts opening at 350 ms, is fully open at 400 ms, and is completely closed at

550 ms. At the instant of 250 ms, the left ventricle starts contracting and at 550 ms
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it starts dilating. The cardiac cycle is 714 ms long corresponding.to the pulse rate of

84 beats per minute. The systolic phase, the period corresponding to the left ventricle’s

contraction, takes 300 ms. The diastolic phase representing the period of relaxation

takes around 414 ms.

Thus in the present cardiac cycle, 42 percent of the period is spent in the

systole and 58 percent in the diastole. For 350 ms or 49 percent of the cardiac cycle

the mitral valve remains open; and for 200 ms or 28 percent of the cycle the aortic

valve is open. Of the mitral valve open period, five-seventh is spent inside the diastole,

which is 60 percent of the diastolic phase, and two-seventh inside the systole, which

is 33 percent of the systolic phase. The entire aortic valve’s open period of 200 ms is

inside the systolic phase, which is 67 percent of the phase.

(iii) Pulse rate of 78 beats per minute

From the time history of the velocity profiles in Figure 3-6, the mitral valve

remains open for 350 ms, and the valve is fully open at around 200 ms. At the

beginning of the mitral valve opening, the number of data location is 231. The aortic

valve starts opening at 350 ms, is fully open at 400 ms, and completely closed at 600

ms. At T=250 ms, the left ventricle starts contracting and at 600 ms it starts relaxing.

The cardiac cycle of 769 ms corresponds to the pulse rate of 78 beats per minute. The

systolic phase period takes 350 ms and the diastolic phase period is 419 ms in

duration.

In this cardiac cycle, 46 percent of the period is spent in the systole and 54

percent in the diastole. For 350 ms, i.e. 46 percent of the cardiac cycle, the mitral

valve remains open; and for 250 ms the aortic valve remains open. Of the mitral valve

open period, five-seventh is spent inside the diastole, which is 59 percent of the

diastolic phase, and two-seventh within the systole, representing 29 percent of the



contd)

CouJ
Cou-ia:
I—
Co

0
z

Note: Pressure drop = 120 / 80 mmHg; D4 means the distance along the Y direction at the
vertical position Z = 0.4D inside the left ventricle; negative T values imply that the data are
measured prbr to the mitral valve opening. Throughout the abscissa is Y/D4 and its scale
remains the same.

Figure 3-6 Time history of velocity and stress profiles for the posterior
orientation of the mitral valve at the location X=100 mm,
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systolic phase. The aortic valve open period of 250 ms occupies 71 percent of the

systolic phase.

(iv) Pulse rate of 67 beats per minute

Now the cardiac cycle period is around 900 ms (Fig. 3-7). The mitral valve

opens at T = 0 and closes at 400 ms. At T=0, the number of the data location is 281.

The aortic valve opens at 400 ms and remains open for 300 ms. The left ventricle

begins to contract at 300 ms and the phase lasts for 400 ms. Thus, the systolic phase

takes 400 ms which is 44 percent of the cardiac cycle and the diastolic phase takes

500 ms, i.e. 56 percent of the cycle. Of the mitral valve open period, three-fourth is

spent inside the diastole, which is 60 percent of the diastolic phase, and one-fourth

inside the systole, corresponding to 25 percent of the systolic phase. The aortic valve

open period occupies 75 percent of the systolic phase.

(v) Pulse rate of 62 beats per minute

The time histories of velocity profiles presented in Figure 3-8 indicate the

changes during the cardiac cycle, which has a period of around 0.968 second at the

rate of 62 beats per minute. The mitral valve opens at T = 0 and closes at 500 ms. At

T = 0, the number of the data location is around 306. The aortic valve opens at 500

ms and remains open for 300 ms. The left ventricle begins to contract at 400 ms and

the contraction phase extends for around 400 ms. Therefore, the systolic and diastolic

phases take 41% and 59% of the cardiac cycle, respectively. During the mitral valve

open period, four-fifth is spent inside the diastole, which is 70 percent of the diastolic

phase, and one-fifth within the systole, which is 25 percent of the systolic phase. The

aortic valve open period occupies 75 percent of the systolic phase.

The mechanical performance data are summarized in Appendix-IT in a tabular
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form to facilitate comparison.

3.1.2 Fluid Dynamical Performance

The fluid dynamical performance of an artificial heart valve includes pressure

drop, velocity profile, and stress distribution across the valve as well as in the wake

downstream. The present study focused on the velocity and stress distributions in the

left ventricle. The measurement plane closest to the valve is at Z = O.4D. As shown

in the previous figures in this chapter, the flow regime in the left ventricle is highly

dependent on time during a cardiac cycle. There are a number of variables which

affect the flow profiles which include cardiac rate, measurement position, valve type,

size and orientation, ventricle volume and shape, stroke volume, wave form of the

pressure, etc.. To get some understanding of the complex flow field the emphasis here

is on the effect of valve orientation and pulse rate with other variables held fixed. In

general, the effect of ventricle volume and geometry, stroke volume, pressure wave

form, etc. is expected to be small. Nondimensional presentation of the data also helps

in minimizing their influence.

(i) Effect of the time change

Plots presented earlier (Figs. 3-3 to 3-8) clearly suggested significant variation

of the flow parameters during a cardiac cycle. A velocity vector presents both

magnitude and direction of the fluid speed at a point for a specified instant.

In the diastolic phase, when the mitral valve is not open, the fluid moves at

relatively low speeds and the changes in velocity are small (Fig. 3-3 from T = —150 ms

toO ). During the period, the ventricle is relaxing (expanding) and the pressure within

the flow field is reduced. When the pressure is below 20 mmHg, the mitral valve
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begins to open. At the initiation of the mitral valve opening, there is a jet like flow in

a small region in the ventricle closer to the mitral valve (Fig. 3-3, T = 50 ms). As the

mitral valve opens further, the direction of the jet changes and becomes more

perpendicular to the orifice plane together with the increase in velocity (Fig. 3-3, T =

100 ms). This forms the acceleration phase of the mitral flow.

In the peak flow phase, the mitral valve is fully open. The fluid speed reaches

maximum values on the mitral valve side but the velocities are rather low (almost

zero) on the aortic valve side (Fig. 3-3, T = 200 ms) as the ventricle is still expanding

(dilating). So the acceleration and peak phases of the flow are inside the diastolic

phase. When the ventricle contracts, the incoming flow from the atrium decelerates.

The deceleration continues until the mitral valve is closed (Fig. 3-3, from T = 250 ms

to 400 ms). Note, the deceleration period is in the systolic phase.

In general, during the deceleration, the flow region can be divided in two parts:

region towards the mitral valve where the velocity decreases in the downstream

direction; and the one closer to the aortic side where the velocity vectors show reversal

in the flow direction. The increase in velocity is rather modest (compared to the

decrease in velocity on the mitral side) because the aortic valve has not opened yet.

The pressure in the ventricle increases during this phase. Once the pressure reaches

the value of around 20 mmHg, which is enough to close the mitral valve, the fluid flow

on the aortic side slows down and velocity is low throughout (Fig. 3-3, T = 400 ms).

Note, the mitral flow rate is nearly zero, and there is a quick increase in pressure.

Once the pressure reaches 80 mmHg, the aortic valve begins to open. Now the

fluid on the aortic side begins to accelerate. With the ventricular contraction, the

pressure continues to increase. When the pressure reaches the peak value of 120

mmHg, the aortic valve is fully open. As the fluid continues to flow into the aorta and

the ventricle stops contracting (end of the systolic phase), the pressure decreases from
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its maximum value. When it drops below 80 mmHg, the aortic valve is completely

closed. Meanwhile, the ventricle starts to expand (beginning of the diastolic phase)

and the pressure continues to drop. Once the pressure inside the ventricle falls to 20

mmHg, the mitral valve begins to open again, and a new cycle begins.

The velocities on the mitral valve side are near zero while the aortic valve is

opening. So the mitral flow remains zero from the time of the mitral valve closure to

the instant when it opens.

The figures also display the two components of the normal stresses as well as

the shear stress. Normally, the more organized the velocity profiles, the lower and

smoother are the stress profiles. When both the mitral and aortic valves are not open,

all the stresses are near zero everywhere as the mitral flow is near zero (Fig. 3-3, T

= —200 ms to 0). At other instants, the shear stress is much lower than the normal

stresses. The shear stress profiles do show bursts of larger values during opening of

the mitral and aortic valves, and around closure of the aortic valve. This can be

expected as then the flow is highly disturbed. The normal stresses also show similar

trends but with much higher values.

(ii) Effect of the z-positions (downstream locations)

Figures 3-9 and 3-10, obtained using the program P5MENU, present variation

of the velocity, normal stresses and shear stress at the five downstream locations of

Z = 0.4D, 0.5D, 0.625D, 0.75D and 0.875D (X = 100 mm) at two instants when the

mitral or the aortic valve is fully open. It is apparent that the fluid velocities and

stresses are larger, at all the z stations, when the mitral valve is fully open compared

to the similar condition of the aortic valve. This means that the fluid field is highly

turbulent at the central plane of the ventricle (X = 100 mm) during the peak flow

phase. The major orifice being on the mitral side creates a counter-clockwise
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Note: Pressure drop = 120/80 mmHg; D4 means the distance along theY direction at the vertical position
Z = 0.4D inside the left ventricle.

Figure 3-9 Variation of the velocity and stress profiles at five down stream locations
(X= 100 mm) for the posterior orientation ofthe mitral valve when the valve
is fully open (pulse rate=71 beats/mm, Uo=14.03 cm/s).
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circulation in the lower region downstream (Z = 0.75D, 0.875D). When the aortic valve

is fully open, the fluid directly enters the aortic valve. In the mitral side region, the

velocities are quite small and directed downstream suggesting that the mitral valve

has closed properly and there is no reverse flow of fluid back into the left atrium.

Figure 3-11, plotted by the program P55MENU, shows velocity and stress

variation during the acceleration (T = 100 ms) and deceleration (T = 300 ms) phases

of the flow, at five downstream locations in the ventricle. The pulse rate equals 71

beats per minute. It is obvious that the flow is more turbulent and stresses are higher

during the acceleration phase (due to the ejection). The large stresses appear in the

corresponding flow field.

Figure 3-12 shows variation of the profiles when the aortic valve is opening (T

= 450 ms) and closing (T = 550 ms). The profiles are similar at different z stations.

The stresses are larger at the instant of the aortic valve closure. Relatively larger

stresses appear in the region near the aortic valve side.

Figures 3-13 to 3-19 are plotted using the program P1OMENU. Here variations

at two x-positions (X = 92 mm, 96 mm) are shown at seven typical moments (T = 0,

100 ms, 200 ms, 300 ms, 450 ms, 500 ms and 550 ms). Combining Figures 3-11 and

3-12, the history of the flow performance inside the entire ventricle can be observed

and analyzed although the profiles are presented at only three x-positions. At the start

of the mitral valve opening (T = 0), it is easy to understand why the fluid field

exhibits very small level of turbulence stresses everywhere (Fig. 3-13). Note, the

velocities are near zero throughout the field. As observed in Figure 3-11, the flow in

the ventricle is strongly disturbed on the mitral valve side. Of course, the stress

profiles are not steady and fluctuate in the disturbed region.

Together with Figure 3-11, that showed the flow variation at the central

position, it is clear that the variation is higher at X = 96 mm position. This is
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governed by the geometry of the valve (Fig. 2-3), which has two flow orifices. The

valve’s monostrut is located at the centre of the minor orifice. It may be pointed out

that the directions of the flow at X = 100 mm and X = 96 mm are slightly different.

Interference caused by the fluid streams from two orifices appears to be stronger at

X 96 mm. The two fluid streams meet at around Z = 0.75D station, interact and

move together almost horizontally towards the opposite wall of the ventricle. This

results in a counter-clockwise flow inside the ventricle. But at the early stage of the

acceleration phase, the ventricle is still relaxing, so the circulation does not result in

a vortex. This can be discerned from Figures 3-11 and 3-14 where the velocity vectors

are mainly aimed towards the downstream direction at T 100 ms.

When the mitral valve is fully open, the flow is in the peak phase. At X = 96

mm, there are larger stresses compared to other x positions as shown in Figures 3-15,

3-3 and 3-4. Also the turbulence intensity is slightly reduced compared to that for the

flow in the acceleration phase (Fig. 3-14). But the flow pattern indicates that the

circulatory flow is developed at Z = 0.75D (Fig. 3-15). However, it does not extend to

the whole region inside the ventricle because the ventricle contracts just after the

mitral valve is fully open. The circulation is limited and forced to move towards the

upper region with a decrease in velocity (Figs. 3-16, 3-17 and 3-18) due to the onset

of systole and closure of the mitral valve.

In the central plane (X = 100 mm), the maximum velocity of 92.7 cm/s was

measured at Z = 0.4D; the maximum shear stress of 377.4 dynes/cm2at Z = 0.625D;

and the maximum normal stress of 464.2 dynes/cm2at Z = 0.75D. In the plane of X

= 96 mm, the maximum velocity of 93.56 cm/s was found at Z = 0.4D; the maximum

shear stress of 354.3 dynes/cm2at Z = 0.625D; and the maximum normal stress of

523.6 dynes/cm2 at Z 0.4D. Similarly, in the plane of X = 92 mm, the maximum

velocity of 83.85 cm/s occurred at Z = 0.4D; the maximum shear stress of 190.8
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dynes/cm2at Z 0.625D; and the maximum normal stress of 289.7 dynes/cm2at Z =

0.625D. In the entire left ventricle, the peak velocity was observed at X = 96 mm and

Z = 0.4D; the maximum shear stress at X = 100 mm and Z = 0.625D; and the

maximum normal stress at X = 96 mm and Z = 0.4D.

(iii) Effect of the pulse rates

The time histories of the profiles for five different pulse rates at X = 100 mm

and Z = 0.625D were presented in Figure 3-4 to 3-8. As discussed before, the

mechanical performance of the valves is affected by the pulse rate. This is consistent

with the observed physiological behaviour. For all the pulse rates studied, the systolic

phase covers around 40% of the cardiac cycle and the diastolic phase extends over the

remaining 60% of the cycle. This means that the cardiac cycle created by the pulse

simulator is close to the natural one. During systole, around 70% of the phase is

covered by the aortic valve opening at all the pulse rates studied. The time taken to

open the mitral valve occupies a larger portion of the diastole as the pulse rate

reduces. The longer time spent in the diastole would reduce the turbulence caused by

the opening of the mitral valve.

So far as the fluid dynamical performance is concerned, the effect of the pulse

rate is minimal except for the durations of the three mitral flow phases. This would

correspond to the periods of the valve mechanical performance. Distributions of the

velocity and stresses in a cardiac cycle are similar at the same stage of the cycle. As

discussed before, for the pulse rate of 71 beats per minute, the jet type ejecting flow

at the onset of the mitral valve opening is also present at other pulse rates. Sudden

bursts in the shear stress magnitude generally appear during the periods of the mitral

valve opening and the aortic valve closing. The highest velocity appears during the

peak flow phase; the highest shear stress usually in the deceleration phase; and the
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highest normal stress near the closure of the aortic valve.

The mitral flow rates have the values of 4, 3.5, 3.2, 2.8 and 2.5 litres per

minute corresponding to the pulse rates of 84, 78, 71, 67, and 62 beats per minute,

respectively, under the same pressure change of 120/80 mmHg. The corresponding

Reynold’s numbers based on the orifice diameter of the mitral valve are 3.84 x i04,

3.36 x 10, 3.07 x i04, 2.69 x and 2.40 x respectively.

At Z = 0.625D position, correspondingly, the maximum velocities are equal to

86.97, 80.28, 73.02, 69.88, and 68.57 cmls, respectively for the different pules rates.

The associated maximum normal stresses are 425, 385.4, 380.2, 324.1 and 237.9

dynes/cm2.The maximum shear stresses values are 167.7, 113.2, 377.4, 291.4 and 71.3

dynes/cm2at Z = 0.625D. Reduction in the peak velocity with a reduction in the pulse

rate is as expected. Similarly, the maximum normal stress also reduces as the pulse

rate reduces. But for the shear stress, the highest value (377.4 dynes/cm2)appears at

the rate of 71 beats/mm; it is extremely low (71.3 dynes/cm2)at the lowest rate of 62

beats/mm; and continues to be lower at the higher pulse rates (84 beats/mm and 78

beats/mm) used in the study.

3.2 Anterior Orientation

The mitral disc valve in the anterior orientation means that the major orifice

of the valve is located on the side nearer to the aortic valve and the disc is tilted

towards the aorta (Fig. 3-20). The disc of the valve is perpendicular to the plane

formed by the axes of the left atrium and aorta.

An earlier study had indicated inferior performance of the valve in this

orientation [14]. Hence, the results presented here are only for 71 BPM.
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Figure 3-20 Schematic diagram showing the mitral disc valve in the anterior
orientation.

3.2.1 Mechanical Performance

Figure 3-21 shows the time-history of velocity and stress profiles at X = 100

mm and Z = 0.625D position. From the changes in the velocity profiles, the opening

and closing characteristics of the mitral valve can be discerned. As mentioned before,

T =0 corresponds to the beginning of the mitral valve opening, and to the number 325

of the data location. At T = 150 ms, the mitral valve is fully open; while at T 350

ms, it is completely closed. The aortic valve starts opening at the instant T = 400 ms,

is fully open at 450 ms, and completely closed at 600 ms. Thus the aortic valve is open

for 250 ms. The ventricle starts contracting at 200 ms and diastole sets in at 600 ms.
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This means that the systolic phase of the cardiac cycle extends over 400 ms. One

cardiac output cycle takes around 850 ms at the pulse rate of 71 beats per minute. So

the diastolic phase takes 450 ms.

Thus, 47 percent of the cardiac cycle is spent in the systole, and 53 percent in

the diastolic phase. For the mitral valve open period, two-seventh is in the diastole,

which represents 24 percent of the diastolic phase. The remaining five-seventh is in

the systole covering 38 percent of the diastole phase. The entire open period of the

aortic valve occupies 63 percent of the systolic phase.

3.2.2 Fluid Dynamical Performance

In the velocity profiles shown in Figure 3-2 1, there is an initial flow field before

the mitral valve opens (T = —100 ms and T = —50 ms). Furthermore, there is a flow

towards the orifice in a small region near the valve in the systolic phase when the

aortic valve is not yet open. This suggests that the mitral valve cannot close

completely in the anterior orientation. This, in turn, would cause a reversed flow, i.e.

regurgitation. Once the mitral valve begins to open, almost all the positions

downstream are disturbed, and two flow regimes corresponding to the major and

minor orifices are formed (T = 50 ms, 100 ms). The major orifice flow on the aortic

side has a higher velocity. Higher stresses occur in the region where the two flow

fields interact, particularly when the mitral valve is fully open. When the aortic valve

is fully open, the flow inside the ventricle is in the clockwise sense (T = 450 ms, 500

ms). The clockwise circulation results from differential velocity of the two flow fields

as well as incomplete closure of the mitral valve. The change in direction required to

enter the aorta results in larger energy losses. The peak velocity occurs near the

ventricle wall on the mitral valve side. As the ventricle wall is pulsating, the large
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velocity near the wall results in higher turbulence intensity and larger stresses.

Figures 3-22 and 3-23 present variation of the velocity and stresses at five

downstream locations at four typical moments. In the acceleration phase of the mitral

flow, the fluid inside the ventricle is moving downstream almost everywhere. As can

be expected, the velocities are different at a given station on the mitral and aortic

sides. The stress profiles have larger bursts at the cross region of the two flow fields

as mentioned before. When the mitral valve is fully open, the difference in the velocity

field is reduced and the normal stress profiles are smoother but continue to have large

values. When the aortic valve is open, the main flow appears on the mitral valve side,

and normal stresses are reduced. At all the z stations, the shear stress is smaller and

more stable than the normal stresses. The character of the fluid dynamic performance

is quite similar at the different z stations.

Considering the entire ventricle, the maximum velocity of 78.63 cmJs appears

at X = 100 mm and Z = 0.4D; the maximum shear stress of 268.4 dynes/cm2at X =

100 mm and Z = 0.5D; and the maximum normal stress of 520.1 dynes/cm2at X = 92

mm and Z = 0.625D.

3.3 Performance Comparison of the Posterior and Anterior Orientations

The character of the cardiac cycle for the two orientations is different even for

the same experimental conditions. For the posterior orientation, at 71 beats per

minute, the systolic phase takes 41 percent of the cardiac cycle and the diastolic phase

the remaining 59 percent. On the other hand, for the anterior orientation, 47 percent

and 53 percent correspond to the systolic and diastolic phases, respectively. The longer

the systolic phase, the smaller are the stresses in the anterior orientation because the

ventricle contracts more slowly and the flow is less disturbed. As pointed out before,
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the cardiac cycle in the posterior orientation is close to the natural one. Only one-

fourth of the mitral valve’s open period is spent in the systole phase for the posterior

orientation while as much as five-seventh for the anterior orientation. This means

that the mitral valve cannot close properly and efficiently in the anterior orientation.

As explained earlier, this may cause regurgitation which is an important parameters

in assessing the valve performance.

Figure 3-24 shows variation of the maximum shear stress for the two

orientations at 71 beats per minute of the pulse rate. For both the orientations, the

maximum shear stresses appear in the X = 100 mm plane which crosses the centres

of the mitral valve, aortic valve and left ventricle. In the posterior orientation, peak

shear stresses at every z station occur at T = —490 ms, i.e. at the late stage of the

deceleration phase but prior to the opening of the aortic valve. In the anterior

orientation, the corresponding instant is —628 ms which is in the same phase and

stage as in the posterior case. This means that the maximum shear stress inside the

ventricle depends on the performance of the mitral and not the aortic valve.

The maximum shear stresses are larger at most z stations in the posterior

orientation. Furthermore, the shear stress also changes more frequently in the

posterior orientation. The large magnitude stresses and high frequency would inflict

more damage to the blood cells. The peak shear stress is 377.4 dynes/cm2 in the

posterior orientation which is below the threshold value for destruction of the red

blood cells [15,161. Now the stresses and their variations occur close to the aortic

valve, while in the anterior orientation they are near the mitral valve. Large stresses

close to the mitral valve imply higher turbulence intensity.

The problem of improper closure and regurgitation was already pointed out

before. For the same experimental conditions, the mitral flow rate is 2.9 mI/mm in the

anterior orientation and 3.2 mllmin is in the posterior orientation. The incomplete
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closing of the mitral valve in the anterior orientation reduces the mitral flow by 9%.

The regurgitation caused by the incomplete closing of the valve represents one of the

major complications for patients with the artificial valves as mentioned in the

introduction. On the other hand, the mitral valve in the posterior orientation creates

the counter-clockwise circulation inside the ventricle. This corresponds to the working

of the natural left ventricle as indicated in Figure 1-8. In contrast, the clockwise flow

in the anterior orientation demands more energy as explained earlier.

Therefore, based on the above results, the posterior orientation is recommended

for implantation of the Bjork-Shiley monostrut mechanical valves.
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4. CONCLUSIONS AND RECOMMENDATIONS

4.1 Concluding Remarks

The primary objective of the project has been to assess fluid dynamical

performance of Bjork-Shiley monostrut mitral valve as affected by orientation and

pulse rate. This involved extensive test-program using a sophisticated cardiac pulse

duplicator in conjunction with a 3-beam, 2-component LDA system. This also required

development of computer codes for efficient operation of the test facility as well as

data acquisition, analysis and display. The thesis reports on significant progress made

in achieving these goals.

Several programs were developed either in QuickEASIC or the language used

by the SYSTAT MACRO. As they can be executed from one menu, the process becomes

easy, efficient and readily implementable. The quality of output on a laser printer

showed considerable improvement. The programs made conducting the research more

precise and efficient.

With the program P9MENU, the results can be plotted sequentially, on one

page, at up to nine distinct moments. These plots helped evaluate temporal evolution

of the flow in the ventricle. The program P5MENU can plot time history of the flow

parameters, at five downstream positions, on a single page at a given instant.

Similarly, P55MENU can display the same information on a page at two instants. The

flow properties in two vertical planes can be plotted on one page by the program

P1OMUNE to facilitate comparison.

The test-program was aimed at measurements of spatial as well as time

variations of velocity, turbulence intensities, and normal and Reynolds stresses in the

left ventricle. The amount of information obtained through a carefully planned study
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is literally enormous. Only some typical data useful in establishing trends are

presented in the thesis. Based on the results following general conclusions can be

made:

(i) As can be expected, the mechanical performance of the valve is governed by the

cardiac simulator. Different cardiac cycles or pulse rates lead to different

opening and closing behaviours. Of course, this in turn affects the fluid

dynamical performance of the valve. The peak velocity and stress values

depend on open and closed periods of the mitral valve.

(ii) Performance of the Bjork-Shiley monostrut mitral valve is sensitive to

orientation. The posterior orientation is recommended for implantation due to

safe stress levels and reduced possibility of damage to red blood cells.

(iii) A distinct flow pattern is established in the ventricle, depending on the valve

orientation in the later stage of the deceleration phase prior to opening of the

aortic valve. In the posterior orientation the flow circulates counter-clockwise;

while in the anterior orientation the pattern is clockwise. The latter dissipates

more energy while entering aorta due to changes in direction of the flow.

(iv) In the anterior orientation, the Bjork-Shiley monostrut mitral valve fails to

close completely. This leads to regurgitation and incompetence of the valve. The

incomplete closing of the valve reduced the mitral flow by 9%.

(v) In the posterior orientation, the cardiac cycle is closer to the natural one. In

the anterior orientation, the systolic phase was longer compared to the

physiological one, and the aortic valve opens later in the cycle.

(vi) The major and minor orifices of the Bjork-Shiley valve form two distinct

streams which meet above the central plane of the ventricle and undergo

turbulent mixing downstream during the acceleration phase. Although

disturbance to the flow field is stronger in the posterior orientation, the peak
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shear stress is not high enough to cause destruction of red blood cells.

(vii) For both the orientations, the maximum shear stress occurs in the central

vertical plane of the ventricle and at the late stage of the deceleration phase

but prior to the opening of the aortic valve.

(viii) Fluid dynamical performance of the valve is relatively insensitive to the pulse

rate.

4.2 Recommendations for Future Work

This research program is still in the early stage of development. There are

several complex and challenging aspects which need to be investigated. More

important ones needing urgent attention are listed below:

(a) Modification of the test facility should be undertaken to eliminate obstruction

to the laser beam in the region Z <O.4D. It will enable acquisition of important

information close to the valve. This would require redesign of the test-chamber.

The ventricle should also be increased in size to bring the stroke volume closer

to the natural one.

(b) The program which controls the movement of the piston should be modified to

simulate different cardiac cycles with different pressure waves. The movement

of the piston in the simulator is the power source that regulates the ventricular

action and the resulting cardiac circulation. Also a program for calibration of

the instrumentation should be organized and integrated with the existing

software to make conduct of the experiments more automatic and accurate.

(c) Further tests should be conducted to assess the effects of the stroke-volume,

and cardiac cycle profile.

(d) Nondimensional presentation of the information should be explored further.
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(e) There is scope for undertaking a flow visualization study within the ventricle

to get better physical appreciation of the complex flow field.
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APPENT)IX-I: COMPUTER CODES

1.1 Programs for the Experiments

The modified programs include one for a computer to control the movement of

the piston pump in the driver unit, i.e. to generate a desired pulse rate and a pressure

wave form inside the ventricle. The other program controls movements of the LDA

traverse mechanism.

The sinusoidal wave-form was chosen for the cardiac pressure time history. The

amplitude and period can be adjusted to a specified value by selecting different

parameter constants in the program. For example, in the present case, the

displacement constant of 200 was used to represent amplitude of the pressure wave.

The delay constant values of 4, 5, 6, 7 and 8 correspond to 84, 78, 71, 67 and 62 beats

per minute of pulse rate, respectively.

The computer code for controlling the movements of the laser beams was

written in QuickBASIC language. Before using the program, data from the

instruments must be recorded when the fluid inside the ventricle is static. The results

are used to calibrate zero readings of the instruments. On setting a cardiac pulse rate,

pressure change and the starting point of measurements, one is ready to implement

the program. During the execution, the program conducts the experiments as specified

as well as collects, reduces and records fluid dynamical information described in

Chapter 2. Typically, the two components of mean turbulent velocity and three

turbulent stresses are recorded. At each measuring point, 600 samples of information

for each variable are recorded. The information represents average performance of the

mitral flow during 1.2 seconds. Once the scan along the y direction is completed, the

flow is animated to show the vectors of mean velocity at the scanned point on the
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screen of a monitor. This provides a visual check of the measured data for gross

discrepancies. All the data were recorded in the binary code and analyzed using

programs described later. A flow chart for the program is schematically shown in

Figure 1-1.

1.2 Programs for Data Analyses and Output

The data analysis is carried out by invoking SYSTAT software (1990, SYSTAT,

Inc.). A set of programs were written in the language specified by SYSTAT and

executed in the Macro mode of SYSTAT. Using the programs, it is convenient to

perform complex data transformations and print out interactive outputs in one figure

on a laser printer. These codes make it possible to reduce and display a large amount

of experimental data efficiently. It is now possible, with a personal computer, to plot

time histories of velocity vectors at a point in the left ventricle and overlay the

corresponding turbulent stresses. There are several options for the format such as

nature of the graph (plot), size, position, overlap, colour, etc.. The options are listed

in a menu or conversational command lines on the computer screen. Following these

prompts, in the menu or command lines, it is easy to set the specifics for a plot using

an available software. Some other options can also be specified by modifring the

programs because the language used is simple and user-friendly.

1.2.1 MAIN MENU Program

This program creates a so-called MAIN MENU on the screen which acts as a

source and has access to the sub-menus of EXPERIMENTS, PREPARATION-DATA,

SINGLE-PLOT, FIVE-PLOTS, FIVE+FIVE, NINE-PLOTS and TEN-PLOTS. The
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IRUNI

4j
Input and check data of zero reading

41
Input some specific information

‘I
Set A/D (D/A) board ready for converting data signals

by invoking PCLAB program

Move the probe volume of LDA system
to the start point of measurement

Collect total 4800 signals for 8 channels in the following order:
Collect 600 signals per 1.2 seconds for each channel;

2. Smooth the signals of the instantaneous velocity
components by using 10 times, 5 points average to get
local mean values;

3. Calculate local turbulent stresses;
4. Repeat step 1 to step 3 up to 20 times;
5. Calculate the average of 20 cycles;
6. Recording data onto a computer disc.

Yes
C Check the last measuring point )

JNo

Move the probe to next measuring point along y direction

_________

Animate the flow in the period of 1.2 seconds
by showing the velocity vectors on screen

Check the measuring data
Wrong

Correct

Continue testing No stop
Yes

Move the laser beams to the next x position

Figure 1-1 Flow chart explaining the scheme adopted for collecting data.
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program is run by typing in SUBMIT PLOT or MAIN in the Macro mode of SYSTAT.

The associated scheme is shown in Figure 1-2.

1.2.2 PREPARATION DATA Menu Program

This program imports the data from the experimental records and converts

them into the SYSTAT style files. It contains two, choices for access: the

ARRANGEMENT ORIGINAL DATA and RE-ARRANGEMENT DATA (Fig. 1-3).

The first access to the original data is achieved through the EXPDATA

program which is written in the QuickBASIC language. It converts the selected

experimental data, including velocity components and stresses, from the binary code

into the ASCII format. The velocity data are stored in a file with the name extension

V’EL and the stress data are with the extension STR. The program can also search

maximum values of the selected data. The maximum velocity is recorded in a file

*VJ4) and the maximum stresses are stored in a file *5Jj (here symbol *

represents any other valid letters of the files).

Another access, the RE-ARRANGEMENT DATA, to run the IMPORT program

(Fig. 1-3) is through introduction of the data in ASCII code into the SYSTAT format.

The program, IMPORT, provides the choice of velocity data and stress data imports.

The velocity data are stored in a file named with the initial letter V and an extension

SYS. The stress data file is designated with the initial letter S and an extension SYS.

For access to this menu, one has to choose IMPORT from the MAIN MENU (Fig. 1-2)

or directly enter SUBMIT IMPORT in the Macro mode.

1.2.3 SINGLE-PLOT Menu Program
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-

RUN MAIN (Access to Sub-menus) I

MAIN MENU (EXPRIMENTS, IMPORT DATA, SINGLE-PLOT, FIVE-PLOT,

FrVE÷F1VE, NINE-PLOT, TEN-PLOT, QUIT)

—EXPERIMENTS (Go to carry out experiments and collect data, Figure 14)

— IMPORT DATA(Go to PREPARATION DATA menu, Figure 1-4, to run
EXPDATA and IMPORT for data import)

—SINGLE-PLOT (Go to run P1MENU, Figure 1-4, for single plot
on one page)

—FiVE-PLOT (Go to run P5MENU, Figure 1-5, to plot in the x-y
plane, at up to five z-loeations in one graph)

—F1VE÷F1VE (Go to run P55MENU, Figure 1-6, for double FIVE-
PLOT on one page)

—NINE-PLOT (Go to run P9MENU, Figure 1-7, for up to nine plots
on one page)

— TEN-PLOT (Go to run P1OMENU, Figure 1-8, to plot on two x-y
planes, at up to five z-locations per page)

— QUIT (Stop running the program and return to the Macro
model of SYSTAT)

Figure 1-2 Format of the MAIN program.
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RUN EXPDATA AND IMPORT (Convert Data and Store the Data
into SYSTAT Data Files)

PREPARATION DATA (ARRANGEMENT ORIGINAL DATA,
RE-ARRANGEMENT DATA, QUIT)

ARRANGEMENT ORIGINAL DATA (Go to execute EXPDATA)

Velocity Data (Create a velocity data file: * VEL)

Stress Data (Create a stress data file: *
. STR)

Maximum Data (Search maximum values of the data)

Maximum velocity (Recorded in the file: * V. MAX)

Maximum stresses (Recorded in the file: * S . MAX)

Quit (Automatically back to PREPARATION DATA menu)

RE-ARRANGEMENT DATA (Go to run IMPORT)

VELOCITY-DATA (Create a velocity data file: V * SYS)

STRESS-DATA (Create a stress data file: S * 55)

QUIT (Return to PREPARATION DATA menu)

QUIT (Return to MAIN MENU, Figure 1-2)

Note: symbol * implies any other valid letters of the files.

Figure 1-3 Scheme of the IMPORT program.
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The program, P1MENU, is written for a single plot or a graph in one x-y plane

and at one z-location. The menu has the choice of plotting velocity vectors, normal and

shear stresses, and overlaying them. Variables in a plot can be dimensional or non-

dimensional. Output can be printed through a laser printer, stored as a postscript file,

or displayed on the screen. The access to the execution of this program can be

obtained from the MAIN MENU (Fig. 1-2) or by directly loading the P1MENU in the

Macro made of the SYSTAT. The procedure scheme is shown in Figure 1-4.

1.2.4 FWE-PLOT Menu Program

The program named as P5MENU is for plotting velocity distributions at up to

five z-locations in one figure. Such plots are useful to get an overview of the entire

flow field in the y-z plane inside the ventricle. The menu provides the choice of

plotting velocity vectors, normal and shear stresses, and overlaying them. Variables

in a plot can be dimensional or non-dimensional as before. Output can be printed on

a laser printer, stored into a file, or shown on the screen. To access menu, one selects

the FIVE-PLOT from the MAIN MENU (Fig. 1-2) or just enters SUBMIT P5MENU

in the Macro mode of SYSTAT. The program scheme is shown in Figure 1-5.

1.2.5 FIVE-i-FIVE Menu Program

Figure 1-6 shows the algorithm for the program P55MENU which is for

displaying five-plots at two different instants on one page. Similar to the FIVE-PLOT

menu, one can plot velocity vectors, normal and shear stresses, and overlay them with

variables in dimensional or non-dimensional form. Output can be tackled in three
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RUN P1MENU (One Plot on One Page) j

SINGLE-PLOT Menu (COMMON-SET, VELOCITY, NORMAL-STRESS,
SHEAR-STRESS, OVERLAY,QUIT, STOP)

COMMON-SET Menu (DATA, PLOTS, NON-DIMENSION, PRINT-OFPION, QUIT)

DATA (Choose and arrange data)

Velocity Data (Two components in the y and z directions)

Dimension (Dimensional variables)

Non-dimension (Non-dimensional variables)

_____

Stress Data (Three stresses)

Normal Stresses (In the y and z directions)

Normal Stress 1 (In the y direction)

Dimension (Dimensional variables)

Non-dimension (Non-dimensional variables)

Normal Stress 2 (In the z direction)

Dimension (Dimensional variables)

Non-dimension (Non-dimensional variables)

Shear stress (In the y-z plane)

Dimension (Dimensional variables)

Non-dimension (Non-dimensional variables)

PLOTS (Choose total number of plots for data distributions at the same z
location but at different instants in a cardiac cycle)

(cont’d)

Figure 1-4 Flow chart for the P1MENU program.
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(cont’d, Figure 1-4)

NON-DIMENSION (Choose variable dimensions)

Dimension (Dimensional variable output)

Non-dimension (Non-dimension variable output)

PRINT-OPTION Menu (PRINTER, PAGE, TITLE, NOTE, QUIT)

PRINTER (Choose the destination of outputs)

Laser (Output on a laser printer)

Screen (Output on a screen)

____

File (Output into a ifie)

PAGE (Write page numbers)

TITLE (Write titles)

NOTE (Write notes)

QUIT (Back to COMMON-SET menu)

QUIT (Return to SINGLE-PLOT menu)

VELOCITY (Plot velocity vectors)

NORMAL STRESS (Plot normal stresses)

SHEAR STRESS (Plot shear stress)

OVERLAY Menu (COMMON-SET, VEL+REYNOLDS÷STRESSES,
SHEAR+NORMALS, QUIT)

COMMON-SET (Go to COMMON-SET Menu)

VEL+REYNOLDS-STRESSES (Overlay velocity proffle and three
turbulent stresses)

SHEATh-NORMALS (Overlay shear stress and two normal stresses)

QUIT (Back to SINGLE-PLOT Menu)

QUIT (Return to MAIN MENU, Figure 1-2, switch to other sub-menu)

STOP (Stop and quit plotting, back to the Macro mode of SYSTAT)

Figure 1-4 (cont’d) Flow chart for the P1MENU program.
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RUN P5MENTJ (Plots up to Five z-Locations on One Page)

FIVE-PLOT Menu (COMMON-SET, VELOCITY, NORMAL-STRESS,
SHEAR-STRESS, OVERLAY,QUIT, STOP)

COMMON-SET Menu (DATA, PLOTS, NON-DIMENSION, PRINT-OPTION, QUIT)

DATA (Choose up to five data files and arrange data)

Velocity Data (Two components in the y and z directions)

Dimension (Dimensional variables)

Non-dimension (Non-dimensional variables)

Stress Data (Three stresses)

_____Normal

Stresses (In the y and z directions)

Normal Stress 1 (In the y direction)

Dimension (Dimensional variables)

Non-dimension (Non-dimensional variables)

Normal Stress 2 (In the z direction)

Dimension (Dimensional variables)

L Non-dimension (Non-dimensional variables)

Shear stress (In the y-z plane)

Dimension (Dimensional variables)

Non-dimension (Non-dimensional variables)

PLOTS (Choose total number of plots for the data distribution
at different instants in a cardiac cycle. One page presents
profiles at a specified monment.)

(cont’d)

Figure 1-5 Flow chart for the P5MENU program.
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(cont’d, Figure 1-5)

NON-DIMENSION (Choose variable dimensions)

Dimension (Dimensional variable output)

Non-dimension (Non-dimensional variable output)

PRINT-OPTION Menu (PRINTER, PAGE, TITLE, NOTE, QUIT)

PRINTER (Choose the destination of outputs)

Laser (Output on a laser printer)

(Output on a screen)

File (Output into a ifie)

PAGE (Write page numbers)

TITLE (Write a title)

NOTE (Write notes)

QUIT (Back to the COMMON-SET menu)

QUIT (Return to FiVE-PLOT menu)

VELOCITY (Plot velocity vectors)

NORMAL STRESS (Plot normal stresses)

SHEAR STRESS (Plot shear stress)

OVERLAY (Overlay velocity profile and three turbulent stresses)

QUIT (Return to MAIN MENU, Figure 1-2, and switch to other sub-menus)

STOP (Stop and quit plotting, back to the Macro mode of SYSTAT)

Figure 1-5 (cont’d) Flow chart for the P5MEN(J program.
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RUN P55MENU (Double Five Plots up to Five z-Locations on One Page)

F1VE+FJVE Menu (COMMON-SET, VELOCITY, NORMAL-STRESS,
SHEAR-STRESS, OVERLAY, QUIT)

COMMON-SET Menu (DATA, PLOTS, NON-DIMENSION, PRINT-OPTION, QUIT)

DATA (Choose up to five data files and arrange data)

Velocity Data (Two components, in the y and z directions)

Dimension (Dimensional variables)

Non-dimension (Non-dimensional variables)

Stress Data (Three stresses)

Normal Stresses (In the y and z directions)

Normal Stress 1 (In the y direction)

Dimension (Dimensional variables)

Non-dimension (Non-dimensional variables)

Normal Stress 2 (In the z direction)

Dimension (Dimensional variables)

Non-dimension (Non-dimensional variables)

Shear stress (In the y-z plane)

Dimension (Dimensional variables)

Non-dimension (Non-dimensional variables)

PLOTS (Choose total number of plots for the data distribution at
different instants in a cardiac cycle. One page presents two
profiles at two specified moments.)

(cont’d)

Figure 1-6 Scheme adopted in the P55MENU program.
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(cont’d, Figure 1-6)

NON-DIMENSION (Choose variable dimensions)

Dimension (Dimensional variable output)

Non-dimension (Non-dimension variable output)

PRINT-OPTION Menu (PRINTER, PAGE, TITLE, NOTE, QUIT)

PRINTER (Choose the destination of outputs)

Laser (Output on a laser printer)

Screen (Output on a screen)

File (Output into a file)

PAGE (Write page numbers)

TITLE (Write titles)

NOTE (Write notes)

QUIT (Back to the COMMON-SET menu)

QUIT (Return to FIVE+FIVE menu)

VELOCITY (Plot velocity vectors)

NORMAL STRESS (Plot normal stresses)

SHEAR STRESS (Plot shear stress)

OVERLAY (Overlay velocity profile and three turbulent stresses)

QUIT (Return to MAIN MENU, Figure 1-2, and switch to other sub-menu)

Figure 1-6 (cont’d) Scheme adopted in the P55MENU program.



106

different forms as pointed out before. To access the menu, one selects FIVE+F1VE

from the MAIN MENU (Fig. 1-2) or just enters SUBMIT P55MENU in the Macro

mode of the SYSTAT.

1.2.6 NINE-PLOT Menu Program

The P9MENU program is for plotting up to nine graphs showing time histories

of variables at different instants during one cardiac cycle for the same x, y, z positions

on a single page. Such plots help towards better understanding of the flow character.

As before choices include velocity vectors, normal and shear stresses, and their overlay

with dimensional or non-dimensional variables, and three forms of output. To access

the menu, one chooses the P9MENU from the MAIN MENU (Fig. 1-2) or just enters

SUBMIT P9MENU in the Macro mode of the SYSTAT. This procedure is shown in

Figure 1-7.

1.2.7 TEN-PLOT Menu Program

The P1OMENU uses the same graphic face as the program P55MENU. The

plots present flow fields at two different y-z planes but at the same moment. It is

helpful to look at changes in the flow conditions along the x direction. The program

also creates a menu to access functions described in the other programs. To access this

menu, it is only required to type SUBMIT P1OMENU and press the ENTER key in

the Macro mode of the SYSTAT or choose the TEN-PLOT from the MAIN MENU (Fig.

1-2). Figure 1-8 explains the sequence of operations involved.
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RUN P9MENU (Up to Nine Plots Per Page)

LipLoT Menu (COMMON-SET, VELOCITY, NORMAL-STRESS,
SHEAR-STRESS, OVERLAY,QUIT, STOP)

COMMON-SET Menu (DATA, PLOTS, NON-DIMENSION, PRINT-OPTION, QUIT)

DATA (Choose and arrange data)

Velocity Data (Two components in the y and z directions)

Dimension (Dimensional variables)

Non-dimension (Non-dimensional variables)

Stress Data (Three stresses)

Normal Stresses (In the y and z directions)

Normal Stress 1 (In the y direction)

Dimension (Dimensional variables)

Non-dimension (Non-dimensional variables)

Normal Stress 2 (In the z direction)

Dimension (Dimensional variables)

Non-dimension (Non-dimensional variables)

Shear stress (In the y-z plane)

Dimension (Dimensional variables)

Non-dimension (Non-dimensional variables)

PLOTS (Choose total number ofplots for data distribution at the same
z-location but at different instants in a cardiac cycle)

(cont’d)

Figure 1-7 Approach to the P9MENU program.
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(cont’d, Figure 1-7)

NON-DIMENSION (Choose variable dimensions)

Dimension (Dimensional variable output)

Non-dimension (Non-dimensional variable output)

PRINT-OPTION Menu (PRINTER, PAGE, TITLE, NOTE, QUIT)

PRINTER (Choose the destination of outputs)

Laser (Output on a laser printer)

(Output on a screen)

File (Output into a ifie)

PAGE (Write page numbers)

TITLE (Write titles)

NOTE (Write notes)

QUIT (Back to the COMMON-SET menu)

QUIT (Return to the NINE-PLOT menu)

VELOCITY (Plot velocity vectors)

NORMAL STRESS (Plot normal stresses)

SHEAR STRESS (Plot shear stress)

OVERLAY (Overlap plots)

QUIT (Return to MAIN MENU, Figure 1-2, and switch to other sub-menu)

STOP (Stop and quit plotting, back to the Macro mode of SYSTAT)

Figure 1-7 (contd) Approach to the P9MENU program.
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L I RUN P1OMENU (Plots at up to Two x-y Planes, Five z-Locations on One Page)

TEN-PLOT Menu (COMMON-SET, VELOCITY, NORMAL-STRESS,
SHEAR-STRESS, OVERLAY, QUIT)

COMMON-SET Menu (DATA, PLOTS, NON-DIMENSION, PRINT-OPTION, QUIT)

DATA (Choose up to five data ifies and arrange data)

Velocity Data (Two components in the y and z directions)

Dimension (Dimensional variables)

Non-dimension (Non-dimensional variables)

Stress Data (Three stresses)

Normal Stresses (In the y and z directions)

Normal Stress 1 (In the y direction)

L Dimension (Dimensional variables)

Non-dimension (Non-dimensional variables)

Normal Stress 2 (In the z direction)

Dimension (Dimensional variables)

Non-dimension (Non-dimensional variables)

Shear stress (In the y-z plane)

Dimension (Dimensional variables)

Non-dimension (Non-dimensional variables)

PLOTS (Choose total number of plots for the data distribution
at different instants in a cardiac cycle. One page presents
proffles at a chosen instant.)

(cont’d)

Figure 1-8 Framework of the P1OMENU program.
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(cont’d, Figure 1-8)

NON-DIMENSION (Choose variable dimensions)

Dimension (Dimensional variable output)

Non-dimension (Non-dimension variable output)

PRINT-OPTION Menu (PRINTER, PAGE, TITLE, NOTE, QUIT)

PRINTER (Choose the destination of outputs)

Laser (Output on a laser printer)

Screen (Output on a screen)

File (Output into a file)

PAGE (Write page numbers)

TITLE (Write titles)

NOTE (Write notes)

QUIT (Back to COMMON-SET menu)

QUIT (Return to TEN-PLOT menu)

VELOCITY (Plot velocity vectors)

NORMAL STRESS (Plot normal stresses)

SHEAR STRESS (Plot shear stress)

OVERLAY (Overlay velocity proffle and three turbulent stresses)

QUIT (Return to MAIN MENU, Figure 1-2, and switch to other sub-menu)

Figure 1-8 (cont’d) Framework of the P1OMENU program.
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1.2.8 Common Options in the Programs

To use the programs, one must provide necessary information by responding

to the questions, one by one, in the COMMON MENU. The questions appear on the

computer screen once the choice is made from the COMMON MENU. In the

COMMON MENU, there are four choices: DATA; PLOTS; NON-DIMENSION; and

PRINT-OPTIONS. To access the COMMON MENU, select COMMON SETS from the

sub-menu. In fact, the COMMON SETS will be chosen automatically and the

COMMON MENU will appear on the screen when one asks the programs to plot.

When the DATA are selected from the COMMON MENU, the name of the data

file, the start locations of the variables, and the step of locations between the data

being plotted must be provided by following the prompts on the screen. Here the

location means the number of data counted from 1 to 599 which stand for the time

variable and are assigned by the programs for the experiments described in Appendix

I. All the data at these locations, from the start to 599 with the given step of the data

location, will be analyzed, sequentially renumbered (starting from 1), stored in the

computer memory and is ready for plotting. Through PLOTS one selects the total

number of charts to be plotted, the start data number and the step of the data

numbers. Here the numbers correspond to those of the data reassigned. The NON-

DIMENSION gives two choices: plots with dimensional or non-dimensional variables.

The default mode is dimensional. The last necessary choice of the PRINT-OPTIONS

in the COMMON MENU provides other alternatives which include PRINTER, PAGE,

TITLE and NOTES. The PRINTER decides the form of the plot outputs. As explained

earlier, graphs can be displayed on the computer screen, plotted by a laser printer or

stored in a postscript file for printing later. If one does not want the plots, the answer

is simply ‘no’ to questions: ‘Do you want to print plots ?‘; and ‘Do you want to view
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plots ?‘. This implies that one just wants to analyze the experimental data. The choice

of PAGE, TITLE and NOTES are for writing page numbers, titles and notes onto the

output of plots, respectively. The failure to answer the question means ‘no’. Before

exiting the OPTIONS menu, the choice of PRINTER has to be made. Prior to leaving

the COMMON MENU, one must respond to the DATA, PLOTS and PRINT-OPTIONS

inquiry.

1.2.9 Other Options in the Programs

There are some other options during plotting, such as scale, location, line style,

colour, writing notes or legends, etc.. These functions can be implemented by

modifying the commands or parameters in the program.

1.3 Other Programs

The code named XY is used for positioning the cross of the laser beams. The

program is particularly useful while adjusting test instruments during preparation for

an experiment.

The program called ZERO records zero readings of the instruments. The

information is for calibration.

Yet another program displays time histories of the velocity vectors in two

dimensions, at a given z-station on the screen. It shows clearly variation of the mitral

-flow during a cardiac cycle. It may be extended to animate, simultaneously, the flow

conditions at several downstream stations.
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