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The comrnercialìy available arterial prostheses when impìanted Ín

the cardiovascular system produce reflected pulse pressure 1aaves as a

result of their inextensìbility reìative to the artery material. The

result of these reflections could be hjgher non-physìoìogical pressure

waves that could damage the host organísm. Turbulence and h.igh shear

stress in the blood flow Índuce thrombosis and hemolysis. prosthetic

heart valves that are not proper'ly hydrodynamicaììy designed can produce

turbulence and high shear stress which is reflected as high energy losses

in the blood flow when passing through the valves.

A mechanical model that simulates the human circulation ìn the

left ventricle and ascending aorta was developed in order to reproduce

and measure the reflected wave phenomenon and to evaluate a possib1e

means of reduction of the reflected wave. One such means consisted of
placing an e'l1iptícal insertion in the artery instead of the jnextensible

round insertjon. The mechanical model was ajso used for evaluating the
energy losses ìn prosthetic heart valves when physiological flow is jnduced.

The performance of the simulated heart-valve-artery system was

satjsfactory 'in efficiency, durability, frequency control, flow generation,

valve behav'iour and in data reading and data recording aspects. some

unwanted wave reflection was always present, and some viscoelast.ic para-

meters of the tubes were not known. These factors were constant, now-

ever' thus the results' comparative behaviour are valid. Round inser-
tjons in the elastic tube produced refected waves, thus modifyìng the

pressure pattern, causing h'igher pressure peaks. The elliptic insertion
di d not produce as hi gh pressure peaks as di d the round ri gi d .insert.ions 

.
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Reflection factors due to rigid insertions were measured and the results

showed some d'isagreement with the predictions based on the available

i deal i zed theory.

It was found that the Bjork-Shiìey prosthetic heaft va'lþe yras

hydrodynamically superior to the Starr-Edwards. Fourier techniques

proved to be val uabl e for ana'lys'ing pressure pu'lse waves .

Experìmentation with this model proved to be an inexpensive

guide to the determination of variables which should be recorded and

controlled. The resuìts appear to make experimentation with animals

regarding the variables measured here appear worthwhile.
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CHAPTER I

From theory and experience it is known that prosthetic

arteries and heart valves produce alterations in the hydrodynamic

characterist'ics of the blood flow when implanted jn the cardjovascular

system [8, 16, 20, 27,35] as weìl as other side effects. S'ince the

mortality fjgures for the users of the Bjork-Shi'ìey and the Starr-Edwards

prosthet'ic heart valves appear s'ignificantly dìfferent [ìì, 13, l8],

measurements of the alterations of the puìse pressure waves caused by each

type of valve and comparison of pressure patterns produced by the Biork-

Shiley tjltjng-disc and Starr-Edwards bal'l-and-cage prosthetic heart

valves should be made to determine whether basic hydrodynamic djfferences

could possibìy contribute to the decreased life of the users of the

one prostheti c val ve. The desi gn of the Bjork-Shi I ey ti I ti ng-dì sc heart

valve has hydrodynam'ic characteristics closer to those known to be the

best for the blood, heart and arteries than does the Starr-Edwards

baì I -and-cage heart val ve [8 , 27]. Confì rmati on, eval uati on and quant-

jzation of such jmproveÍnents is necessary.

Alterations of pulse pressure are also caused by an

arterial prosthes'is as a result of its rigìdity relatìve to the artery

itself. The extensibjlity of most knitted prostheses ìs on'ly about l0%

of that of the host vessel [16, 35]. Reflected pressure waves from a

prosthesis may be added to the inc'ident waves from the heart, thus

produc'ing higher non-physio'ìogical pressure pulses on the artery'itself

and on the heart valves if the'insert'ion is jn the aorta, close enough

to the heart valves so the refected waves are not significantly damped

I NTRODUCTION



before reachÍnq the valves.

In order to investìgate the pressure wave characteristics,

the development of a heart-valve-artery model js necessary sjnce "jn

vjvo" measurements are beyond the scope of thjs urork. The model musr

be desìgned to reproduce as closely as possible the flow characterjstjcs

of the human circulation'in the aorta, whìch may be simulated by an

elastjc tube. It is poss'ible to insert inextensible sections'into the

elastic tube which play the role of the inextensible prosthesjs and,

with pressure-transducers, to measure the'ir effect on the pulse pressure

vrave. A possible method to reduce the magnitude of the reflected wave

js to place in the test circujt an insertjon urith elììpt'ic cross-

section, instead of the round inextensjble cross-section often used.

In response to the pressure the elliptic ìnsertion would approach a

c'ircular configuration, allowing greater flow cross-section thus reducìng

the pressure peak. The magnìtude of thìs pressure wave reduction

depends on the characterjstjcs of the ellipse and the range over whjch

the pressure excursions take pìace.

The equipment necessary to allow measurement of the

pressure wave characterist'ics of the prosthetÍc arterial ìmpìants can

be easiìy adapted to measure the effects of the prosthetic heart valves

on the sinlulated arterial flow. The results of such investjgatìons may

be related to the characteristics known to be best for the card'io- ,

vascul ar svstem.



CHAPTTR i I

The s'ignifìcance of changes in the hydrodynamics of blood

flow as a result of implanted prostheses lies'in the possible d'isruption

of the ability of the blood to perform jts functions. The djsruptt'on

of the blood flow characteristics may also have an adverse effect on

the functions of other physio'logìcal materials such as hjgh pressures

on heart valves or restrictìon of arterial movement. The importance of

these aspects of blood flow can be appreciated through a revjew of the

I i terature.

REVIEtd OF LITERATURE

The blood círculatjon duty is to majntain the constancy of

the internal environment of the organism. In do'ing so, it must: brìng

oxygen to the ti ssues , exchange j t for the metabo'l 'ic COt, carry thì s

gas back to the 1ungs, reìease jt to the atmosphere and repìace it

wìth oxygen; at the same time the blood pìcks up nutrients from the

dìgestive tract, br.ings them to be processed and stored in the approprìate

organs and performs the final distribut'ion of nutrjents and transport of

the waste products to the organs of excretion. it also pìays an ìmportant

role in the regulation and coordinatjon of the body by dìstributing the

hornlones of the endocrjne glands. It part'icipates in the regulatjon of

water and electro'lytes as weì1 aS regulatjon of body temperature.

Another duty ìs the productìon and d'istribut'ion of antjbodjes for pro-

tpctirìn ânâinct foreign particles [5, l0].

The circulatjon from the heart to the lungs and back to

II. I Principles of human circulation



the heart is called Pulmonary Circulation. The circulation from the

heart to the body and back to the heart is cal'ìed System'ic Circulatjon.

In order to pump the blood through both systems the heart has a set of

conveniently located valves. Figure II.'l ìs a schematic d'iagram of the

double circulat'ion and the heart wjth its valves [.l0].
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The heart is a pump with four chambers whose funct.ion can

be visualjzed wjth the help of Fì9. 11.2.

The chambers are classified in accordance with their

posìt'ion: right atrium, right ventr.icìe, left atrium, and ìeft
ventricle. The contraction of the heart chambers is caììed systole and

the relaxation is called dyastole. The atrja are chambers that have a

minor function since they onìy help fiìì'ing the'ir respective ventrjcle.

The major pumpìng actìon js exerted by the ventrjcles. The valves

control the flow by means of a passjve functìon [26, ?gf; they close or

open depending on whjch side the pressure js higher. The blood from the

systemic system is received'in the rìght atrium and pumped to the right

ventricle where'it is, ìn turn, ejected to the puìmonary system,

recejved by the left atrium, passed to the left ventricle and fjnally

ejected to the systemt'c circulation. The atria do not have double valves,

so when they contract some blood refluxes. Since the ventricles nave

double valves, the regurgìtat'ion js negìig'ible in the heaìthy heart.

The cardiac function already descrjbed can be classified

by a separat'ion of five events based on the closed or opened posit'ion of

the ventricular jnlet and outlet valves (see Fig. II.3). The durati¡n

and timing of these events are of partìcular concern in the design of

prosthetic heart valves. I'Jotice that the inlet and outlet valves are

never opened at the same time [26, 29]. The five events specified in

appropriate order for anaìytìcal purposes are:

(l) Fillr'nq (jnlet open, outlet closed)

(2) Atrjal Systole (inlet open, outlet closed)



(l)

(3) Isovolumetric Contraction (both c'losed)

(4) Ejection (inlet closed, outlet open)

(5) isovolumetric Relaxation (both closed)

Filljng. The outlet valves have closed before this even starts

A rapid increase in the volume of the ventricular chambers

produces a fast drop of pressure jn these chambers resuìting

i n a rapi d rate of fi I I i ng through the atri oventri cul ar val ves.

This is followed by a more moderate rate of jncrease of ventricular

volume that produces a reduced rate of fìì1ìng.

(2) Atrial Systole. Atrial Systo'le concludes the filljng of the

ventrjcular chambers. At the end of this event there ìs a drop

of pressure in the atria that produces the closure of the atrio-

ventri cul ar val ves.

(3) Isovolumetric Contraction. Inl et and outlet val ves of the

ventricles are closed v.rhen the heart starts r'ts contraction so

pressure increases very fast jn the ventricles. The ventrjcular

pressure soon reaches and exceeds the arterial pressure whìch has

been decreasìng due to the runoff of blood through the perìpheral

arteries. l,jhen the ventricular pressure exceeds the arterial

pressure, ventricular outlet valves open, ending the isovolunltrjc

contract j on. 
...,.)

(4) tjectjon. Initjaì]y there is a hìgh rate of ejection due to the

strong contraction of the ventricle. The ventricular pressure

remajns above the aortic pressure, reaches its max'imum then drops

sììght1y below the aortic pressure. At this point a more gradual



contraction of the ventricle produces

the flow continues due to the 'inertia

pumped. Fina'lly, the jnertial flow'is

the event there is a s1ìght backwards

the closure of the ventricular outlet

produces a snlall secondary peak 'in the

(5)

shown in Fig. II.3.

Isovol umetri c Rel axati on.

aga'in so the ventricular volumes can not change but the orientation

of the nrusculature does so in order to relax. This relaxation

produces a fast pressure drop in the ventrjcles that soon falls
below the atrjal pressuìe and the atrioventricular valves open to

start the next cycìe.

The sequence of events js sjnrilar in both sides of the heart, except

that the peak systolic pressure in the left ventricle is about five tjmes

h'igher than that in the rìght (ì20 mm Hg 1eft,24 nm Hg rìght), and

isovolunletric relaxation and isovolumetric contraction are of sliqhtlv

shorter duration in the right slde [26].

Sjnce the a'im of this investjgatìon deals wjth the events jn the left
heart, the aorta and jts main branches, attention is concentrated on thjs

part of the circulatory system. Fig. II.3 is a graph urhere the events

in the left heart and ascending aorta can be visual'ized jn a quantjtatjve

way. Instantaneous flow measured in the ascend'ing aorta of dogs and

adapted to values expected in man'is also shown ìn Fìg. II.3 [29].

a reduced ejection and

of the mass of the blood

reduced and by the end of

flow that perhaps he'lps in

val ves. Thi s cl osure

aortjc pressure wave, as

Inlet and outlet valves are closeo
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The use of arterial impìants is recommended when the

arteries have been blocked by emboli (blood clots c'irculating'in the

blood), occlusjon or severe stenosis (narnowing of the artery), v¡hen

they have been damaged by trauma (ìnjury by the application of external

force or vjolence), and when they are diseased, such as by advanced art-
erjosclerosjs (narrow'ing, hardening and loss of elastjcìty) or

aneurisnr (abnormal dilation).

The first attempts at implantation were done between l9l4

and 1947 using rigid materials such as tubes of silver, glass and .\
aluminum; but the success vias neglìgibìe because the surfaces of these

materìals are highly thrombogenìc (produce blood clots that remain

attached to its place of origin) so most grafts were occluded within hours.

The first major advances were obtained by Hufnagel in 1947 lzl, zzl

using tubes made of the thermoplastic poiymethyì methacry'late, for implants

j n the thorac'ic aorta of dogs.

Honrografts and heterografts have been tried also, wìth

different degrees of success but these kinds of implants will not be

studied in this work. However, the main problem with artificjal grafts

was that when the blood came in contact wjth the surface, spontaneous

thrombus (bìood clots that remajn attached to'its pìace of origìn) were

produced. The modern design of grafts was initiated by Voorhees et al in
1952 121, 221. It was based on the assumption that a porous arterial
graft would be sealed with fibrin (fibrous protein formed in the c'lotting

of the blood), thus avoiding ieakage and providíng an organ.ic 'layer for

lI.2 History of arterial implants
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the interface between blood and foreign material. It was expected

that thjs organ'ic ìayer would be less suscept'ible to thrombosis. The

material used for the first experjments was cloth mesh of Vjnyon "l\1"

fashioned jnto tubes. Impìanted in the abdominal aorta of dogs and

w1th anticoagulant therapy it remaìned patent for 153 days [2ì, 227.

It was found that the porous prosthes'is could be preclotted wjth host

bl ood before i mp1 antat1 on thus reduc'i ng or avo j d'ing seepage.

The concept of tubes made of porous material has remained

as the nrost sujtable concept for arterial subst'itutes [2], 22). Fjg. Ii.4
'is a cross-seciion of a prosthesis with the ìayers that grow after

ìnrp'lantation 1221.

il

Pseudoint'ima

Fig. II.4: Cross-section of
that grow after
l22l).

Mesh

Fibroblastìc core

Adventi ti a

a prosthes'is
ìmplantatjon.

wi th the I ayers
(Reproduced from



After the first work of Voorhees et a1, many improvements

have been made. Improvements 'in constructjon have consisted of refine-

ments wh'ich have made the impìant more functionally acceptable to the

host. S'ince the pseudo'intjma mìght th'icken as much as 20% of the

prosthesìs interior diameter, it is convenient to bui'ld the graft's

jnternal diameter higher than that of the host vessel. it was found also

that a hìgher porosity would allovr a more rapìd and better formation of

the pseudointima, thus reducing the chances of thrombogenesis. Knjtted

fabrjcs have h'igher porosity and more elasticjty than the jnitial woven

ones, (see Fjg. II.5) but woven fabrics are djfficult to suture since

they fray easììy. Knìtted fabrics do not fray at the suture even if they

are cut at djfferent angles. Crimp'ing the prosthesis walls reduces

ki nki ng and gi ves some extens'ib'il i ty which i s des'irabl e for prostheses

that pass across the joints of the body.

12

Woven Kni tted

I I . 5: Di fference between woven and kni tted fabri cs .

(Reproduced from 122)) .

Woven

Fi n



themselves have also been made. Vìnyon "N" has a hìgh wettabjf.ity that

produces blood loss through the mesh, even when the materjal js tjghtìy
woven. Inaìon sponge, used clinically ìn aortic grafts ìn earìy research,

has an jncreas'ing brittleness with age and was abandoned. 0rlon was

found to lose 12% of its strength after sjx months of ìmplantation, so

was abandoned a I so. I'lyì on 'i s hi ghly hygroscopr'c so, af ter impl antati on

jn the hunlan environrnent the fibers become djstorted and lose strength

and in some cases there has been reported hìgh thrombogenìc'ity. Invalon

was found to be excessively rigid and had a tendency to k'ink. Teflon,

the most 'inert thermopìastic available, has suitable strength and a

suitable endurance limit and thus has been wìdeiy used for prostneses

but jts jnertness prohibìts proper adherence of the adventjtja and

pseduointjma, thus it is prone to produce thrombosìs and anastomotic

aneurjsn (abnornral djlatation at the suture'line) lzzl" Dacron has

become the most commonìy used materjal for valcular prosthesis. its

strength and endurance limjts are suitable, it js not as inert as Teflon.

Thus the adventitja and pseduoìntima have better adherence and r't does

not deteriorate in the organic environment due to water absorption.

Most present day arterial jmplants are thus made of Dacron or s'imi lar

poìyester fjber.

Inrp'lants made of copper, silver or goid with ìmposed

negative charges have a minimum of thrombus deposition [23] but, sjnce

they are rìgìd, further understandìng of the change of the pulse pressure

due to rìgìd 'insert'ions is necessary before these metal insert'ions can

Improvements in the biocompatibjlity of the nlaterials
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be considered in detail.

From the literature reviewed so far, jt is poss'ible to

conclude that the requirements for an arterial prosthesis are: (a) to

have or produce a thrombus-resistant surface; (b) to have a high degree

of conformabjlity; (c) to possess good suturabì1ìty; (d) to have an

outer surface to wh'ich surroundìng tjssue can adhere firmly; (e) to

possess an inner surface to which any thrombus that does form can attach

firmly to discourage embolization; (f) to have simjlar elastjcjty to that

of the artery.

No mate¡ial that fulfills all the requìrements has been

found [.¡6, 28]. However, most of the actual commercìaììy available grafts

today are tubes of woven or knjtted constructjon ['ì5, 17]. The materjal

is Teflon or Dacron. The ìmplants are crimped and the'ir wall thickness

is between 1.5 and 0.3 mm. Since they are knjtted, they do no fray or

unravel under normal work'ing stresses and thus may be sutured close to

the end in order to avoid flaps or false aneurism [.l5, 21,22]. I¡'is

not advjsable to use this style of implant for a diameter smaller than

B mnr si nce thrombosi s usual ly generates 'in smal I er d'iameters. The

diameter of the arterial prosthesis should be ìarger than that of the

host vessel; though how much larger depends on the characterjstics of

the host vessel. The selection of woven or knjtted fabrìcs depends on

the expected and allowable bleeding after ìmplant; less bleeding ìs

expected jn a woven prosthes'is, and in an aortìc implant more dangerous

bleedìng'is expected than that in a small vessel. Fig.A.l of Appendix

A shows a cornparison of patency and thrombosis rate of prostheses made
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of reflon or Dacron and imp'lanted in the femoral artery of dogs t2l].
More characteristics of the arterial prosthesis are given by Appendix A,

which is a resumé of the most promìsing clinical exper-iments with

arterjal grafts and the remaining major prob'lems that must be overcome

to produce acceptable arterial prostheses.

The comnrercially available grafts are known to produce

changes'in the hydrodynamic characteristics of the blood flow [.¡6, 20,

35]. Lee [20] reported that the veloc'ity profile in the Dacron graft is
not the same as the velocity profile in the heaìthy artery, and the

velocity profile is important for the adequate distribution of blood to

the peripheral vasculature. Gozna [ì6] proved that the distentìon of the

grafts 'is only 10% that of major arteries, concluding that this lack of
distention produces suture line stress and probably turbulence. The

suture line stress produces suture line disruptìon and the turbulence

produces vessel wall damage and thrombosis. Womersiey [35] developed a

theory for the reflection of the pressure pulse wave that must be

generated at rigìd ìnserts in the arterial system. As stated-in the

Introductjon, the main concern regarding arterial prostheses is the

nlaqnitude of the i ncrease of the pressure puìse caused by reflected
waves as a result of the relative rìgìdity of the prosthes.is. Tne

reflected waves are of concern because they may be added to the incìdent

waves' thus producìng highernonahysiologìcal pressure vvaves that could

danlage the artery ìtseìf or even the heart valves if the jnsertion js
jn the aorta, close enough that the reflections are not significant'ly

damped before reaching the heart. It is jntended to reproduce th-is

l5



reflected wave phenomenon in a mechanical model described in Chapter

III and analyze the phenomenon based on the theory included in

Chapter IV.

The heart valve operation also represents a pressure-fìow

probl em and therefore al so meri ts i nvest'igat'ion. Si nce both the

'investìgatìon of pressure wave characteristics from arterial itplanîs

and the pressure-flow characteristics of the valves require the same

jnstrumentatjon, the valve measurements were also taken jn order to

defìne the difference in mechanical behaviour of the two valves when

subjected to a physiological pressure wave.

The Starr-Edwards valve bas'ic design consists of a ball and

cage that when open, allows flow around the periphery of the ball because

the djameter of the vasculature where the prosthesjs'is attached is bigger

than that of the ball itself, as jndicated in Fig. II.6. This type of

valve became clinically available in the late 1950's and ear'ly 1960's,

and it has undergone many improvements jn design and materiaìs,therefore

only the basic design is discussed. P'ictures of a currently employed

valve are shown in Fìg. II.6 and d'iagram in F'ig. II.S [3.l]. The cage

is cast in a single piece of stainless steel and the fjnal dimensions

are obtajned by grindìng, then a mirror poì'ish'ing is achieved by buffing

and electro-pof ishing. Fjnaììy the surface is coated with silicon. The

knjtted Teflon cloth provides a method for fixing the valve to the

vasculature by suture. Thjs Teflon cloth ìs attached to the cage by a

II.3 The Starr-Edwards and the Bjork-Shì'ley prosthetÍc
heart val ves
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Teflon spreader ring and a brajded Teflon thread. The ball js made

of Silastic [31].

The Bjork-Shiley valve basic des'ign consists of a free

tj'ìtjng dìsc that opens or closes when supported between two eccentricalìy

located ìegs, Fjg. 1r.7. The need for a valve of thjs type surged from

the drawbacks produced by the lack of hydrodynamic compatibjlity of the

precedent model s ( Starr-Edwards, Cutter-Smel off, Kay-Shi I ey, LJada-Cutter) .

It became clinica'lly available jn the rate 1960's and, I jke a'll other

prostheses, has undergone many changes jn design and material since then,

therefore only the basic design ís discussed. Fig. iI.7 is a picture of
a currentìy empìoyed valve. The manufacturìng procedures and the princ-ipìe

of a knitted Teflon cloth for suture to the vasculature remain tne same

as for the Starr-Edwards valve. The main feature that ìmproves the Bjork-

Shììey valve over the Starr-Edwards valve is that the disc does not over-

lap the ring so that the flow area of the djsc valve can be alrnost the

same as the inner area of the ring, thus diminishing the flow resistance

even jf the dìsc does not open 90". It was found that 60. of opening

was enough for minimum pressure drop and for keeping the lamjnar

characteristic of the blood flow. Another improvement of a non-overlapìng

disc is that it does not hit the rìng and therefore the damage to the

blood corpuscles is minimized. The ring ìs coljnear with the artery and

therefore takes the least possible space. The disc ìs free to rotate

around its own axis, whjch it does, at an approximate rate of one

revolution for every 45 beats; therefore, pressure and wear are evenìy

distributed around the djsc. The weight of the occluder js only about
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14%

for

that of the Starr-Edwards ball, therefore the inertial effects

openì ng and cl osi ng are dìmj n j shed.

Comparison of the mechanjcal behaviour of the valves js

performed on the basjs of the prìnciple of pressure energy losses in

a fluid pass'ing an obstacle in a horjzontal, closed duct. Thus, the

valve is considered the obstacle in the arterial duct and the valve that

produces smaller pressure energy losses to the flowing fìu.id has the

better mechan'ical efficiency. The valve performance is also considered

on the basis of the pressure wave Fourier components, both upstream and

downstreanr of the val ve.

IB



Fig. II.6: The Starr-Edwards ball and cage prosthetìc heart valve.

lo

Fig. lr.7: The Bjork-shiìey tì'lting d'isc prosthetic heart valve.
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Fi o.'J. I I . B D'iagram of the constructi on of
valve (Reproduced from t3l l).

a Starr-Edwards



CHAPTTR III
None of the previous studies have spec'ifjcally considered

the elliptic cross-section as a nethod for reducing pressure peaks. Since

the components of the pressure waves jn the aorta and the movement of the

heart valves may interact the pressure wave characteristjcs of the pros-

thetic heart valves, the Starr-Edwards and the Bjork-Shiley, wi1'l also be

studjed usìng Fourier Analys'is. In order to study the arterjal prosthesis

and arterial heart valves, a heart-valve-artery model whjch simulates the

behavjour of the cardiovascular system is necessary. Such a system must

be developed in accordance wjth very detailed criteria and specìfications

in order to ensure that the cardiovascular system'is closeìy simulated.

The detailed specifications are shown in Table III.l.

II I. I Specjfications

system to be sjmulated: left ventricle, aortic valve and

ascendì ng aorta.

21

Table III.I shows the properties of the system that are

necessary to be reproduced.



Fl ovr source

Stroke vol ume

Pressure wave

Artery
Inner radi us, â'ì .

Wal I thi ckness/i nner radi us

relation, k.
l,^Jall density, p.
Stati c modul us of el asti c'i tY '
E ìs variable, dePending on
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At B0 mrn Hg.l00 

mm Hg.l20 
mm Hg

ì60 mm Hg

200 mm Hg

The ani sotroPì c vi scoelasti c
propert'ies of the arterY wa'11

are not well known [35]
Phase velocitY of Pressure

WAVCS

Aort'ic valve
Openì ng delaY
Cl osi ng de'laY
Regurgi tati on

Circulating Flujd (Blood)

Pulsatjle with variable range from
50 to 200 beats/minute- Pressure
wave is shov¡n'in F'ig. II.3.

3/v cm

Physì o'logi ca1 pressure wave shape,wi th
maximunl I Z0 mm Hg and min jmum B0 mm l-lg

at 72 beats/mjnute, see Fig. II.3.

I - 1.5 cm

0.08 - 0.12
- I grlcm3

/̂
2 Kg/cni
4 Kg/cnl
5 Kg/cmÍ

10 Ks/cmf,
I 5 Kg/cm'
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TABLT III.I SPecifications

Fronl the l'iterature review it can be seen that both the arterial

implants and the prosthetic heart valves cause disruption of the hydro-

dynamic characteristjcs of the blood flow. However, no quantitat'ive

5-6m/s

0.025 s

0.015 s

Negl i gi bì e

Dynamic viscosìtY 3

Densi ty I .01 to I . I

lII.2 Apparatus

for Simulated Cardjovascular System
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g r/ cmr

at 36oC.
at 36"C.



val ues of such d'isruptions for a physio'ìogical pressure wave shape were

gìven for the arterial prostheses. In the case of the prosthetic heart

valves, the comparison of the pressure tniaves both upstream and down-

stream of the valves u¿as not analysed in terms of the Fourier components.

I t i s the purpose of thi s 'investi gat'ion to exami ne the pressure waves

usìng sjmulated arterial implants and to 'investigate the performance of

the two prosthetic heart valves'in a sjmulated systemìc system.

A rec j procatì ng pump \^/as used to simul ate the heart and was

made of transparent acrylic rod with a conical nozzle at the dìscharge

for producing a gradual change of djameter. The piston was made of P.V.C.

rod wi th ref I on "0" ri ngs for the dynarn'ic seal ì ng. The pi ston rod was

nrade of alumjnum and sljd through a Teflon bearìng. 0n the opposite

end to the p'iston, the pìston rod had a roller-bearìng cam follower.

Thp oonoral :cco¡¡þly wjth djmensjons and ljst of materials js shou¡n jn

Fig. 8.4 of Appendìx B. lnJhen forward flow þras desired, a cam would drjve

the piston, see Figs. III.I and 2. since'it was intended to reproduce

the outflow from the heart of an adult man, the approprìate cam \^/as

designed by graphicaì ìntegration from a time velocjty graph obtained

fronl the corresponding tìme-flow graph for the human outflow shown jn

Fi g. I I.3. The procedure for obtai nì ng the cam profì I e by graphi cal...

ìntegration js shown ìn Fì9. 8.5 of Appendìx B and the cam is shown 'in

Fjg. 8.6 of Appendix B. The cam was coupìed to a variable speed motor

nrade by Boston Gear Djvjsion, model Ratiotrol, which allowed the pulse

rate to be varjed between 0 and 100 cycles/mjnute. To provìde a

constant and smooth cam nrovement, a speed reductjon of l6:l between
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nìotor and cam and a fly wheel in the transmjssion uJere necessary. The

contact cam-roller was secured with rubber bands that forced the

roller against the cam.

l^lhen forward flow was not desired and on'ly the high 
-'.-r

frequency sinusoidal waves were to be produced, the piston rod was

coupled to a vibrat'ion exciter which would respond to sìgnaìs produced

by a signal generator. The range of frequencies for this test was l0 -

25 Hz. The list of equipment and assembly diagram for the vjbratjon

exciter and its controls are jn Table C.2 of Appendix C and Fì9. 8.2

of Appendix B, respectively.

The outlet valves used were the prosthetic heart valves

Starr-Edwards size lM rnodel 6120 and Biork-Shi'ley stze 29. Pictures

of these valves are in Fig. II.5 and Fì9. II.6. The prosthetic heart

valves were placed in cases made of acryfic, as shown in Fig. 8.7 of

Appendix B, the elastic tubes were easy to couple to these cases. The

inlet valve was a comtnon plast'ic poppet val ve. The requ'irements for

the valves are small open'ing and closing delays and minimum regurgitation.

Qpening delay js defined as the time between the rise of the left

ventricular pressure above the aortic pressure and the opening of the

valve. Closing delay is defined as the time between the reversal of

flow and closure of valve. Regurgìtation is defined as backward flow

durìng or after closure of valve. With a pulse duplìcator, 0lin l?71

measured opening de'lays, closing delays and regurgìtation for d'ifferent

prosthetic valves and his results for the Starr-Edwards and Bjork-Shj'ley

valves are shown in Table III.2.

24



Open'ing de1ay, jn s 0.005

Cl os'i ng de'lay, i n s 0.022

Total regurgìtatjon,
in % of forward stroke 2

TABLE III.2 Opening delays, cìosing delays and
regurgìtation for Starr-Edwards and
giórk-Sh'iìeY valves L27)-

Two elastic tubes of different materials were used to simulate

the artery. Tube No. I was made of pure latex of inside radius 0.635 cm

and tube No. 2 was made of neoprene compound (bicycle jnner tube) of

jns'ide radius l.l2 cm. Both these were 4 m ìong. It uras desjred to

use only tubes of pure latex because ìts dynamic v'iscoelastic properties

had been measured by Klip [.l9] but, no tubes were avajlable in pure

I atex wi th I arger rad j us than that i ndìcated above. The 'length of the

tubes was exaggerated so that the reflected waves from pump and d'ischarge

end may be dissipated when reachìng the mjddle part of the tube length,

thus at least one section of the tube would satisfy the conditjon of

minimum wave reflection. The necessary physicaì properties of these

two tubes are gìven in Table V.l.

The circulating fluid used was a mixture of urater and gìycerine

of densìtyl.05 grlcm3 and vjscos'ity 3.8 CP at 20'C. The diastolìc pressure

of B0 mm Hg was induced by an elevated tank where the liqu'id would reach

a level of ll0 cm (80 mm Hg) above the elastic tube. When forward flow

was desired a gentle 90o ioop in the tube lvould bring it to the elevated

Starr- tdwa rds

0. 02 0.0

0.035 0.026 - 0.032

Bjork-Shj I ey

-f

25
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tank and a return line would be coupled between elevated tank and pump

see Fìgs. III.I and III.2. tlhen h'igh frequency sinusoidal waves wjth-

out forward flow were required the tube would end in a reservoir

partialìy filled wjth ajr for damping the jncìdent waves, see Fì9. III.3

(a). 0bviously reflected waves from the turn and/or end of the tube

were not cancelled but they were reduced usìng these methods.

The sjnlulated arterial prostheses were produced'in two

djfferent ways. in the case of tube I'lo. l, a l5 cm 'long a'ium'inum sleeve

was cut jnto two half sectjons such that r^rhen fastened together the

sections would fit t'ightìy over the elastjc tube, jmmobì1ìzìng the

sectjon where it had been placed, (see Fig. III.4(b)), and for tube No. 2

a 25 cm ìong sectjon was repìaced by a 2.54 cm I.D. tube of Jayf1.* R

The reason for usi ng the Jayfl ex tube r¡ras that j ts modul us of el asti ci ty
2

when workìng in the physìological pressure range was 
.l65 Kg/cm-, that js

l2 times hjgher than that of the neoprene compound, therefore Jayflex

could be considered as unexLensible relatjve to the neoprene. The

round Jayflex was also possible to convert jnto elììptic tubes in order

to repìace the round rìgìd jnsertion by the e.ll'iptic one. in response

to the pressure the ellìptìc insertjon wou'ld approach a cjrcle, allowing

greater flow cross-sectjon, thus reducìng the pressure peak. The

elliptìc jnsertjon pìaced jn the elastjc tube is sholn ìn Fì9. III.5.

Tlre process for producing the e1ìiptìc tube consisted of manufacturing

a nrandrel nrade of Teflon e'lliptic sectìons, see Fì9. B.l of Appendix B.

The perìmeter of the mandrel was the same as the'interior perìmeter of

the round tube. The round tube of Jayf'ìex was then forced to fit
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over the mandrel and the assembly was placed in a furnace at 135"C for

30 m'inutes, to remove the i nternal stresses of the Jayf 'lex' The

reason for using Teflon for the mandrel WaS that ìt was easy t0

machìne and the Jayflex would not st'ick to it'

Electronjc equ'ipment was necessäry for detecting, measuring

and storjng or recording the values of the pressure waves generated'in

the apparatus. Measurement of pressure Waves was performed with 2

pressure transducers of the stra'in-gage type. Pressure transducers

were placed at 0.3, 0.5, I and 1.5 m from the purllp: depending on the

exper-iment to be performed. A picture of one transducer and how ìt was

connected to the majn tube is shown ìn Fig. III.4 and the characterjstics

of the transducer are given in Table C.l of Appendix C. Measurement and

storage of the s'ignals from the pressure transducers was made using an

oscilloscope and measurement and record'ing were done using an X-Y recorder'

Sìnce the signals as obtajned from the pressure transducer were of very

small amplitude, preamplifiers were used before the oscjììoscope and

X-y recorder. Characteristícs and connections of the equipment described

above are.in Table c.3 of Appendix c and Fig. 8.3 of Appendìx B' respect-

ì ve1 y.

The performances of the prosthetic heart valves differ slightly

from that of the aortic valve,'it is a prob'lem that has exjsted sjnce

the prosthetjc valves were first init'iated. However, the Biork-Sh'iley

valve .is considered as the best available and was used for all the

experiments, except for valve comparison when the Starr-Edwards valve

was also used.
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The vi scosi ty and densi ty of the mi xture of t¡rater and

glycerine as c'irculatìng fluid was sim'ilar to that of the blood' The

pecu'ìiar elastic characteristics of the artery wall and its phase

velocity for pressure waves were not vrell reproduced, but since arteries

are formed of various anisotropìc iayers with elastic characterjst'ìcs

that vary along the length of each one [6], ìt is'impossjble for a

singìe isotropjc materjal to reproduce the elastic propertìes of the

artery wal'l . 0n the other hand a tube wìth anjsotrop'ic wall

characteristjcs would be very difficult to manufacture and ana'lyse'

The modulus of elasticìty of the simulated prosthetic

insertjons was at least l0 times h'igher than that of the elastjc tube,

so the sjmulated round prosthet'ic insertìons would reproduce the effect

of inextens'ib'i'li ty produced i n the card j ovascul ar system by arterì a'l

oraffc

As a result of the design limitatjons, it js apparent that

a'ì.1 desjred specifications for the cardjovascular system sjmulatjon

could not be met. However, the blood could be simulated accurateìy'in

both density and v.iscosity, the arterial properties could be simulated

adequately over a reasonable range and the pump could sjmulate the

physìological fIow wave. The detajIs of the performance of the equ'ip-

nrent are left to Sect'ion V, Results and Discussion.
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(a)

Fig. III.2: Pjctures of the model when workìng w'ith forward

(b)
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CHAPTER IV. THEORY

When a disturbance is induced in an elastic system jt is

propagated in the form of waves. When the heart induces blood flow jn

the card'iovascular system the flow simultaneously'induces a pressure

disturbance, and both are propagated'in the form of flow waves and

pressure uraves that have a mutual relationship 1241. Furthermore, this

wave propagatìon becomes a characteristic of the cardiovascular system

and when a fore'ign material ìs ìnrplanted (such as the prosthetìc arterjal

impìant) tnis propagation characteristic is modjfìed, perhaps to the

extent of being a hazard to the host organìsm. This js contrary to

the benefjcial functions that this ìmplant is supposed to perform.

The necessary theory for anaìys'ing the pressure wave

behav'iour was that of pressure wave propagation and pressure wave

reflection in elastic tubes filled with viscous fluid. But in order to

anaìyse the data obtajned from the pressure events jt is necessary to

know the relatjonship between the pressure and the flow events, therefore

data anaìys'is is concerned with the relation of pulsatìle pressure to

flow in elastic tubes filled with viscous fluid.
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VI.l Pressure wave propaqatjon theory

The generaì equation of the wave travellìng at fjnite

r^rhaY.ô n 'ic fho
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In the particular case of a cylindrical vessel where 'it

is assumed that the pressure is uniform across any cross-section, the

pressure (and also the flow, as jndjcated jn the next section of this

chapter) reduces to a functjon of position, z, along the vessel and

the tìme, t, therefore,the correspondìng st'mpììfication of the wave

equati on becomes:

in the presence of friction it is necessary to include
)

the danrpr'ng term (L/cî )(ap/at), where L is the internal damping coeffic'ient

of the conductjng r.¿irr. Thus the equatìon beconles:

^(ânl--Ë- =^¿ðz

I

I

?ov.
2

OL

For a tube with walls whjch have linear mechanjcal properties,

filled with a Newtonjan fluid, where I am'i nar flow is jnduced ano

^,,k-:^^+^-J +^ ^ ^.suDJecrec ro a sinusoidal djsturbance, po sin (nt), traveìììng in the

posìtìve direction of the tube z-axìs, the solution of the equation with

dampì ng becomes:
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where,since the input'is sinuso'idal, the

terrn i s zero, and where:

(rv.2)
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po = complex-pressure modulus,

n = angular velocity in radians per unit time,

a = F(L) damping constant, a physical property of the
tube-fluid conducting medjum, where L = F(o,t,h,p,
QO,ôl ,ll ,V ) ,

b = n/c.,, phase constant, a physical property of the
tubé-fluid conduct'ing medium, where c., = F(L),

y = a + ib = the propagation constant.

For the

fluid in a tube with

a, is proportional to

can be eval uated from

which is

specia'l case of an ideal invisc'id and incompressible

an idealìy e'lastic thin wall, the damping constant,

the angular velocity, and the phase constant, b,

Young's formula for the phase velocitV co [16],

wnere
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When the physical propert'ies of the wall and fluid are

not 'ideal, determìning the values of the propagation-constant or the

complex-wave-number becomes more difficult. If an elastic tube subjected

to puìsatile flow does not have the restriction of zero ax'ial dìspìace-

ment, two modes of wall motion are poss'ib1e. The first one in the radjal

direct'ion is associated with the phase velocity of pressure waves, and

the second in the longitudinal direction is associated wjth the

longìtud'inal waves in the tube wall. For the special case of an 'ideal

:---:

Modulus of elasticity of the wall,

â", - â., = thickness of the wall,LI

density of the fluidoand

tube is considered as thin walled for h/a.' < 0..l.

( rv.5 )



.incompressible fluid in a tube with an ideally eìastjc thin waìì, those

modes of vibratjon reduce, respect'iveìy, to

Young ' s formu'la co = {hE/ ( Za., oo ) }1,

and Lamb's formula c., = {E/[p(l - oZ))]\.

Therefore they are nanled Young's mode and Lamb's mode respective'ly [.l9,

361.

Klip [19] soìved for the conrplex-wave-number K = b + ja

for thick viscoelastic tubes of infinjte length and filled with a vjscous

flujd for two modes, Young's mode and Lamb's mode. He obta'ined an

exp'licìt expression for K2 that is valid for wall thicknesses up to

the size of the inner radius of the tube. His theoretical results for

K were conrpared with those obtained in a puìse generator similar to the

model used in thjs invest'igat'ion, where harmonic longìtudinal waves are

generated in the fluid which in turn transmits them to the tube urall

made of pure latex. The agreement between hjs theory and experiments

i^ ^-+:^f^^+^,^,,r> 5dLrrroLuury âS can be observed in reference [.l9]. For statìng the

differential equations for the development of his theory, Klip cons'idered

a tube of infjnite"ìength, filled with a viscous incompressible flujd

and w'ith a honrogeneous, ìsotrop'ic, vjscoelastjc (Voigt soljd) wa11,

Gravity was negìected, and the surrounding medium was taken to be a gas

which was exertìng a constant pressure but where density and vìscosìty

could be negìected, thus the complex'ity of the equatìons rdas reduced.

Cons'iderations were limited to harmonic lonq'itud'inal vibrations about

an eaui I i bri um state.
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V(r, z, t)=VrirrVri, (IV'6)

Where (ir);;J (ir) are the unit vectors aiong the radial

and axial axis respectively.

Klip solved linearized differential equatìons for the wall and

the fluid behav'iour. 0nly the solutions of interest for this investigation

are given herei i.ê., those of the conrplex-wave-number for Young's Flode.

For Young's mode' general case:

From the disPlacement vector V:

where * - 
(lu-- Io) p 

+ Io Iu (. * r + o) + t(r - 2 loo)
po

L̂t

rz = - 
te-':- l--\- - *: l,(l+iy')Eltu-'o '' l

and

Jõ

where to =W= r,

r,r' = Io (l + o) ,. - #, il + t(l - o)1,

(l - i) x' Jo [(l - i) x']
Iu = t

o = Po'isson's ratio,

J ( ) = Bessel functìon of the zero order,
o

J.r ( ) = Bessel funct'ion of the first order,

2 a,/a,
r = , i constant that relates inner and outer' a2/a1 - a1/42

radius of the tube,

(rv.7)
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\,x' = â. (o n/2v)', non-d'imensional constant that relates| '' o

some propertjes of tube and fluid.
I is tabulated in Klip |9J for values of x' ranging

0

from 0.1 to ll0.

nu' tra
^,1 - 

v I

Y --, t
\

Al so

where

Equatì on IV. 7 was used i n th j s .i

the damping constant, a, for tube No. l. The

necessary for evaluat'ing the relation between

waves (Reflection Factor). Thìs procedure js

iV.6 of Section iV.B.0 Experjmental Procedure.

u,VI viscous constant of

E/12 (l + o)l Lame's

It'is t¡rell knovln that discontinuities in an elastic me'ium

subjected to vjbratjons will produce wave reflectjons [3s]. if the

medium is an elastic tube filled with viscous fluid where there are

waves travellìng upstream and downstream as in the case of wave reflectjon,

the resultant pressure is the add'itjon of both waves

the ural I material (Voìgt sol jd),

el asti cr'ty parameter.

IU .2 Pressure wave refl ecti on

nvestjgat'ion for caìculat'ing

damping constant value was

i nc'ident and ref I ected

descri hcd ì n Fi n5. IV.5 and

where p., i s the modul us of the

reflected wave. The sign (-)

ì ì ng i n the posì ti ve dj recti on

means that the wave is travell

p = pl .ìnt - rz + pzuìnt + Yz

incident wave and p2 the modulus

ìn (int - yz) means that the wave

of the axi a l ax'is and (+ ) j n (j nt

ing in the negative direction. If

(rv.B)

of the

i s travel -

+ yz)

'in thi s



tube there is an inextens'ible insertion of

wave travel s i n the posì t'ive d'i recti on of

harmonic component of the reflect'ion will

rv.r):

length Az and the jncjdent

the z axis, the nature of the

be as follows (refer to Fig.

I

^ oint
'l

. oìntrn "T
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Fl'g. IV: I Inextensi bl e j nserti on of 'length Az i n an
elastic tube. See text for explanat'ion.

The incjdent wave i5 (pr elnt - Yz) 
-and the reflected

. / int + ^'-
u¡ave is (pn e"'" "). Since the phase veloc'ity ìn an elastic tube

.+

is known to be small compared with that of the inextens'ible tube [14]'

and for inextensible jnsertions wh'ich are short compared to the wave;

length,'it can be assumed that there is not any phase djfference of the

pressure wave within the inextensible sectìon, on]y an amplìtude drop

due to vjscous losses (see Fjg. IV.4). Therefore the pressure in the

upstream end js (pr ujnt), and the pressure in the downstream end'is

e-l ---Þ'{-p"
I ^ ^intlpe E ^ ^int - yz

" t? -

lo, .t 
nt

t-
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'i n'f(p, e"'"¡. For continuity of pressure,

/n oint - 1z¡ ârrr,3 - , -.1d (pl * P4 P2), and

iho rinid t¡rho'u,¡ç ¡,J¡v

The relation between the reflected and 'incident wave is

the Reflectjon Factor (Va/V1) and is solved by consideration of the

continuíty of pressure and continuìty of flow withjn the rìgìd section.

The development of this relation is'in the Sectjons IV.5.0 Relatjon of

Pulsati le Flow to Pressure and; IV.6.0 The Movement of the Fluid.

Flow at the end
of Secti on I

the transmitted wave must be

for contj nui ty of fl ow wì thi n

_ Flow within- Sect'ion 2

When a source of waves js actìve continuousìy'in a vessel

of a fìnjte length, superposjtion of reflected waves makes the defjnjtion

of the fundamental wave Very complicated, Since the variables are

several, such as reflection factors reflection phase and multìple

ref I ect'ions. In such a case j t i s more conven'ient to make the analysì s

jn tenrs of bursts of high frequency sinusoidal waves, such as trajns of

three to five cycles wjth a frequency of l0 to 25 Hz. These short

trains of vuaves and their reflections are easy to identjfy with pressure

transducers appropriately located along the vessel because the short

train of incident waves is isolated in time froni the reflected waves.

Fjg. iV.2 shows the arrangement of the apparatus for performing the

experiment described above.

Fnr^r ¡f lho honinr--r,,,nl ng
of Section 3

4l

IV.3 Short tra'ins of waves
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The principle of the short train of waves could also be

used for f i ndi ng the expert'mental va I ue of the damp'i ng constant f or

the elastjc tubes. From the equation of the damped wave it can be

shown that the modulus of the pressure wave measured on the downstream

transducer, pc, with respect to the nrodulus measured in the upstream
L

transducer, P,, ' 'l -a^zl fhr¡c thc daqlpjng constant a may. l. lS (P2 = P1 ê 7r urruJ Lrrç uur

be expressed as:

. D-a=L¡¡-L-
^L P2

cy'lì nder

v'ibrati on
exci ter Pi ston

__l__l

Di rectì on of \^/ave

-+*'

transdu cer

az
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Diagram of the apparatus
short tra'ins of waves.

0pe

t ra ns ducer

-.\lv v

Þ

set-up for detectìng

",4-:íi 'ii ';; -
- " 

't" 
,,,# "ll" -"--

\\ 
L', r' ,,, .j: ._

\.- l* "-
\-,,.'iÍ,-., ,' ' 1..r .'t 

.,.__,-



o

OJ

=J

OJ

-t-)
rU

)
OJ

É.

Age Group

/t"20 - 24

(ó
{J
t-
rõ

q-

+)

OJ

E

OJ
o_

CJ
E
=
o

Pressure above atnospherìc mm Hg.

Relative volumes of aortas in five
age groups, as a function of
appì ied pressure. The curves
are obtajned from experímental
da ta by A. L . K'i ng.

100

29-
36-
47-

3l

42

52

43

71-78

200

Fig. IV.3: curves of aortic elasticìty (Reprocluced from tl4l).

However' even if the problem of the cross-sectjon djstention
is soìved, the prob.rem of change of contjnuity of the erastjc tu¡e as a

source of reflection pers'ists, and for makìng an appropriate anaìysìs of
caragannr's' proposaì, appropriate shell theory and pulsat.ile flovr_

pressure relationship in elliptic tubes must be developed. initial
experinlents with elliptìc rìgìcl insertions \^/ere performed as part of
this investjgatìon.
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A solutjon for dimìnìsh'ing the effect of inextensible

'insertjons has been suggested by A. Caragannìs [9]. It is the use of

an inextensjble thjn-wal led flexjble 'insertjon of eì lìptic cross-

section. l..Jhen a vessel of thjs nature'is subjected to internaì pressure,

'its eccentricity decreases; thus, the el ìipse approaches a circle and

small changes of eccentricity produce 'large changes 'in area. Hjs design

crjterjon was to provìcle an eì'l'ipse that would deform w'ith pressure

changes jn such a fashìon that the cross-section area would be the

sanre as that of the circular and elastic aorta under the same pressure.

The elìÍptic vessel should become círcular at the maximum expected

pressure of 200 mm Hg.

S'ince elastjcìty of the arteries changes with the age of

the person, Caragannis suggested that thìs variable could be solved

using the curves obtained by King and Halloc and Benson [.l4], relating

changes in pressure to changes in cross-section for the aorta of djfferent

age groups. See Fì g. IV.3.

IV. 4 Elljptic insertíon
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As stated at the begìnning of this chapter, for anaìysing

the data obtained from the pressure events, it is necessary to know the

relation of puìsatile pressure to puìsatìle flow in elastic tubes

filled wjth viscous fluid. This is main]y to allow the solut'ion of

Equation IV.9 whìch ìs required for anaìysing the data regarding pressure

wave reflections and for finding the value of the Reflection Factor.

Pulsatile flow is analysed as a phenomenon of continuum

phys'ics, so the corresponding mathematjcal approach is used, with the

necessary símpìifications to obtaìn linear solutjons [3,4, ?4,32,33,

34, 35]. Womersìey's solution [3, 4, 24,32f for thin-v¡alled tubes is

used for most of the analyses. For Womersley's solutjons the assumptions

are as fol I ows:

.\.i ) The flor,r is laminar.

'ii ) The fluid js ìncompressjble and has constant vjscosity.

IV. 5 Relation of pulsatile flow to Dressure

45

Under such conditions the Navier-Stokes equations in cylindrical co-

ordinates are simpf ifìed to: [3, 4]
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where:

ô-o

W

u

u

r

z

density of the fluid,

fluid velocity in the axjal direction,

fluid velocity ìn the radial direction,

dynamic coeffic'ient of vjscosity of the fluid,

radial coordinate,

axjal coordjnate,

and the contjnu'ity equation becomes:

For the motion of the wall, it js assumed that:

iii) The axial and radial walì dispìacements 6 and g are

considered small.

iv) The tube wall material is considered to be an

ìsotrop'ic and homogeneous solid, whose mechanical

properties are linear.

v) Wall viscosity ìs not taken 'into account.

vi) The tube js considered a thin shell; i.e., h/a., < 0.1.

Incorporating the above assumptions and includ'ing the viscous

drag at the flujd-wal'l boundary, the equatìons of motjon for an element

ìn the wall become: [33]

ãuu
--È 

-Târr
äw;-= U
dz

46

oÇ----^-

^+-OL

o,
:3ov

(rv.r3)

o,o
=--

p

= p _B
hp p

^ Dur
"1 azty

toðÇ\4ã7

,B
=l p

2',
a1

¡

to c\--i
ÖL

, o Dtr
f 

-:-,al ðz'
I TV 'l ¿'r

/ T\, 1Ã\



where: Ç

V

o'

p

inner wal I displacement

inner wall displacement
T

relation of the
l-o
kinematic coefficient of

Poisson's rat'io,

densjty of wall material

Further assuminq that:

vji ) Sìnce we deal w'ith motion where the terms u/c, w/c and

na,/c are small, and where u/w will be of the order of

na.,/c, the non-linear terms are of the order l/c and we

can neglect the inertia terms for the fjrst approximation.

The phenomenon'is periodic so the functions can be expressed in terms of

their respective Fourier components. Fourjer ana'lysis has proved to be

a valuable technjque for analysìng periodic functions, therefore it was

in the axial directìon,

in the radial djrection,

elastic constants,

viscosìty,

used for analys'is of the pressure waves.
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Before conti nui ng, i t 'is conven'ient to

for the damped wave (Equation IV.4) in some d'ifferent

to the foregoìng analysis.
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the dimensionless constants
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expressions lead to the equaì ìty

int-yz=1n(t-f).
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Therefore pressure, fluid velocity components and wall disp'lacement

components can be expressed as:

. t, Zt
p = pl .tntt - ;/

7,
, = ul eln(t - ;J

. t. Zt
w = w- "tn1c 

- ¡/"l " v

. ,, Zt
E = Dl .tntt - ./

7

Ç=F ^.in(t_i)eÈl

Where P.,, ul, *1, Dl and El are each the modulus of the respective

complex variable.

As wel I as the assumptions of an 'isotropic th'in-wal I ed

vessel, the following additional assumptions for the wall are necessary

for the solution of the differential equations:

4B

vi'ii ) E, E and the j r derj vati ves are smal I .

ix) the tube is cyl'indrical , unjform and inf in'ite1y

ì ong.

x) lne density of the wall is very close to that

of the fluid.

With the cond'itions and assumptions i) and x), Equations IV.ll to
iV.l5 are made simultaneous and linearized. The root, R, of these

equations becomes: (for detaiìed procedure see [32] and [33]).

R=G* (rv.r6)
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where (Z) represents (o) in this case. Therefore for in (l - Ml0.t tio)
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Tables for lnlo (Z), 0o (Z)'Mi (Z) and 0., (7) have already

been tabulated by McLachlan [25].

For a faster solution of (F-'n) the second expression
I i at , 

tu, 
t(l - M.^ e' '10) is recommended since 14.^/a1 and E,^ have been tabulated. IU IU ¡U

by lalomersley [32] for values of s < 10. For values of s > l0 the

followjng simple asymptotic expansions can be used:
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The equat'ìon for the osc'il'latory velocjty of the flujd in

the axjal direction, w, becomes,

IV. 6 The movement of the fluid

where

pr f. Jo G ¡3/2y)
* = t. 1l + rì ---Po" 

I ,. G¡3/2)

y = r/ã,,
2 1-Zon = xlFr o-:? o )- ñ -=z o

l^/ ì C'

KY=-.,2
t-o

I

l=

5l

By ìntegrat'ion,

in (t - z/c)

where:

n

w=Ë{t+nFto}
Yn-

tio=lt+nF,6l

the average axìa1

Values for N.,O and f 
r'O 

frave been tabulated by t^Iomersley [36].

For solv'ing the middle term of Equat-ion IV.9, a specific

theory was also developed by Womersley [32] in order to find the relatjon

of pulsat'ile flow jn a rìgid tube urhen the pressure gradient is known.

Th js solution ìs s'imp'le since the movements of the tube wal I are

(rv.lB)
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considered to be zero.

Considering the pressure at the upstream and downsrream

ends of the jnextensible section (Fig. IV.r) as p2 eìnt und p..ìnt
respectìveìy, the sinusoidar pressure gradi.nt .un be expresrJo uy

Therefore the po.iseuj l1e equation appì.ied

flow can be expressed as:

\'lg ulnt = o' .ì nt

the so.ìuti on for the

^2dW

-dr
,lâw lâw A=--er Ar v ât U -
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and the average axial veìocìty

n' 2A a, r .

l^/- | " I

U0*

vel oci ty i n the axi a I dj recti on becomes :

. J^ (a y i3/2¡ .i -+(l - ,u 
"uro ' )elntuo (o i'lt)

I

-
ln

v

int

At thìs point it'is necessary to make a close observation

of the equatìons of the fluid movement'in the elastic and'inextens-ibr,e

sectìons, Equat'ions IV.l9 and IV.23. In the case of the elastic tube,

Equatìon IV.l9, the velocìty'is a functjon of tjme, radial posjtjon and

also axial position, therefore at a given instant the velocity profì'les

to pulsati le

(rv.20)

tñ
(nt + E.,,..,) - P2 - P3 

^,'rv iz q '''to

(rv.2r )

(ru .22)

I
e

(nt + f,O)
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are d'ifferent along the vessel . Regarding the flow 'in the inextens jble

sectjon the conditions under whjch Equatjon IV.23 was formulated

yielded a velocity profile that is a function of time and radial

positìon only but at a given jnstant the profìle is the same all a'long

the inextensìble tube; i.e., the phase velocity tends to be'infinjte.

Thjs can be considered as a good approxjnlation for short inextens'ible

sectjons since jn current experiments it was observed that phase velocit'ies

in elastic tubes were 4 - 6% of that of the velocities'in inextensible

tubes. l,Jhat was prevìousìy expìained can be visualízed better with the

help of Fig. IV.4. Equation lV.9 can now be solved.
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In this case

pressure waves are Present,
;

travel'lìng, jn the Posìtìve
in(+ + z/e\(p, e"'\' ' Ltv, traveì1ing

I

the pressure, P, becomes:

in (t
P = Pl e

IV .6. I Fi rst term of equati on IV.9

the flow is in an elastic section and two

the 'incìdent wave (pl .jn (t - z/c),

direct'ion of z and the ref I ected wave

in the negative direction of z, therefore

S'ince linearity has been assumed, the flow effects of the

retrograde wave are simpìy added to the forward flow wave. Therefore

the average flow, w, in the left elastjc section of the tube shown

ì n Fi g. IV. I becomes:

- z/c) * ^ oin (t + z/c)
' YA "

a

pt

Po'

Pr e

(1* n F \ oin" '.l0,

-l zla i z/¡-Llv LIv
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T

(t - z¡c) *

oo'

therefore:

IV.6.2 Second term of equation IV.9

n
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In this case the flow is
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ref I ec t'i on .

IV.6.3 Third term of equation IV.9

Here the flow is in an elastic section without v¡ave

Since the tubes are of the same interior diameter (2.5 cm),

the value of a is the same for the three sections, and sjnce the phase

velocity in the rigìd section is very h'igh compared to that'in the

elastic tube, the flow wave does not suffer appreciable change in phase

within the rig'id section (see Fig. IV.6), therefore for the flow events

it can be considered that âw/âz = 0 within the inextens'ible section.

Subs ti tuti ng Equati ons IV .25, IV. 26 and IU .27 'i n Equati on

IV.9 and for z = 0:

W=
p3

ooc
."" jE:'^ inlt-z/c)M"^ ê' '10 e"' \

IU

a-

H *ïo .t'io = :å# r,o .t'io

Since for continu'ity of pressure pl * p4 = pz

and incident wave (VO/V,) becomes:

(ru.27)

Equation IV.29 solves for the pressure wave reflection factor

pn/p-, when an inextensible insertion of length Az is placed in a thin-
al
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walled elastic tube of infinite length, filled with viscous fluid, when

the inner radius of insertion and tube are the same and when the constant

cx = a1 lnN and the complex wave velocity c = col(X - i Y) are known.

The development of a theory for wave reflection at

inextensible'insertions in elast'ic tubes'is a very comp'licated task since

the phenomenon'is not well known, the variables are numerous and linear-
'ization of equatìons could i nduce dev'iations of the results. The

above described theory was the on'ly one available and was compared with

the experímental results in order to know whether the already available

theory urould be satisfactory or further development would be necessary.

Comparìson of such results is done 'in the corresponding Chapter V Section:

Resul ts and Dì scussi on

Comparison of the hydrodynarn'ic efficìency of the Starr-

Edwards and Bjork-Shjley prosthetjc heart valves js obtained by measur-

ing the pressure energy'lost by the stroke volume of fluid when passing

through the valves in one systole. The valve that yìe1ds the lowêF,¡.

losses is obv'iously the most effjcient.

Since the pump and elastic tube are horizontal and closed

ducts, the total energy, Hl, of a stroke volume in the tube upstream

the valve can be expressed in terms of the Bernoulli's equatìon
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IV.7 Valve comparison
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and the total energy, HZ, of the stroke volume

the valve is

where w., and w, are the mean velocitjes of the fluid jn the upstream

and downstream tubes respect'iveiy, þ., and F, are the mean pressures of

the fluid in the upstream and downstream tubes respectiveìy and, m, js

the mass of the stroke volume.

Therefore the expression for the lost energy jn the valves,

Hi _ Z, becomes:

-2w)
Hr=fnt+

;Va,¿
;'o

m)

in the tube downstream,

thus the lost energy ìn each

be cornpared and the results
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H., . = H. - H. )t-¿ | ¿

From the objectives for this jnvestigation as stated in

the ì'ntroduct'ion and the nature of the phenomena to be investigated as

descrjbed in the development of the equ'ipment and the development of the

theory, ìt can be seen that the investigat'ion consìsts of several distinct

experìments designed to gÍve particular jnformation on the experjnlental

system characteristjcs and the flow characterjstics wl'thin the system.

The nleasurenlent of the pressure wave reflectjon characteristjcs and the

performance of the tube simulating the artery required an experìment to

neasure the reflection of short trains of waves as well as experiments

I V . B Expe ri menta ì proc edu re

( rv.3l )

valve, Starr-Edwards and Bjork-Shiley can

be related to their hydrodynamjc effjcìency.

\ LU .5¿ )



to measure wave reflections w'ith forward flow. The determination of

prosthetìc valve performance required the measurement of the pressure

wave in the elastic tube at specìfic locations relative to the valve.

And the determination of arterial implant behavjour related to the pressure

wave Feflections with forward flou/ requìred the measurement of the pressure

wave at specific locations relative to the sinlulated arterjal prosthesis.

lhe fo.ìlowing sectìon describes the experinlental procedures in nlore detail .

Physíoìogìca1 flow was induced ìn the apparatus wjth the

canr drivìng the pump piston and wjth the elastic tube No. 2, as shown

ìn Fig. III.I but without an inextensib'le jnsertion. Forward flow .l

experinlents were not perforned in tube No. I because the cam was designed

for flow in the ascending aorta and diameter of tube No. I was too small

for such flow. The velocìty of the varjabìe speed motor was calibrated

with a stop watch and three different flow frequencies were obta'ined in

the pump, 0.83, 1.2 and I .5 llz (50, 72 and 90 beats/minute), 'in order

to have data related to the three states of the heart beat, bradycardìa,

nornral at rest and tachycardia. The pressure wave was measured 1.5 m

downstream from the valve and recorded on the X-Y recorder. The pressure

wave obtajned under these circumstances was consjdered as the "normal",

see Fìgs. V.l, V.2 and V.3. It was expected that the reciprocating

pump, due to its rigid'ity and geometry could be a source of wave

reflection as well as the discharge end of the elastic tube, therefore

the convenient position for placing the jnextensjble insertions to be

IV . B . I Wave refl ecti on wi th forward fl ow

f,ö



tested was near the midvray of the 4 m long elastic tube so the reflected

waves from pump and discharge end would be minized by damping before

reachjng the inextensible insertion. It is known that the hìgh

frequency waves are more affected by danrping [3] therefore, when jt was

desjred to detect the reflected waves from a rigid insertion, it was

consjdered convenient to place the pressure transducers l0 cm upstream

of the inextensl'ble insertion.

For the next experjment, the round rìgid insertjon of Jay-

flex was piaced in the system by overìapjng the elastic tube on the

rìgid jnsertion and securing ìt vlith rubber bands, see Fìg. III.I and

III.5. Their upstream end v¡as located .l.6 
m from the valve. Flow was

'induced for the three frequenc'ies specified above, and the pressure waves

that were produced were also recorded on the X-Y recorder and compared

with the "normal " wave. A simjlar procedure was followed usìng the

eì ìiptìc Jayflex jnsert. See Fìgs. V.l, V.2, and V.3.
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The prìncip'le of short trains of waves can be used when jt

is desired to measure the relation between an incident and a reflected

wave (the Reflect'ion Factor) due to a discontìnuÍty jn the e'ìastic tube,

in thjs case at an insert'ion. Fig. iv.5 r'llustrates the case of the

pressure wave which travels downstream jn an elastic tube, passes a

pressure transducer where it is measured, contìnues travelììng and a

partìa'l reflectjon (with a phase shift of lB0') ìs generated at an

inextensible insertion. The reflected wave travels uostream and is

nreasured as jt passes the pressure transducer.

IV.B.2 Reflection of short trains of waves
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Transducer s'ite

Fig. IV.5: D'iagram of the inc'ident r^rave and the reflected
WAVE.
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Fig. IV.6 is a diagram of the arrangement of the apparatus

for generat'ing and nleasuring ampi'itudes of íncident and reflected waves

without jnterference of wave superposition using the principle of the

short train of waves and when the damping constant is known. A short

train of waves is generated in the pump and travels downstream. If the

value of its amplítude at the transducer site ir t po, it is attenuated

by the time ìt gets to the reflectjon site to an amprjtude of z p, =

-À A7t Po. Also, if the amplítude of the reflected wave at the trans-

ducer s'ite is 2 p5 it has been attenuated during its travel from the

reflection site where ìts amplitude was 2 p4= 2 pS.uot. Therefore the

Reflection site



Reflection Factor is:

I^jhen physiological flow js induced, the pressure wave is

formed by many wave components of d.ifferent frequencìes, ampl'itudes

and phases, as observed in the Fourier analys'is. Therefore jt is a very

compficated task to try to'identify the origín and magnìtude of the

reflected waves. usìng the techn'ique of the short rrajns of waves

descrjbed jn sect'ion IV.3.0, it was poss'ible to determjne, at leasr,

approximately, the values of the reflection factor at rigid insertjons.

The pump pìston was coupled to the electro-magnet.ic

excjtor, as shown ìn F'ig. III.3, to produce sjnusoidal flow waves that

would jnduce sinusoidal pressure waves in the elastic tube. The test
sìgnals had to be of hjgh enough frequency so that they could not overlap

each other and at the same time the frequencies should be as close as

possi bl e to the physi o'logi cal f requenc'ies. under such experimental

criteria 'it was chosen to test with 10, .l5, 
20 and zs Hz. These tests

would yìeìd a curve with 4 points and such a curve could be extra-

polated to the physìoìogica'l frequency; i.e. , 0.8 to 6 Hz. Tube No. I

was tested first. The first step was to measure the phase veìocity,
placing 2 pressure transducers jn the tube separated by a z m sectjon.

A short train of waves was produced and the response recorded on the

storage oscilìoscope. Knowing the distance and the tjme delay for the

sìgnal to travel from one pressure transducer to the other, the phase

nY/lT-

"l, .l
¡

p-

p ^2 a\z
g

OI

(rv.ss)



velocity was deduced. Afterwards the alumjnum inextensjble insertion

and pressure transducer were placed at 2.5 and 1.0 m from the pump

respectìvely. l,Jith this spacing the ìncident and reflected waves were

clearìy separated when stored jn the osc'iìloscope. Refer to Figs. III.3

and IV.6.

Vi bra ti on
exci ter

ton c I inder
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m/s. Dimensions in meters.
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Amplitude of the generated waves was adjusted until a

clear signaì was obtained and trains of three sinusoidal waves were

produced at -]0, 15, 20 and 25 Hz. The resultant jncident and

reflected waves were stored in the osc'il'loscope and photographed for

measuring the corresponding amplitudes.

using Klip's theory, tquation IV.7, the dampìng constant

for the tube-fluid system was evaluated. Once the values of the damp-

ing constant and amplitudes of the incident and reflected waves at the

transducer s'ite were known, the Reflection Factor was calculated usìng

Equation IV.33. These experìmental values for the Reflection Factor

rdere compared wi th the theoreti cal val ues obtained us'ing l'lomersl ey's

theory, Equation IV.29. A similar experiment was set up for tube No' 2

(l'leoprene conrpound) but it was not poss'ible to detect clear reflected

waves. It y¡as supposed that the reflected waves of such frequencies

were so considerabìy damped by the neoprene compound that after

travelling 1 m upstream they had almost totally diss'ipated-

bJ

comparison of the hydrodynamic effjciency and pulse

pressure waves produced by the Starr-Edwards and the Bjork-Shìiey

prosthet-ic heart valves was performed 'in order to determjne the

differences that could be of negative effect for the user. Pressure

neasurements t^lere taken sjmultaneously upstream and downstream of the

valves jn order to evaluate the pressure energy losses jn the flujd

duning systole. Fourier anaìysjs of the resulting pressure waVes

IV.8.3 Valve comparj son



was employed to determine the effects of the components on each side of
the val ves.

S'ince

in the pump body, a

was connected as an

pressure transducer

to the elastic tube.

it was not possibre to connect a pressur. trunroú..,^

40 cm long rigid tube of 2.5 cm of insíde diameter

extension of the pump, as shown in Fig. IV.7. One

was connected to the pump extension and the other

Pump

ma de
t ube

extens i on
of rigid
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0.3

Pres s u re

Fig. IV.7: Test for valve
nieters.

tra ns ducer

0.025

0.1 0.1

Both varves were tested with forward flow induced by the
pump at 72 beats/minute. Readings of the pressure waves as obtained in
the pressure transducers were recorded using the x-y recorder and are

shown in Fig. u.4. pressure energy rosses þiere carcurated usinq

Valve

efficfency. Dimension in

El asti c
tube

Pres su re
transducer



Equat'ion IV. 32 and the Fouri er ana lysi s

pressure wave. Fr'nalìy, comparison of

pressure wave components for each valve

such results are made in Chapter V.

t^las also obtained for each

the hydrodynam'ic eff i cì ency and

were performed. Comments on

65



CHAPTER V

The objectives stated in the Introduction regardìng the

study of negative hydrodynamic effects of the arterial grafts with the

possìble solution of the eì'liptìc insertjon, and the comparison of

prosthet'ic heart valves to determ'ine what hydrodynamjc characterist'ics

of the va'lve that could be heìpfuì or harmful for the host organism have

been ana'lysed. A model of circulatjon t^tas bujlt for in-vitro expeniment-

ìng wìth the prosthes'is, and the available theory for analysìng the

phenomena has been studied. Results of the experiments that were performed

based on the ava'i'iable theory are.included'in this sectjon. The

useful ness and rel j abi f i ty of such theoreti cal and experjmenta l resul ts

is also discussed.

RTSULTS AND DISCUSSION
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The function of the variable speed motor was satisfactory.

Tr nannnrlrrnorl rhg desjred speed when the control dial was set to therrLu JY\'uu 
ri; I

caljbrated posjtions. The speed reduct'ion of l6:l between motor and cam

pìus the flywheeì jn the transmission were sufficjent to avoid jerk.

Therefore even though the load on the cam had sudden variatjons, the

rotation of the canl was uniform. The rubber bands provided constant

contact between follower and cam for many hours of work. t^lhen the rubber

band had fatìgued and allowed djscontinuity of contact,'it was jmmediateiy

made apparent by a hantmeri ng sound on the cam. Ilew bands were then

installed. Cam wear was hardly detectable even in the areas of maximum

V. j Apparatus

V.l.l S jnrulated heart s.ystenr



pressure.

Pump function was also satisfactory. The p'iston dynarnic

sea I i ng provì ded zero I eakage and reduced p'iston-cy'l i nder fr'ìcti on. The

Teflon bearing for the piston rod also produced low frictjon and the

result was a smooth movement of the piston.

The flow pattern achjeved in the

the phys'iologicaì, but 'it was only possìbìe

bea ts/nri nu te 'i ns tead of the ma x j mum des ì red ,

jn Table iIl. I because the cam would produce

100 beats/nrìnute.

The artificial heart valves used for the pump outlet lvere the

ideal parts for the experimental purposes, because they have been

specìfjcaliy designed to work'intermjttently. l,^lhen fjrst experimenting

it u¡as thought that the pump ìnlet valve should also be a prosthetic va'lve,

but after testing with the ordinary one-vray poppet valve,'it proved oo

have very short closjng and opening delays ('in the same range as the

prosthetic valves) and since the'inlet flow was not the object of investi-

gat'ion, the poppet valve was considered suffjcient.
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apparatus Was

to obta'in frequenc j es of I 00

specìfied as 200 beats/mìnute

exaggerated v'ibration beyond

l^Jorking with the elastic tube lJo. I (pure latex) was very

conven'ient because the viscoelastic propertìes of the latex are well known.

Unfortunately ìt was not possible to obtain latex tubes'in the diameter

required for tube No. 2. The neoprene compound tube was used as tube No. 2

but the vjscoelast'ic propertìes of the wall were not known. It r^ras there-

simi lar to

U.1.2 Simulated aorta



fore not possìble to fuììy understand lvhy hìgh frequency wave reflections

from the rigìd jnsertion were not detected at 1.5 m upstream from the

reflectjon site. Due to lack of space, the horizonta'l length of both

tubes had to be 4 m which was not ìong enough to compìeteìy damp the

unwanted reflected waves from the pump and d'ischarge end at the mjddle

length of the tube.

Thus when experimenting w'ith the elastic tubes, wave reflection

from pump and dìscharge end were present jn all sections of the tubes,

therefore the condition of no wave reflection r,las not satisfied and the

analysis of the flow-pressure events became very complicated. Under the

condit'ions above described the resultant pressure wave wìth physiologíca1

flow, as measured 1.5 m downstream the valve in tube No. z and for the

frequencies 52, 72 and 90 beats/mjnute is shown ìn F'igs. v.l, v.2 and v.3.

Comparison may be made with the physioìog'ical pressure wave at 72 beats/

minute sholn in Fì9. II.3. The detailed characterjstics of the two tubes

used to simu'late the aorta are qiven in Table V.l.
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Inside radjus, âl

0utside radjus, a2

Thickness, h

Length, .Q.

I^/all densìty, p

Y' = n uvi/us

Lanle's elastjcìty parameters

us = E/{2 (l + o)}

Àr=Eo/{(l+o)(l-Zo)}
where n = angular veloc-ity

t = modulus of elasticíty

o = Poisson's ratio..,

Phase vel ocì ty, .l ,

when filled with a mixture
of water and giyce4ine of
dens i ty I . 05 grlcmr and
v'iscosìty 3.8 Cp at ZZ"C. ,,

Modu'lus of elasticìty, E,'in the physioìogìca1
pressure range.

No. I Pure Latex

0.635 cm

0.875 cm

0.24 cm

4m
â

0.92 gr/cm"

-ñÂ1- U.UL

I'lo. 2 Neoprehe Compound

l.l2 cm

l.2Z cn

0. l0 cm

4m

0.90 grlcm3

ov

5.5

124 u
J

,^6 2
I u oyn/cm

I 400 cnls

Table V.l: Phys'icai propertìes of

16 - 17 Kg/cn?

1500 cnrls

ll - 14 Kg/cm?

the el asti c tubes.



The jnextens'ible inserts disp'layed the behaviour expected of

them. The aluminum sleeve for tube No. I did not give any probìems. The

round Jayflex insert'ion for tube No. ? did not present appreciable

d'istension when forward flow was induced, therefore jt behaved as rigíd.

The el'lìptic Jayflex insertion showed a clear change in eccentric'ity

durìng systole, increasjng ìts cross-section area and thus allowing larger

flow area. Deformation of the major and minor axis of the e1ìiptìc in-

sert'ion when subiected to stat'ic pressure js shown in Fig. 8.8 of Appendix

n

The elevated tank prov'ided a reliable hydrostatic pressure

in the tubes, equivalent to the diastolíc aortic pressure. Since the

tank altjtude was variable,'it also worked as a reference for calibrating

pressure transducers and electronic equ'ipment.
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The performance of the pressure transducers was satisfactory,

but their pressure range,0 - 3.5 Kg/cmz,,nu, rather large compared with

the working range ì - 1.27 Kg/cm?, therefore the output signal variatìon

range was quite small and the output requ'ired amplification to match the

X-Y recorder and osci l'l oscope sensi ti vi ti es. Al so the X-Y recorder and

oscil'loscope picked up noise when work'ing at their maximum sensitivitíes

therefore, in order to obtain satisfactory performance a preamplifier

w'ith nojse fiItering was necessary. The vibration exciter proved to be

a good device to produce short trains of pressure waves in the elastic

tubes for frequencies between l0 and 25 Hz. The pressure I¡Javes injtiated

by the excjter, caìled waves,were distorted to some extent' See Figs' B'10

V.1.3 Electronic equipment



and B.ll. The lack of uniformity in the pressure waves produced by the

exciter was due to the lack of appropriate rjgidity of the frames that

supported the exciter and the pump.

U.2 Wave reflection with forvrard flow

For the reasons stated in Section IV.B.l, the pressure

transducer was placed .|.5 
m downstream from the valve. At this point

the diastol'ic pressure would fall below the B0 mm Hg hydrostatic pressure,

because when the piston starts its backward displacement the pressure in

the pump drops below atmospheric pressure (see Fig. V.4) but the fluid

in the elastic tube st'ill has the forward momentum transfered by the

pìston therefore there is a tendency to "empty" the elastic tube thus,

the pressure in the elastjc tube drops below the B0 mm Hg hydrostat'ic

pressure. The time-pressure curve obtained under the above described

condjt'ions is quoted as the "normal" and for the three experimental rates

50, 72 and 90 beats/m'inute js shown ìn F'igs. V.l, V.2 and V.3 where they

are a'lso compared with the curves obtained when the insertjons were

pìaced. The pressure wave peaks obtained when the inextensible insertions

were placed were 13 - 28% h'igher than the pressure peak of the "normal"

curve which was obtained without insertions.

U.2.2 Inextensible insertions

V.2. I Elastic tube wìthout insertions
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The round inextensible jnsertion proved to modify the

pressure pattern with higher systo'lic peaks than the "normal" in all

frequencies. When testing with the elliptìc insertjon the systolic



pressure peaks were between 7 and B% (based on the "normaJ" value) lower

than with the round insertion vrhen working at rz and 90 beats/minute but

it did not show significant effect at 50 beats/m'inute. The ellìptic
insertion djd not reduce the systoìic peak to the "normal,,value.

The above described quantitative effects with the elliptic
insertion agree with what was expected. In response to the pressure the

e'lliptic insert'ion approached a circular configuration allowing greater

flow cross-section that reduced the pressure peak but the discont'inuity

of material represented by the insertion material could not be overcome.

Thus the expected effect in this respect was experimentally satisfied,

but not enough theory of pulsatile flow and wave reflection'in elfiptic
tubes has been developed to make possible theoretical evaluation of the

experi men t.

Comparison of the pressure waves for the three cases, ',normal",

round insertion and eìliptic insertion, and for the three beat rates are

shown in Figs. V.l, V.2 and V.3. Table V.2 gives nunerical comparison of

systolic pressure peaks due to the insertions compared to the normal wave.
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0verpressure respect to the "normal " when the
inextensible jnsertions were placed, expressed
in percent and for the three beat rates

p"-D^
ofs = # x 100

t,B

p¡ = mâXimum pressure above diastolic with
inextensible insertions

pg = mâximum pressure above diastolic "normal"

Inserti on
Round
E'lliptic

Table V.2: Comparison of systoìic pressure peaks.

52 beats/min 72 beats/min 90 beats/min
19% 28% 21%
19% 21% 13%



In order to be able to determ.ine the'individual role of the

components of the pressure WaVeS and recognize those components that take

part-in the rise of the pressure peaks when inextensjble jnsertions are

instal led jn the elastjc tube, Fourier ana'ìys'is of the pressure waves was

oerformed for the three cases; "ngrmal", with round insert and with

elliptic insert. Each were tested at the three frequencies 52' 72 and

90 beats/minute. Values of the Fourier components for all the cases

above specìfìed in terms of the mean components' reaì parts and ìmaginary

Darts are snown in Tables C.4, C.5 and C.6 of Append'ix C' The same

components in terms of magn'itude and phase jn the complex plane are

shown ìn Figs. 8.12, B.l3 a.nd B.l4 of Append'ix B. The reconstructjon of

the pressure waves from thejr sinusoidal components oscillating on the

nean term, for the "normal" round and el1ìpt'ic insertion at 72 beats/

¡rjnute are shown jn Figs. 8.15, B.l6 and 8.17 of Appendìx B' Fronr Figs'

8.12, B.l3 and B.l4 jt'is observed that the insertjons induced changes

ì n rnagnì tude and phase. At 52 beats/mi nute the changes of rnagni tude

and phase are simjlar for both jnsertions, at 72 beats/mjnute the changes

jn phase stjl I are simi lar but the round jnsert'ion shows ìarger magn'itudes

for the first and second harmonjcs. At 90 beats/minute the phase change

due to the 'inextensible inseri;ions is more not'iceable and for the first

harmonic the nragnitudes are SnlaIIer than the "normaI" one but for the

second harnlonì c of the l^/ave, the magnì tudes for the i nextens j bl e

'ìnsertions are signìfìcantly larger than those for the "nornlal" caSe'

All the chanqes described are the result of the change of.impedence

V.J Fouri er anal is of ressure v,/aves vl'ith forward f I ow
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that the inextensjble insertions produce in the elastic tube. The

reader interested'in values of such changes ìs referred to the Figs.

8.12, B.l3 and 8.14.

From the reconstruction of the pressure waves at 72 Uåutr¡*inut.

shown in Figs. 8.15, B.l6 and 8.17, it is observed that the increase of the

pressure peaks with the insertions is mostly due to the large ampìitudes of

the first and second harmonjcs of such pressure waves. It is thus possibìe

to quantify the effects of the extensible oval insertion relative to the

inextens'ible insertions, noting that the oval insertion is 7 - 8% better

(based on the "normal" value) than the jnextens'ible insertions and that

for higher pulse rates the percentage of improvenent increases.

V. 4 Wave ref I ect'ion of short trai ns of waves

Experimental values of the reflectìon factor at rigìd'in-

sert'ions were obtained in tube No. I using the aluminum sleeve as a rìgid

insertion. Using the technique of the short trains of sinusoidal pressure

waves, the reflection factor l^/aS calculated for 4 frequenc'ies: .l0, 
15,

20 and 25 Hz and a Frequency-Reflection Factor curve, Fig. 8.9 of

Appendìx B, was obtajned. This curve may be extrapolated to the

phys'iologìca1 frequencies; i.e., 0.8 - 6 Hz as shourn jn the same Fì9. 8.9.

The pressure waves obtained were not perfectly sinusoidal

(see Fìgs. B.l0 and B.ll of Appendix B) mostìy due to lack of rigidìty of

the frames that supported the electromagnetic exciter. Another source

of pressure Wave djstortjon was the geometry of the pump. Part'icular

difficulty was faced vrhen testing with l0 Hz because generation of more
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than one wave at this frequency would produce wave superposition of
'incident and reflected waves, therefore a sing'le wave had to be produced.

However, the average of the ampl'itudes of each train of pressurê wÈ',ÊSr

as detected by the pressure transducer and stored in the oscilloscope,

was used for calculation of the reflect'ion factor at the rìgid insertion.

F'igs. B.l0 and B.ll show the shape of theìncident and reflected pressure

waves'in the elast'ic tube at the transducer site. These fìgures also show

the oscil'loscope sensjtivitÍes in mv/cm for the ampì'itudes and in ms/cm

for the sweep ve'locity. The oscil'loscope was cal ibrated with the

elevated tank to give 720 mV/100 cm HrO for the pressure values. l,Jith

the information above described, the amplitudes of the incident and

reflected waves were evaluated by direct measurement from the Figs. B.l0

and B.ll.

The damping constant, that was frequency dependent, was

evaluated using Equation IV.7,
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and the experimental values of the Reflection Factor were calculated

using Equation IV.33,

2

,,2 Po n , N N',
" (l + i y')E 'Iu - Io N '

DD'4-'5 ^?a\zññtl to

(rv.7)

(rv.33)



Table V.3 summarizes the

Factor and the information that was

described above.

Frequency

(Hz )

Damping Constant,

't
/ -l\lcm )

l0

l5

LU

25

experimental values of t

previously necessary and

-0.001 55

-0. 001 B0

-0. 0021 0

-0.00179

Amplìtude of
i nci dent
b/âVêr pg.

(cm HrO)

Table V.3: Experimental results of the Reflection Factor for
the tube No. I w'ith the I 5 cm I onq i nextens'ibl e sl eeve.

Theoretical results for the Reflection Factor VO/0, were also

calculated usìng Equation IV.29,
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Ampl ì tude of
refl ected
wave' P5.

(cm HrO)

he Reflection

has been

¿50

79

66

72

Reflection Facto
p

T

P;
I

56

2A

l5

20

The theoretical and experimental results for the Reflection

Factor jn tube flo. I are compared ìn Fig. 8.9 of Append'ix B. There ii's

an obvious disagreement between experimental and theoretical results.

Thìs dìvergence may arise from the fact that Womersley's theory was

developed for thin tubes with a relation of h/ar.0.l and tube No. I

pA
f

E
t"

- ¿l

I
\

*zc tto.t
'inAzn,"

"lo

U. JÕ

0. 43

0. 43

0. 46
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has a rel ati on h/a., = 0.38.

components of the tube wal I ,

t4l. Unfortunately no other

insertions was available.

Comparison of the hydrodynamic efficiency of the Starr-

Edwards and Bjork-Shiley prosthetic heart valves was perforned on the

basis of the comparison of the energy lost by the stroke volume during

one eject'ion period (Equation TU.32) while testing each valve separately

at a frequency of 72 beats/minute. The analysis of the Fourier components

of the pressure waves generated by each valve was also perfornred. .ìr

From the pressure waves obtained (see Figs. IV.7 and V.4) at

2 points along the tube, one l0 cm upstream the valve and the other

l0 cm downstream the val ve, graph'ica1 integration nethods y'ielded the

mean pressure difference between the 2 points during the ejection period,

Pl - PZ, for the Starr-Edwards valve.

The theory does not account for viscous

but i t seems to be of mi nor consequences

theory related to wave reflection at rigid

V.5 Prosthetic heart valves
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Pl-PZ=8910

and for the Bjork-Shiley valve,

dyn/cn¿ (6.68 mm Hg),

Pl - Pz = 4zio dyn/cmz (3.16 mm Hg).



The diameter of the elastic tube (2.24 cm), vrhen under the

physiological pressure, would become the same as that of the pump

extensjon (2.5 cm), see Fig. IV.7. Therefore the mean flujd velocity

before and after the valve, could be considered the same and Equatjon IV.32

reduces to

where S 'is the stroke volume of the

each valve during ejection was, for

Pr - Pc
H, n = 

t t l^ - \ ì,"l - 2 Po -rrr - \Pl - P2t t-

Hl _ Z= 704000 dyn.cm

and for the Bjork-Shì1ey

Hìgher energy losses in the fluid passing through the valve

mean higher shear stress and possibìy turbulence. Shear stresses in

the blood in the order of 40000 dyn/cnz produce hemoìys'is (trauma to

the blood cells) [12]. Turbulence in the blood flow induces embolization

[]6]. Determination of whether the shear stresses in the fluid exceed

the crit'ical value when passìng through the prosthetìc valves ìs beyond

the scope of this investigation, but comparatìve results of the amount

of damage to the blood cells and the survival of the patìents using one

valve or the otherindicates that the hydrodynamjc des'ign of the Bjork-

Sh'iìey valve is more acceptable to the host organism than that of the

7B

ô

pump, 79 cm", and

the Starr-tdwards

Hl _ Z= 333000 dyn.cm

the lost energy

valve

ln



starr-Edwards Ill, 12, 13, lB, 27]. Biork IB], testing prosthetìc

heart valves jn a pulse duplicator proved that turbulence vras fuìly

developed ìn the circulatìng fluid when passing by a Starr-Edv¡ards valve,

and that nrost of the f l ovv was l ami nar when passi ng by a Biork-Shj ì ey va'l ve.

Hemoìysi s and embol'izat'ion have a negati ve ef fect on the recovery of

the valve user and therefore are contrary to the purpose of the va'lve

jnlpl antatj on. The reader i nterested 'i n a detai I ed descrì ptì on of the

negatì ve eff ects of hemolysì s and embol'izat'ion .is referred to Fernandez

Ill], Ferry []21, Fraser [.ì3] and Kastor IlB].

The Fourier components of the pressure waves from Fig. v.4

are shown in Tabl e C.7 of Appendix C, where the most sìgnìficant

conponents are jncluded in terms of their mean part, harmonic number and

real and imagi nary parts. I he i nert j al forces 'induced by the 'larger

mass of the Starr-Edwards valve occluder (the mass of the Biork-Shiley

occluder is 14% of that of the Starr-Edwards occluder) and the i^rave

reflection that takes p'lace at the obstacle represented by the ball

occluder are indjcated by the changes'in magnìtude and phase observed in

the Four.ier conlponents of the Starr-Edwards valve.

From the evaluation of the energy losses and from the changes

in the phase and nragnìtude of the pressure wave components, it js clear

that nlechanjcally the Bjork-Shiley valve js superior to the Starr-Edr,vards.

Although the lvave shapes 'in vivo'could be quite different from those

of the s'imulation system used here, the relatjve effects of the

respecti ve va'lves on pressure-lvave components and f I ow rvi l'l remai n i n

the order of those measured here.
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CHAPTER VI

No material for arterial prosthesis has been found that

fulfils all the requirements for workjng properly. The actual

commerc'ial]y available grafts made of woven or knjtted Teflon or Dacron

are known to produce changes jn the hydrodynamjc characteristics of the

blood flow, produc'ing reflected pressure waves as a result of their

relative inextensjbiljty. The reflected v,aves may be added to the

incjdent ones thus proclucing higher non-physio'logical pressure waves

that could damage the artery itself or even the heart valves' Changes

in the hydrodynamic characteristjcs of the blood flovr such as turbulence

and high shear stresses can produce henrolysjs and embolizatjon, therefore

prosthetìc heart valves shculd have such hydrodynamìc des'ign that avoids

turbulence and hìgh shear stresses to the blood'

A mechanical model that sjmulated the human circulation

jn the left ventricle and ascendìng aorta uras buìlt for reproducing and

measuring the reflected wave phenomenon at round inextensible insertions

and for evaluat-ion of the poss'ible solut'ion wjth an el'lipti. in.*t.nìi¡1.

insertjon that increased the flow area when subjected to moderate'increases

in pressure. The model was also used for perform'ing and evaluating studies

of phys'iological flovr through Bjork-Sh'iley and Starr-Edwards prosthetic

heart valves. As a result of the design limitations'it was apparent that

all desjred specifjcations for the cardiovascular system could not be

met. However, the blood could be simulated adequate'ly over a reasonable

range, the purnp could simulate the physìo1ogica1 pressure vJaVe' the sjm-

ulated round prosthetic insertion reproduced the effect of inextens'ibìlity

CONCLUSIONS
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and the simulated elliptíc insertion behaved as deformable, but inext-

ensible because at the same time that'it was susceptible to changes of

cross-section under moderate pressure variations thus allowing higher flow

area during eject'ion, ìts perimeter did not significantly elongate. The

prosthetic heart valves were used as part of the mechanical model and

also comparison of thejr hydrodynamic efficiency lvas performed. It was

possible to quantify the effects of the deformable but inextensible oval

insertion relatjve to the inextens'ible round insertion noting that the

pressure peak in the round insertion was 7 - 8% higher than the elliptic
insertion. It was not possible to make a theoretical evaluation of the

experiment with the elliptic insertion because not enough theory of

pulsatile flow and wave reflection in elììpt'ic tubes has been developed.

The development of a theory for wave reflection at inextensible

insertions in elastic tubes is a very compljcated task since the phenomenon

is not well known, the variables are numerous and linearjzation of

equations could lead to deviation in the results. The described theory

was the only one available and when compared with the experimental results

it was found that further development was necessary because the theoretical

and experimental results for the reflection in tube No. I are in dis-

agreement. The divergence may arise from the fact that Womersley'f'theory

was developed for thin tubes with relation of h/a., < 0.'l and the tube No. l

has a relation h/a., = 0.38. The theory does not account for viscous

components of the tube wall but'it seems to be of minor consequences.

Also it is noticed that the theory was developed considering that

85



incident and reflected waves were in phase, but in experimentation'it

was observed that there is a phase shift between jncident and reflected

WAVES.

Quantizatjon of energy losses of flow when passìnq an

obstacle jn a round tube, represented by a prosthetjc heart valve in

thìs case, using Bernoulli's equation when the mean flow and mean

pressure drop are knolvn has long been proved as a.reliable procedure.

From the evaluation of the energy'losses and from the changes in

magnitude and phase of the pressure wave components, ìt was clear that

the Bjork-ShiIey vaìve is hydrodynamical'ly superior to the Starr-tdwards.

Although the wave shapes "jn vivo" could be quite djfferent from those

of the simulat'ion system used here, the relative effects of the respectìve

valves on pressure wave components and flow will remain in the order of

those measured here.

Fourier techniques proved to be a valuable and indispens-

able tool for anaìys'ing pressure pulse waves because it would not be

possible to ful1y understand such a compiicated phenomenon only from

the resultant waves.

The magnìtude of reflected waves due to rìgid insertions

obta'ined in both cases, r,rìthout and with forward flow, js signìficant

and makes us believe that if a similar effect ìs produced by'insertions

'in arterìes, these nonphysiological pressure waves will damage the host

organìsm. The only way to verify if simiìar phenomena as observed jn

thjs model occur in organisms js by "in vivo" experimentation" This

'last procedure ìs very costly in terms of money and time and complicated
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as well, therefore'it js done only when it is estimated to be worth

r^¡hi le. From the resul ts obta jned in our model ìt appears that

experìnlentation v¡'ith animals is worthvrhìle since if sim'ilar effects

are found precautions should be taken when ìmplanting artìficjal

arterj es, specì a1 
'ly i f they are impl anted near the heart vrhere the

overpressure could darrage the heart valves. Specifjc effects and

djffjculties have been identjfied from experimentation wìth thl's model

that aìso provìdes an inexpensive guide to what varjables should be

recorded and controlled when workìng vrìth anjmals.
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APPTNDIX A

The fol lowing cl in'ical experìments with arterial grafts

are the most pronrìsing ones:

Velour grafts: Complete endothelialization of pseudoìntima in artificjal

grafts does not occur in man, even though it happens in some anìmals, so

Sauvage et al [28] have suggested that a velour surface would help the

ingrow of perigraft tjssue. These initjal results in a small group of

patìents are promisìng.

Collagenized grafts: Thjs technique consìsts of the subcutaneous implant

of a coarse Dacron mesh r,vith a silicon mandrill ins'ide. After six to

eight weeks the Dacron mesh js invaded by connective tissue and colla-

genìzed; then the niandrill is removed, leaving a tube ready for imp'lan-

tation 1221.

Impervjous prosthes'is: An ìmpervious prosthesis of synthetic, thrombus-

resistant surface would not need healing time before working properly.

Therefore, it would have even more advantages than a previous prosthesis

that develops complete endothelialization, which needs tjme to form.

The known requìrements for an arterjal prosthesìs to work are: a)

thrombus resistant surface; b) high degree of conformab'iìity; c) ease

of suturability; d) outer surface to which surrounding tissue can adhere

firmly; e) 'inner surface to which any thrombus that does form can attach

secure'ly to avoid embolizat'ion; and, f) sìmilar elasticity to that of the

artery: no 'impervìous material has been found that fulfils alI of them.

One of the most perfect, Gore-tex (expanded polytetra-fluorethylene),

sat'i sf i es condi t'ions b ) to e ) but does not sati sfy the important

SOME CHARACTERISTICS OF ARTERIAL GRAFTS
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conditions a) and f) [28].

Negative charge: Implants made of copper, silver or go'ld r,rith imposed

negative charge have a minimum of thrombus deposition [23] but, thejr

ri g'idi ty couì d be very i nconveni ent.

The following tables define the remaining major prob'lems that must be

overcome to produce acceptable arterial prostheses.

THROMBOGIN I C ITY

Reas on

Thrombotic plaque
deposits at the
suture I i ne.

Pseudoi nt'imal
d i s trac ti on.

Cau s es

öv

Turbulence, h'igh shear
and boundary layer
separation; condi tjons
that may occur at the
anastomosis between a
ri g'id graf t and an
extensible vessel.

Pseudoi ntimal
thÍckening.

Insuffi ci ent adherence
of the pseudo'intima to
the prosthesi s wal I .

Attempted solution

Production of a graft
with similar elas-
ticity than that of
the host vessel at
the suture line [16]

The initial thrombus
ìayer on the interface
graft L';lood is throm-
bogenet'ic itself, so
there Ís a wall thicken-
ing that under normal
conditions stops when the
blood reaches a certain
velocity. In many cases,
the thickening continues
unti I the graft ì s
occ I udecl.

Velour, col lagenized,
and thrombus-resi st-
ant surface prosthesis
122, 2Bl.

Same as prevìous
solution and grafts
made of silver, copper,
or gold wjth imposed
negati ve charge. These
have shown a minimum of
thrombus deposition,
but thei r rigi d'ity i s
very i nconven'i ent [ 23] .



Reason

Suture I ine
dicrunJ-inn

ANASTOMOTIC ANEURISMS

\,ou)e5

Vessel wall darrrage.

Impìant fatigue or fray-
ing of woven grafts due
to excessive stress at
ìmpìantation or excessive
stress as a result of the
dj fferent expansì on
between graft and vessel.

Turbul ence produces
vessel weakeni ng and
dilatation. The
di fference i n di sten-
sion between host
troccol :nd nnrffy, _,. ls
reported as a possi'bì e
cause of turbulence.

Attempted sol uti on

90

Bowel erosion: Due to fri
prosthesi s, and Prosthesi

Productjon of a graft
with simi lar elastic-
ìty as that of the
host vessel at the
suture ljne. Improve-
ments of suture tech-
nìques [16,21].

discussed in this work.

: There js not much jnvestigation

done regardìng the changes of henodynamìc characterjstjcs induced by a

prosthesis, even though it is well known that such characteristics are

r'rnportant [16]. The vel oc'ity prof i'le pì ays an .inportant rol e i n the

approprìate distrjbutjon of blood through the perìpheral vasculature,

and ìt has been reported by Lee et al [20] that: "The Dacron bypass

graft does not reflect reverse fìow components....,' And jt js obvious

Graft wi th simi I ar
distension as vessel
[16].

ction between the intestine and

s infection are other problems

the arteri al

that wi I I not be



that the origìnaì pressure wave and fìow v¡ould be djstorted by wave

reflections origìnatìng at a rigìd ìnsertion, thus with possibiljtjes

of overloadìng the heart valves. Gozna et al ['l6] proved that

djstention due to pressure variatjon ìn major arteries t^tas of the order

of ten percent, and on'ly one percent i n the prosthesì s. They a'lso

concluded that the difference in extensìbì1ìty between host vessel

and prosthesis causes suture line stress and probably turbulence; the

first produces suture l'ine d'isruption, and the second vessel wall damage

and thrombos'is.

9l
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102

(a )

Fig. B.'10: Photographs of the osc'i'lloscope storage for
short trains of pressure waves. X axjs reads
sweep velocìty ìn ms/cm and Y axis reads
pressure in mV/cm. Pressure calibrat'ion was

720 nV/100 cnl H.0 and each screen div.ision is
I cm. (a) Pre(sure wave at l0 Hz. (b)
Pressure wave at l5 Hz.

(b)



103

\o/

Fig.B.ll: Photographs for the oscilìoscope storage for
short trajns of pressure waves. X axiõ reads
sweep velocity ìn ms/cm and Y axjs reads
pressure in mV/cm. Pressure cal jbratjon was
720 nV/100 cm H,0 and each screen divisjon js
I cm. (a) PreÉsure wave at Z0 Hz. (b)
Pressure wave at 25 Hz.

(b)
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APPTNDIX C. TABLES



Make:

Model :

Bridge resistance:

l¡Jorkì ng range:

Excitation, maximum D.C. :

Accuracy when working at

Cal ibration Table:
Excitation for
cal i brati on: 5V

Test temperature: 25'C

Data Sensor

SPS923A Transducer

Transducer

350 A
a/

0 - 3.5 Ks/cm- (0 - 50

l0v

25 Hz (maximum frequency

No. I has the serial
Number 902

No. 2 Number 904

Pressure in %

of max'imum
0

¿U

40
60
BO

100

ll0

psi ) absol ute

in our experiments); 99%

0 utP ut
No. I

0:mõ06
0. 00290
0. 00581
0. 00880
0.0ll8l
0. 0l 470

'in V

No. 2

o.¡õõ-05
0.0029?
0. cî575
0. 00870
0.01 I 60
0. 0l 450

Table a t. Characteri stì cs
transducers.

of the pressure



Part Nane

Ampì i fi er

Automatic vibrat'ion
exci ter control
(signal generator)

Box of connections

^.^i't 
1^-^^^^uJLr I lvJuuPs

Power ampl i fi er

Pressure transducer

Vibration exciter

l'1a ke

Hewl ett-Packard

l4B tl ectroni cs

14odel

I ektron'ix

14B El ectroni cs

Data Sensor

MB ilectronics

l'l'l

2470A

N6 B5/N685

Seri a I

Bt B-01 544

587

7?l ?

2250 MB

S PS9 234

Plvl- 50

Tabl e C.2: L'ist of equi pment of the assemb'ly requì red
for producing, detecting and storing signals
f ronr short trai ns of pressure rdaves.

PN386-21 99-00

261

902

719



t.

Amplifiers (2 pieces) Hevilett-Packard 2470A 8l8-0.l 544 &

8l B-0.l 546

Box of connections

D.C. Power supply Hewlett-Packard 6289A 680573

Osci I ì oscope Tektronj x 731 3 PN386-21 99-00

?it;ì:::.transducers Data sensor spse23A s,z &

903

X-Y Recorder Hewl ett-Packard 7046A I 503401866

112

Table C.3: Ljst of equipment of the assemb'ly
requì red for producì ng, detecti ng
and storjng s'ignaìs from pressure
waves when forward floþ/ was
produced.



52 c.ycl es / m'in ute

Coe ffi cì en t

l4ean te rm
I

4
5

72 cycles / minute

Real (mm Hc)

Coeffi cient

- .l.35

- 25.15
8.32

- 8.5?_
- 1.71

2q?

Mean term
I
¿

4
5

1l?

Imaginary (mm Hg)

90 cycles / minute

Real (mm Ho)

Coefficient

B. 2l
3.91
q71
I.s4
0.91

2.05
11.53
I 0.40
0.47
5.i)¿
0.04

l4ean te rm
I
¿

I

4
Ã

Imaqìnary (mm Ho)

Table C.4: Fourier
elastic tube f.lo. 2

Real (mm Ho)

¿u.o3
?70
3.107
2.566
3. 04

2.19
22.97
10.52

4.559
3.12
0.528

comnonents of
rv'i thout ri oi d

Imaginary (mm HS)

the pul se \./aves clenerated 'in the
insertion.

28.60
4. B0
J. LOY

0.577
L.O+



52 cycles / njnute

Coe ffì ci ent

Mean term
I
L

I

5

77. cycìes / mìnute

Real (mm Hq)

Coeffi ci ent

1 .421
28.6 3

6.87
5.726
3. 34.l.835

llean te rm
I
¿

I

f

5

11A.

Imagìnary (mm Hg)

90 cycles / minute

12.91
4.6.l5

- Õ.J¿
1 21q
2.17

Real (mm Ho)

Coeffì ci ent

I .16
10. 89
10. 33
I .01I
5.636
0.125

lle an te rm
'ì
I

J

4
6

Imaeinary (mm Hg)

Table C.5: Fourier components of the pulse l/aves
e1 I ì pti c i nserti on was pl aced on the el astl c tube

Real (mm Hç!)

24.52
7.457
3.109
¿. tô
4.25

I .91.l9..|3

14 .94
5.938
.f.:'r3
1 .449

Imacinary (mm Hg)

?_8.25
7.749
3.24
2.61
4.34

qenerated when the
No. 2.



5?- cycl es / rn'i n ute

Coe ffí ci ent

l4ean term
I
L
f

4
5

7?. cycles / minute

Real (mm HS)

Coe ffi ci ent

I .94i
?.9.11
7 2?R

5.98
< t<

2.386

Mean term
I
L
a

4
5

lr5.

Imagìnary (mm Hg)

9q cycl es / m'i n ute

\Real (rnm HgJ

12.22
4 .947
8.64
I .38
2 /1 2.Ê

Coeff'ì ci ent

?..359
I I .63
10.67
0.906
5. 46
0.152

l4ean te rm
I
¿

A,

ÃJ

Imaginary (mm Hg)

Table C.6: Fourier
round insertion was

Real (mm Flc)

25.28
7.467
3. C04
2.78
4.167

2.40
21 .14
15.16
6.309
4.79
0.756

comnonents of
pl aced on the

Imagi nary (rnm Hg)

the puì se \{aves oenerated when the
el ast'i c tube t'lo. ?-

28.34

2.849
I.BB
4.i?5



Di sc val ve , upstream

Coeffi cient

Mean term
I

4
a

Di sc val ve, dolvnstream

Coeffi ci ent

It4ean term

Real (mm Ha)

a20
t.t I

o o?
< hh

h <t t1

2.008

I
(.

4
5

Bal I val ve . upstream

Coeffi ci ent

Imagìnary (rnm Hg)

il6.

Mean term

Real (mm Ho)

- 46.56
O. 84B
< tu

5.239
0.646

B. 806
þ. YO

3.90
I .33
l.86
0.766

I

Aa

5

Bal I val ve, downstream

Coefficient

Imagìnary (rnn Hg)

Real (mm Hçl)

l'le an te rm

9.03
- 2.449
- 1 .245
- 0.61 B

- 5.813
0. 686

l'l 7ñ

0.637
l.l89
0.8.l0
t.ooJ

I

í
4
5

Tabl e C.7 :

Fi q. V.4 for

Imaqinary (mm Hg)

Real (mm Hg)

Fourier components
val ve comnarison.

42.81
5 .09
7 .711
4. 50
4.105

7 .26
4.445
4.68
0.01 39
0. 396
1.449

of the pressure t^Javes sno\^/n I n
(72 cycles/m'in. )

Imaginary (mm Hg)

10.61
I .305
1 .826
l.86l
0. 107
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