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ABSTRACT

The objective of this rescarch was to look for fluid mechanical explanations of the
abnormal pressure - flow patterns seen in hypertrophic cardiomyopathy. Two conflicting
theorizs currently exist: onc which proposes that the high pressure difference between the
left ventricle and aorta is duc to a flow obstruction, and another which suggests that this
pressure difference is caused by incrtial acceleration due to the unusually vigorous

contraction of the left ventricle.

To test these different theories, the present study used theoretical flow modelling
and laboratory modelling. The theoretical flow analysis allowed quantification of thc
geometry and flow rate variables that contribute to the pressure differences, while
laboratory models gave valuable insight into the naturc of the flow. The techniques

utilized werce:

« onc-dinicnsional order of ragnitude analysis.

« onc-dimensional inviscid mathematical analysis.

« two-dimensional quasi-stcady computational fluid dvnamics modclling:
« two-dimensional transient planar piston laboratory modelling:

« two-dimensional stcady flow laboratory modelling.

A new method of presenting the in vivo pressurc-flow data was developed. This
scparates left ventyicle ejection into unrestricted, progressively restricted and severcly
restricted cases. This method uses ejection volume and time to define a normalizing
“strokc™ pressure, which is successful in collapsing the large variability of in vivo datato a
few single curves, with characteristic shapes depending on the degree of obstruction,
Hypertrophic cardiomyopathy is shown 1o fall into both unrestricted and progressively
restricted categorics. Normal hearts match the unrestricted case, while a severe aortic
valvular stcnosis is characteristic of the severely restricted case.

Using this mcthod of normalizing the pressure-flow data. it was found that
although the unobstructed transicnt planar piston laboratory model was tested with
cjection rates far cxceeding those possible by a human heart, it was incapable of producing
the magnitude of strokc normalized pressurc noted for the severe hypertrophic
cardiomyopathy casc. However, when opcerated in a progressively restrictcd mode, the
laboratory model casily produced large strokc normalized pressurcs, which suggests that
severe cases of hypertrophic cardiomyopathy are progressively restric
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LIST OF NOMENCLATURE, ABBREVIATIONS AND
SYMBOLS

NOMENCLATURE

Angina: chest pain combined with a choking fecling due to lack of oxygen to the heart.
Aorta: the main artery of the heart, originating at the lcft ventricle.

Aortic Valve: a three-lcaved valve scparating the left ventricle and aorta.

Apical: referring to the top or apex.

Atrium: onc of the two upper chambers where blood first cnters the heart.
Cardiomyopathy: any discase affecting the hcart muscle.

Diastolc: referring to the period of time between contraction of the ventricles.
Dyspnca: Difficulty in breathing or a shortness of brcath.

Echocardiography: a method of diagnosis that studics heart structurc and motion using
ultrasonic waves dirccted towards the heart. Waves are reflccted backward as they
pass from onc type of tissuc to another.

Ejcction Fraction: ratio of the volume of blood ejected from the left ventricle to the total
cnd diastolic left ventricular volume.

Hacmatocrit: the volume percentage of cells in blood.

Hypertrophy: a significant increase in the normal size of an organ or tissuc.
Intraventricular: occurring within the ventricle.

in vivo: occurring within a living organism.

Mitral Valve: a bicuspid valve betwecn the left atrium and left ventricle.
Myectomy: the removal of muscie tissuc.

Myofibrillar: slendcr strands of muscle tissue.

Myotomy: the cutting away of muscle tissuc.

Palpitation: the fecling of a racing or pounding of the heart by the subject.

Plasma: the part of blood which is fluid.



Septal: associated with the wall scparating the ventricles of the heart.
Stenosis: a narrowing of a passagcway.

Stroke Volume: thc volume of blood ¢jected during systolc.

Stroke Time: the time of systole.

Supernormal: greater than the normal condition.

Syncope: light-headedness oi a fainting spell.

Systole: the contraction of the ventricles, driving blood out oi the heart.
Tricuspid Valve: the valve scparating the right atrium and right ventricle.

Ventricle: (left or right) a small cavity surrounded by muscle which cjects blood from the
hcart.

ABBREVIATIONS

CFD: computational fluid dynamics.

HCM: hypertrophic cardiomyopathy.

L.V.D.T.: lincar variable diffcrential transformer.

LVOT: left ventricular outflow tract.

SAM: systolic anterior motion (of the anterior leaflet of thc mitral valve).
PVC: prematurc ventricular contraction.

SYMBOLS

A: cross sectional flow area at an outlet boundary, used by FLOW3D (mz).
Ap: cross scctional arca of the piston region (mz).

Ajus- surface arca for usc in dctermining viscous drég force (m?).

A;,;: arca at upstream cnd of scction undcr consideration (md).

A, arca at downstrcam cnd of section under consideration (m?).

B: heieht of planar model (m).

B: body force used by FLOW3D (N).



C,,: constant uscd by FLOW3D for determining p . (default value of 0.09).

C;: cmpirical constants uscd by FLOW3D in transport cquations (dcfault valuc of 1.44).
C,: cmpirical constant used by FLOW3D in transport equations (dcfault valuc of 1.92).
D, diameter in constriction region of axisymmetric model (m).
D, diameter in cxit region of axisymmetric model (m).
D, diameter in piston region of axisymmetric modcl (m).

D - initial diamcter in piston region of axisymmetric model (m).
D

Piarirat

Pt final diameter in piston region of axisymmetric model (m).
Fiyertiar: Incrtial force (N).
Fyuasi-steady: total quasi-stcady force (does not include incrtial acccleration terms) (N).

F,

spatial spatial force (N).

F 41 total force acting o.. fluid (N).
Foiscous: Viscous drag force (N).
Jepecrive: cffective low pass filter frequency (Hz).
Jres: Tesonant frequency (Hz).
H,: distance between piston faces of planar model (m).
Hl’.,..,...,: initial distance between piston faces of planar model (m).
H,: distance between constriction region walls of planar model (m).
H,: distancc between expansion region walls of planar model (m).
H,: cross-strcam distance between walls at inlet of flow section (m).
Hj,qr: cross-strcam channcl width at any location (m).
H,,: cross-strcam distance between walls at outlet of flow section (m).
i: integer counter uscd in intcgration.

L: length of model section (m).

L,: length of constriction rcgion (m).



L,: length of expansion region (m).

L,y = cffective length of tube uscd to mount pressure transducer (m).

L, length of piston rcgion (m).

M: desired mass flow ratc out of computational domain, used by FLOW3D (kg).
M': actual mass flow ratc out of computational domain, used by FLOW3D (kg).
m: mass of fluid (kg).

Mgye: average mass of fluid contained in flow section (kg).

m: raic of change of mass (kg/s).

Mipisiql- Mass of fluid contained in flow scction at start of piston closurc (kg).
N: number of points filtered.

n: direction normal to the boundary, used by FLOW3D.

P: shear production, uscd by FLOW3D.

p: pressure (Pa).

p,: pressurc at minimum constriction (Pa).

D, pressure at expansion region cxit (Pa).

p; : pressurc at inlet of constriction region (Pa).

p; : pressurc at fixed wall (v=0) in piston region (Pa).

Finler: Pressure at inlet of section (Pa).

pp: pressurc in piston region (Pa).

Rep: Reynolds number based on aorta diameter D.

Rey;: Reynolds number based on planar piston cxit region width H.

Stp: Strouhal number based on diameter D.

St Strouhal number bascd on diamcter H.

£ time (seconds).

Laroke: time duration of flow occurring between left ventricle and aorta (scconds).



U: velocity in the cross-strcam (x) direction (m/s).

U': velocity at the boundary, used by FLOW3D (mv/s).

w: velocity in the cross-strcam (x) direction (m/s).

u,: constriction wall velocity at point of maximum restriction (m/s).
u;: wall velocity at flow scction inlet (m/s).

u,: wall velocity at flow scction outlet (m/s).

up: piston wall velocity (m/s).

V: velocity in the v-direction (m/s).

V... strcam-wisc velocity in the constriction region (m/s).
V,: stream-wisc velocity in the cxpansion region (m/s).

V;: strcam-wisc velocity at inlct of flow scction (m/s).
Vax: Stream-wise maxi. i n velocity at any cross-section (m/s).
Vy: stream-wise velocity in the piston region (m/s).
Vroke average aortic (cxit) velocity during systole (mys).
Vol: volume insidc pressure transducer (m3).

Vol,pe: volume inside pressure transducer tube m>).

v: velocity in the y-dircction (m/s).

x: cross-strcam coordinate (m).

v: stream-wisc coordinate (m).

v, strcam-wise coordinatc in the constriction region (m).
V. strcam-wisc coordinate in the expansion region (m).

Vp! stream-wisc coordinate in the piston region (m).



GREEK SYMBOLS

a,,: Womersley Parameter based on diameter D, see cquation 2.48.

o, Womersley Parameter based on channcl width H, sce cquation 2.54.

B ,: geometry factor in axisymmetric modcl based on diameter, scc cquation 2.48.
B, gcometry factor in planar model bascd on channe! width. sec cquation 2.54.

AP, ... pressurc difference bascd on stroke velocity, used for normalizing {Pa). sce

cquation 3.22.
At: time between points for filtering (scconds).

Av: incremental strcam-wisc distance, used in intcgration (m).

&: turbulence dissipation rate (mz/s3).

np: restriction factc 1 axisymmetric model based on diameter, sce cquation 2.50.
n,,: restriction factor  ~lanar model bascd on channcl width, scc cquation 2.54.
Nareq- TESTICtioN factor based on an arca basis, sce cquation 2.54.
K: turbulence kinctic energy (m*/s?).

p: dynamic viscosity (Pa-s).

e cffective viscosity, used by FLOW3D (Pa-s).

K, eddy (turbulent) viscosity, used by FLOW3D (Pa-s).

v: kincmatic viscosity (mz/s).

&: strokc normalized pressure difference between any point along the mid-linc and the
expansion rcgion cxit, see cquation 3.21.

& .. stroke normalized pressure difference between center of piston region and

expansion exit, sce Figure 3.8.

mi

p: fluid density (kg/m3 ).
o stress tensor, used by FLOW3D (Pa).

o standard deviation in the normalized piston to constriction pressurc difference.



G, standard dcviation in the piston region pressurc (Pa).

c, ! standard deviation in ' ¢ constriction cxit pressure (Pa).
o, standard deviation in the cxpansion exit pressure (Pa).
T wall shear stress (Pa).

£ strcam-wisc dircction normalized by distance to point of maximum restriction, scc
cquation 3.25.

Y: stroke normalized central piston region to constriction region exit pressurc diffcrence.,
see cquation 3.24.

Y minar: strokc-normalized piston to constriction region cxit pressure difference for

FLOW3D laminar flow solution.

Y urbutent: strokc-normalized piston to constriction region cxit pressurc difference for

FLOWS3D turbulent flow solution.
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CHAPTER 1 « INTRODUCTION

This thesis examines the fluid mechanics of a medical problem in the blood flow
from the human heart. The rescarch focuscs on the transient pressurc/flow relationships of
blood being cjected from a discased left ventricle. The discasc, known as hypertrophic
cardiomyopathy. causcs an abnormal pressure difference between the left ventricle and
outflow region (aorta) during the cjection period. Two differing viewpoints cxist among
cardiologists as to the causc and significance of this pressure difference. This rescarch
uscs a varicty of tcchniques to analyze this problem:

« onc-dimensional order of magnitude analysis:

+ onc-dimensional inviscid mathcmatical analysis.

+ two-dimensional quasi-stcady computational fluid dynamics modelling:

« two-dimensional transicnt planar piston laboratory modclling:

« two-dimcnsional stcady flow laboratory modelling.

Both thc medical or engincering cquivalent terms will also be used to assist the reader
when cncountering terminology which is distinct to cither the medical or engincering

profession.

1.1 HYPERTROPHIC CARDIOMYOPATHY

The heart muscle discase now referred to as hypertrophic cardiomyopathy (HCM)
was first reported over thirty ycars ago by Brock (1957, 1958) and Tearc (1958). Since
then, numerous investigations have defined the characteristics of HCM. It is a heart
muscle disorder of unknown cause, with a high degree of myofibrillar (strands of muscle
tissuc) disarray in the left ventricle, sec Goodwin (1982). Figure 1.1 shows the relevant

anatomy.

A heartbeat is divided into two separate phases. The first part of the beat is

diastolc, in which the left and right ventricles relax and fill with blood. The other phasc
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follows. which is known as systolc, in which the ventricles contract, cjecting most of their
volume. With HCM, there is supernormal systoiic function (the left ventricle contracts at a
higher than norimal ratc), abnormal diastolic relaxation and compliancc, along with
rhythm disturbances, sce Canedo and Frank (1981). The hcart muscle is hypertrophied
(enlarged). The heart is larger than normal, but the ventricular volume is reduced as shown
in Figure 1.2. An abnormally large pressure difference between the left ventricle and aorta
is often observed during systoic. Paticnts afflicted with HCM often expericnce angina
(chest pain), dyspnca (shortness of breath}, palpitations (racing hcartbceat), and syncope
(light-hcadedness). In addition, sudden unexpected death is quitc common, as noted by

Criley and Sicgcl (1993).

The pressures for a normal lcft ventricle and aorta along with the aortic flow
velocity are compared to a typical HCM case in Figurc 1.3, bascd on data from Murgo,
Alter, Dorethy, Altobelli, McGranahan & Dunne (1980). Pressure pulscs such as this arc
mecasured in vivo using miniaturc pressure transducers mounted near the tip of a catheter
(catheter sizes as small as 1.67 mm diamcter are common), Millar and Baker (1973). The
pressures are referenced to the pressure at the tricuspid valve to provide consistency
beiween paticnts, Guyton (1971, page 227). The pressurcs measurcd arc static pressurcs
and the accuracy of these measurements is rarely reported: the standard deviation of the
values for a group of paticnts is usually listed. For cxample, Murgo ef al (1980), in a study
of a group of 30 HCM patients, give the peak left ventricular pressurc as 140 mm Hg with
a standard deviation of 28 mm Hg. This standard deviation of 20% is common for this
type of measurement. Flow mcasurcments arc madc invasively with catheter flow velocity
probes, during heart operations with flow probes which encircle the aorta, and
noninvasively using pulsed Doppler ultrasound techniques. These methods give results
which are all qualitatively consistent. However, the accuracy of such mecasurements is

typically not cited: the variation between patients appears to be of greater interest.
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The usual scquence of cvents for systole (¢jection) in the normal heart begins
immediately following diastolc (filling). The left ventricle begins to contract, causing the
left ventricular pressure to risc. The mitral valve immediately closes, preventing blood
from flowing back into the left atrium. Pressure in the left ventricle continucs to risc until
it exceeds the pressure in the aorta, at which time the aortic valve opens. This is the point
at which flow commences. Aortic pressure now begins to risc, lagging only slightly
behind that of the left ventricle. As the left ventricle reaches its maximum contraction, the
pressurc in the lcft ventricle falls, causing a corresponding decline in the flow rate. Aortic
pressure also falls, but not as quickly as that in the left ventricle. This causces the aortic
pressure to exceed the left ventricle pressure, which leads to a bricf period of back flow
prior to closing of the aortic valve. The back flow is marked by a sudden decrease in the
aortic pressure, followed by a rebound: this feature is known as the dicrotic notch. The

flow from the left ventricle ccascs as the left ventricle relaxes, marking the end of systole.

The sequence of cvents in the HCM casc is similar. Unlikc the normal heart, the
pressure in the left ventricle continucs to rise well beyond that in the aorta during systolc.
Significant flow from the Icft ventricle takes place only during the first third of systolc.
The final part of systole is again similar to thc normal heart, with rclaxation of the lcft
ventricle allowing the pressure to fall and the aortic valve to closc. Criley and Sicgcel
(1986) divide systolc into three scparate periods: (1) the initial period during which peak
flow is achieved as left ventricular pressure and aortic pressure risc together: (2) a middle
period in which flow decreases while the left ventricular pressure continues to increasc
while the aortic pressure decreases: and (3) a period of no flow while the left ventricular

pressure continues to excecd the aortic pressure.

1.2 THE HCM CONTROVERSY

It is the origin and physiologic significance of the intraventricular pressure
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difference that have been the source of a continuing controversy. This pressure difference
is currently cxplained by a varicty of causes. One possible causc suggested by rescarchers
such as Pollick, Rakowski & Wigle (1984) and Maron, Gottdiencr, Arcc, Rosing, Weslcy,
and Epstein (1985) is an abnormal displacement of the anterior leaflet of the mitral valve
during systole, commonly referred to as systolic antcrior motion or SAM. It is postulated
that as this leaflct becomes progressively displaccd during systolc, it blocks the flow from
the left ventricle into the aorta, causing the pressure in the left ventricle to excced that in
the aorta. This abnormal displacement has been observed using echocardiography to
dctect contact between the mitral leafict and the septum. It has been suggested that the

causc of SAM-scptal contact was a venturi cffect duc to rapid carly systolic cjection.

Another variation of this mechanism is systolic anterior motion of the posterior
lcafict of the mitral valve during systole, as suggested by Maron, Harding, Spirito, Roberts
& Waller (1982). This is similar to the SAM concept, except that the posterior mitral
lcaflct is involved rather than the antcrior leafict. This has been detected using
cchocardiography. The suspected cause was a congenital clongation of a scgment of the
postcrior mitral valve lcafict. This is less common than the aforcmentioned systolic

motion of the antcrior lcaflct.

A sccond, more controversial theory, is that the abnormal pressure difference
between the left ventricle and aorta arc incrtial in nature, duc to a much higher ratc of
cjcction and not causcd by an obstruction, sce Criley and Sizgel (1985a). Since the
pressure difference is proportional to the fluid acceleration, the pressure difference will be
significantly enhanced if the rate of ejcction is increased. One of the key points reinforcing
this argument is that a left ventricle in HCM has a higher ejection fraction (ratio of the
volume of blood ejccted from the left vertricle to the total end-diastolic left ventricle

volume) and ejects most of the volume during the first half of systole as shown in Figure
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1.4. For cxample, Sugruc, McKenna, Dickic, Myers, Lavender, Oakley, and Goodwin
(1984) determined that a range of 59% to 95% of the stroke volume was cjected in the first
half of systolc. This is significantly diffcrent than the normal lcft ventricle, where a range
of 59 to 76% was found during the first half of systolc. In gencral, the normal left ventricle
cjects blood at a slower rate throughout the entirc systolic period (see velocity plotted in
Figure 1.3). The basic premise of this thcory is that if the left ventricle is emptying more
completelv and at a faster rate than a normal heart, how could there possibly be an
obstruction? This theory is commonly referred to as a “non-obstructive™ approach, while

the preceding two theorics arc denoted as “obstructive™.

These differing viewpoints have created a controversy among cardiologists. This
controversy is quite serious, as treatments for HCM depend on the perceived causc. Until
recently, if the obstructive mechanism is favoured, a surgical technique was employed to
remove the obstruction, usually in the form of a scptal myotomy-myectomy (2 romoval of
heart wall muscle tissue in the arca of the suspected obstruction), to provide an
unobstructed path for the cjection from the left ventricle, Borer, Bacharach, Green, Kent,
Rosing, Scides, Morrow & Epstein (1979). A more recent procedure is to usc Icft
ventricular pacing, Fananapazir, Cannon, Tripodi, and Panza (1992). This technique pre-
excites the interventricular scptum using cxternal electrical signals (pacing). This causcs
the scptum to move away from the left ventricular wall during systole, increasing the
outflow arca and reducing the suspected obstruction. If a non-obstructive causc for HCM
is suspected, drug therapy is used to trcat the disease, Criley and Sicgel (1986). These arc
very different treatments and thus it is of utmost importance to resolve the controversy

surrounding HCM.

1.3 CURRENT HCM RESEARCH

The basic question HCM rescarch has attempted to answer is: can a progressive
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obstruction produce the pressure difference between the left ventricle and aorta duning
systole, and still pcrmit the high rate of left ventricle emptying seen in HCM, or can this

be produced without a physical obstruction? Scveral basic approaches have been uscd.

1.3.1 In Vivo Measurements

The first has been to make measurements of pressure and velocity in vivo, along
with measurements of the physical positions of the rclevant anatomy. Velocitics have been
mcasured with special catheters by Murgo ef a/ (1980), but unfortunately the results have
proved inconclusive. Onc of the problems has been that the in vivo measurements are
invasive and thus disturb the flow. Another associated problem is that the left ventricle
moves slightly with respect to the chest cavity during systole and thus there may be
motion of the heart relative to the catheter, The flow into the aorta has also been measured
intraoperatively with encircling dow probes (a “C™ shaped clcctromagnctic flowmeter
placed over an artery), and noninvasively by ultrasonic Doppler flowmcters. Physical
positions have been measured using both radiographic techniques and ccho-cardiography
in an attempt to determinc the relative positions of the heart walls and mitral leaficts.
These techniques determined that some contact between the mitral lcaficts and scptum
occurs for some paticnts, but thc measurcments only provide a two-dimensional picturc of
a complex three-dimensional shape. This obscrved leaflet-scptum contact has not
dispclicd the controversy, as both the obstructive and non-obstructive theorics can account

for distortion of the mitral lcaflets and subsequent septal contact.

1.3.2 Scale Modelling

Another approach has been to analyze the problem using laboratory « le
modelling. Only two modcl tests have been reported, with mixed results. A modcl
developed by White, Criley, Lewis and Ross (1967) was a latex replica of the left

ventricle, complete with aortic and mitral valves. The entirc model was contained within a
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plastic box that could bc pncumatically pressurized, causing the latex model to collapsc.
cjecting the fluid (water) from the left ventricle into an aortic outflow rcgion. This outflow
region was reinforced with plastic to prevent it from collapsing. Pressures werc mcasurcd
using cathcters connected to pressure transducers. This model was capable of producing a
difference in pressure between the aorta and left ventricle during systole without an
obstruction. However, the model did not have a progressive obstruction to simulate the
SAM mecchanism, making ccmparisons between the unobstructed and obstructed thcorics

inconclusive.

A sccond model, tested by Criley and Sicgel (1986), consisted of a watcr-filled,
conical latex sleeve, pinched off at its apex and emptying into a larger cavity at the open
end. Similar to White's model. the sleeve was contained within a plastic box and
contractions to simulate systolc were achicved by injecting air pressure into the cavity
surrounding the latex slecve. Pressures werc recorded using catheters whilc vclocitics
were measured simultancously using pulsed Doppler ultrasound techniques. Again, HCM-
typc pressure differences between the lefi ventricle and aorta were proiduccd without an

obstruction, but a progressive obstruction could not be simulated.

1.3.3 Computer Modelling

The third logical approach would be to apply numerical analysis, using
computational fluid dynamics techniques. No work has been reported in this area, perhaps
duc to the complexity of the problem. There has been some computational fluid dynamics
analysis perfc.med for the in vivo left ventricie, but this was limited to normal left
vc-ntricics for low Reynolds numbers and laminar flow. Due to the irregular, moving
boundaries involved, only a few researchers have ever attempted to model the normal left

ventricle.
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Peskin (1972, 1977, 1982) devised a numerical method to solve the Navier-Stokes
cquations (non-lincar cquations describing the fluid flow) for flow around hcart valves in
two dimensions. He was able to represent solid boundarics at mesh points within a
periodic box, thus incorporating a model for the dynamics of the muscle itsclf. Peskin and
Grezenburg (1986) and Peskin and McQueen (1989) extended this method to three-
dimensions. Their work was limited to laminar flow with very low Reynolds numbers (1/
25 of the actual in vivo Rcynolds numbers), and required the usc of major computing
facilitics. The two-dimensional work was completed using a CDC 6600 computcr, the
threc-dimensional work was donc using a Cray X- MP/SSD computer (personal

communication with Peskin, 1987).

In the arca of arterial flows with moving boundaries intcracting with the flow,
there has also been very little rescarch. Robertson, Clark and Cheng (1982) used a
nonorthogonal geometric transformation to obtain numerical solutions for laminar viscous
flow in a channel with an oscillating obstruction. By using boundary fitted coordinates, the
physical domain was mapped onto a fixed computation grid. This work was limited to a
50% obstruction with Reynold numbers of up to 240, 20 times lcss than a normal human

hecart.

Ralph and Pedley (1988) extended this technique using multigrid methods to
solve viscous laminar flow in a channcl with a singlc periodic obstruction. This was a two-
dimensional asymmetric case, with the obstruction forming on onc wall only. Flows for
Reynolds numbers of up to 670 were solved (still only 15% of the actual in vivo valucs

associated with HCM).

Recently, Kiris, Rogers, Kwak and Chang (1993) uscd a computational approach

to evaluate the flow in three-dimensions through an artificial heart. The approach utilized
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antificial compressibility to model the internal flow and incorporated an algebraic
turbulence model. The technique accounted for moving walls with prescribed wall
motion, and gave flow predictions which compared well to cxperimental results for

predicting velocity profiles and pressure losses.

1.4 PRESENT STUDY

The rescarch described in this thesis approaches the problem from two dircctions:
theorctical flow modelling and laboratory modclling. It was felt that the theoretical flow
analy.’. would allow quantification of the gcometry and flow rate componcnts
contributing to the pressure differences, while laboratory modcls could give valuable

insight into thc naturc of the flow.

The theorctical analysis modelled the portion of systole in HCM when flow was
occurring from the left ventricle into the aorta. This period is characterized by a pulsatile
flow with pressurc difference between the left ventricle and the aorta increasing as time
progresses. It is this period of increasing pressure difference with decreasing flow ratc that

has causcd most of the HCM debate on obstructionist vs. non-obstructionist mechanisms.

An analysis was undcrtaken to develop a parameter capabic of charactcrizing the
flow from the lcft ventricle into the aorta. This work is detailzd in section 2.2, where a new
parametcr is developed that contains the Womersley paramet. - (a dimensionless
parameter used to characterize pulsatile flow), a flow restriction factor and a ge«:metry
(heart shape) factor. This new parameter will be used to match the laboratory and

mathematical models to the in vivo situation.

Another issuc that must be addressed is the fluid - solid wall interaction. If the

flow involved in HCM were to be modelled exactly, a modcl for the heart wall muscic
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compliance would have to be included. However, Mirsky and Pasipoularides (19806) noted
that heart muscle which has become hypertrophied is much stiffer than normal heart
muscle. Thus sclecting a non-compliant solid modcl for thc moving walls scems
reasonable and greatly simplifies the problem. As a result, most of the modelling donc
herc used rigid walls. Some exploratory laboratory studics were carried out with

compliant walls to cxplorc these cffects.

1.4.1 Laboratory Modelling Approach

In general, there have been very few flow models of the left ventricic and only two
reported attempts to cxperimentaily model HCM. While Belthouse (1972) devcloped
models to evaluatc both mitral valve and aortic valve flows, he did not include the lcft
ventricle as part of the modcl. The aorta has been modeliced by rescarchers such as Clark
(1976a and 1976b), Nerem and Sced (1972), Rodkicwicz (1975), and Walburn & Stein
(1981), without the lcft ventricle. Models of artificial hearts have been developed, sce
Tarbel, Gunshinan, and Gesclowitz (1986), but these arc too dissimilar to a rcal heart to be

uscful for comparisons.

1.4.1.1 Transient Planar Piston Laboratory Medel (Two-dimensional)

A deficiency of the previous models was the inability to directly control the motion
of wall surfaces modelling the left ventricle. The approach taken herc was to devclop a
laboratory modcl that had walls with controllablc motion and position. This configuration

allowed testing of both unobstructed and progressively obstructed theorics.

The laboratory model is a simplc, two-dimensional shape, illustrated in Figurc
1.5. Two opposing rectangular pistons arc forced together, driving the fluid into an outflow
tract. Independent constriction wall control allowced for mild fixed restriction and

progressively restricted configurations, shown in Figurc 1.6. In addition, a scvere fixed
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restriction capable of simulating a scvere aortic valvular stenosis was tested for
comparison purposcs. Mcasurcments of the mid-linc pressure at discrete points along the
flow were made, along with the corresponding wall positions. Flow visualization was
performed using dyed fluid illuminated with laser light to provide a whole ficld picturc of
the flow for cach configuration. The development and testing of this modcl is discusscd in

Chapter 5.

1.4.1.2 Steady Flow Laboratory Model (Two-dimensional)

To compare the computational fluid dynamics results dircctly with a laboratory
modcl, a stcady flow laboratory modcl was constructed. This modc! used flow through a
pair of opposcd porous platcs to simulate the transicnt planar piston model with a stecady
flow. Two configurations were tested: mildly restricted and scverely restricted. Flow
visualization was performed in a similar fashion to the transient planar piston modcl. The
pressure differences determined using the quasi-steady computational fluid dynamics
model will be shown to be in agreement with this laboratory modcl, except where flow

scparation occurred. The development and testing of this modecl is discussed in Chapter 6.

1.4.2 Mathematical Modelling
1.4.2.1 Order of Magnitude Analysis (One-dimensional)

An order of magnitude analysis was performed to quantify the important forccs
acting on the fluid. This analysis used simplc functions for the wall velocity to produce
closed form solutions for flow parameters. By estimating the relative magnitudc of the
various forces contributing to the fluid pressures (inertial acceleration forces, viscous drag
forces and spatial acceleration forces), it will be shown that viscous drag forces arc
negligible when compared to inertial and spatial acccleration forces. The force ratios
determined using this analysis will also be used when comparing the laboratory and

mathematical models to the in vivo situation to ensure proper modelling of the flow.
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1.4.2.2 Inviscid Numerical Analysis (One dimensional)

When attempting mathematical analysis, onc would like to usc the simplest
possible model while still incorporating the essential physics. The simplest model is a onc-
dimensional unsteady inviscid approximation. The advantage of this modcl was the case
with which variations of the gcometry could be evaluated. A further variation of this
modecl was the addition of a suddcn cxpansion just downstrcam of the maximum
constriction. By performing this analysis, a fully scparated flow was simulated. This was

useful for comparing to the laboratory models, where flow scparations were found to exist.

1.4.2.3 Quasi-Steady Computational Fluid Dynamics Analysis (Two-dimensional)
As previously mentioned, there are no reported numerical simulations of HCM. In

attcmpting to model HCM numerically. it became apparent that beginning with an cxact
replica of the left ventricle, complete with all its valves, and accounting for wall clasticity,
would be impractical given current computational techniques and facilitics. Instcad, the
approach taken was to begin with a simple model, utilizing a quasi-stcady approach. A
commercial computer code (FLOW3D) was utilized to solve a two-dimensional gcometry
similar to the shape used in the unstcady laboratory modecl. It will be shown that this
modcl gives good predictions for highly obstructed {iows where gecometry-induced
pressure loss is much larger than that caused by time-dcpendent flow acccleration, but
does not predict the flow separation seen in the stcady flow laboratory model. It will also

be shown to give a good cstimate of pressure loss in a severe HCM case.

1.4.3 Comparisons With In Vivo Results

A new way of analyzing HCM pressure-flow data will be developed by presenting
the in vivo pressure-flow data as a non-dimensional pressure diffcrence between the left
ventricle and aorta vs. the fraction of volume cjccted. The shape and magnitudc of the
resulting curve is a uscful indicator for various types of left ventriclc cjections. This

technique scparates HCM cases into cither uniobstructed or progressively obstructed
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classifications. It shows that HCM patients with large non-dimensional pressurc

differences may indeed be experiencing a progressively restricted outflow. consistent with

the obstructed flow theory (SAM).
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CHAPTER 2 « ORDER OF MAGNITUDE FLOW
ANALYSIS

2.1 INTRODUCTION

When undertaking numerical or laboratory modclling of fluid flows, it is often

necessary to make simplifications to obtain solutions. Thesc may take the form of:

« geometric simplifications, cither in shape or size. In the present study, a simplificd
shape and cnlarged size was uscd for numerical and laboratory modclling. The heart,
which is approximatcly axisymmctric, was modelled in the laboratory using a two-

dimensional planar flow model, with a scalc factor of cight times the in vivo volume.

« the type of flow (steady vs. unstcady, laminar vs. turbulent, compliant walls vs. rigid
walls, ctc.). For example, the flow in this study was modcllcd both as unsteady to
match the in vivo conditions and quasi-stcady to allow a simplificd computational
analysis. Also, both laminar and turbulent computatiunal flow modclling were uscd

to analyze the two-dimensional planar flow model.

When making such simplifications, it is imperative that the important
characteristics of the flow are retained. This can be achicved by ensuring that the ratios of
various types of forces acting on the fluid arc the same in the modcl and the in vivo
situation. In this chapter, the important force ratios will be determined for an axisymmctric
heart model. The axisymmetric shapc was chosen because the cross-scction of the lcft
ventricle is approximately circular. The force ratios for the two-dimcnsional planar heart
approximation used in the laboratory model are determinced in Appendix A. A comparison
between steady and unsteady flow forces will be developed. This will show that a stcady
flow simplification (quasi-stcady analysis) of the in vivo flow may be valid where

significant flow restrictions cxist.
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2.1.1 Flow Parameters

In order to decide what laboratory model to usc, the parameters governing the
models were first cvaluated. The first concern was the fluid to usc for the modeclling. This
should match the rheological propertics of blood. Blood is a non-Newtonian fluid and
consists of a collection of cells suspcndc& in plasma, see Charm & Kurland (1974). The
viscosity of blood increases with hematocrit (the volume percentage of cells) and
increases to a lesser extent at low shear rates, see Cooney (1976). The hematocrit for adult
males ranges from 40 to 50 percent, and from 35 to 45 percent for adult femaies, scc
Tortora. Evans & Anagnostakos (1982) and Licpsch (1986). This range in hematocrit
causcs the viscosity to vary from three to four times that of water. The common valuc used
by most rescarchers is a viscosity of 0.038 cm?/s, sec for cxample Schultz, Tunstall-
Pedoc, Lee, Gunning, and Bellhouse (1969). Rescarch performed by Kunz and Coulter
(1967) and Brech and Bellhouse (1973) determined that blood behav.s as a Newtonian
fluid when considered in larger vesscls, such as arteries and capillarics, due to the presence
of a plasma skimming laycr ncar the vessel walls. The plasma skimming layer is a ccll-
free layer ncar the vessel wall that counteracts the increase in viscosity at low shear ratcs,
sce Cooney (1976, page 54). Recent work by Hogan and Henriksen (1989) has confirmed
that velocitics and strcamlines arc unaffected by non-Newtonian viscosity in larger
vesscls, cven though there may be differences in shear stresses. In the present study, blood

was modelled as a Newtonian fluid, and simulated using water in the experimental studics.

The second parameter to be considered was one that characterizes the flow during
systolc. Somie researchers have used the Reynolds number (Re), which is the ratio of
incrtial to viscous forces acting on the fluid. There is about a factor of two variation ir
experimentally-determined Reynolds. This is to be expected, given the wide variance of
body sizes and physical fitness in a normal population. For example, Jones (1969) used a

peak Reynolds number of 5000 (based on the maximum flow rate and aortic diameter, for
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a normal adult), Bellhouse and Bellhouse (1969) suggest a value of 3455 at rest and 8500
during cxercise, and Cooney (1976) used a value of 3600 at rest and 5800 during excrcisc.

Other researchers, such as Bellhousc and Talbot (1969) have used the Strouhal
number (S) to account for the pulsatile nature of the flow. The Strouhal number is the ratio
of unsteady acceleration forces to dynamic pressure forces acting on the fluid in a constant
gcometry system (i.e. it does not account for moving walls). Another parameter is bascd
on a combination of the Reynolds number and Strouhal number and is called the

Womersley parameter o. This is defined as

. . . S
= [mcma force unstcady acccleration force ]O“ = [ReS ’]0.5 2.1
viscous force dynamic pressurc force ' -

This parameter is the ratio of strokc-averaged inertial to viscous forccs for a fixed gecome-
try. Thc Womerslcy parameter has been used by several researchers, such as Lutz, Hsu,
Mecnawat, Zrubck and Edwards (1983) and Licpsch (1986) for flow in artcrics. It is partic-

ularly well suited to artcrial pulsatile flows.

2.2 ORDER OF MAGNITUDE ANALYSIS: AXISYMMETRIC
HEART MODEL

Simple onc and two-dimensional modcls were used to simulate the cjcction period
of the left ventricle. One way to determine dynamic similarity parameters is to compare
ratios of the forces acting on the fluid. In the human heart, there are three forces to
consider:

« viscous drag forces:
« inertial acceleration forces caused by the time dependant contraction;

« spatial acceleration forces caused by changes in geometry.

These forces will be referred to by the names in boldface, for convenience. Since there arc
three forces, two independent ratios are possible. The two ratios chosen here arc the spa-

tial to incrtial forces, and the inertial to viscous forces (the third ratio, of spatial to viscous
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forces, is just the product of the first two ratios). It was found that the spatial to incrtial

force ratio depends only on the geometry of the heart, whilc the inertial to viscous force

ratio depends on fluid propertics, flow ratc parameters and geometry.

2.2.1 Simplified Heart Model

Consider the simplified axisymmetric heart model shown in Figure 2.1. The left
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Figure 2.1: Contracting Cylinder Ventricle Model

ventricle is simulated as a radially contracting cylinder (piston), forcing the fluid through a

smooth transition into the aorta. This transition may contain a restriction, with a minimum

constriction diameter D,.. The aorta is modelled as a round tube of diameter D,. The piston

contracts with a radial wall velocity up,
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To determinc the forces involved, several assumptions were made:
There is a period of constant flow acceleration, followed by a period of constant
deceleration, as shown in Figure 2.2(a). This causcs the variation in the cxit veloc-

ity as shown in Figure 2.2(b) This triangular velocity-time curve approximatcs the

in vivo HCM condition, shown in Figure 2.3.
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Figure 2.2: Idealized Fluid Velocity and Acceleration for Order of Magnitude
Analysis
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Figure 2.3: HCM Aortic Velocity From In Vivo M.easurements by Murgo et al (1980).



Page 24

« Flow scparation may occur downstrcam from thc restriction.

« The flow is uniform, with a flat cross-strcam velocity profilc.
Bcfore determining the magnitudes of the fluid forces, some general flow parameters will
be developed. These include the stroke volume and stroke velocity. The stroke volume is

given by

“p? -D® L.

roke vol = =
St oke volume 4 P it P finst P

where

D is the initial piston diameter.

7 innat

D, is the final piston diameter:

L, is the length of the piston region.

If the length Ly, of the ventricle is approximated as 2D, (based cn the left ventricular

intal

anatomy, scc Teichholz, Kreulen, Herman, Gorlin (1976), used tn simplify the analysis),

the stroke volume becomes

[p? -D? 1. 2.2)

sl P initiat P finnt

stroke volume = =D

IA

A

The cjcction time £y, is the time during which blood is flowing out of the left ventricle,
and may be less than the systolic period. For this analysis, the ejection period is divided
into two cqual intervals, cach fy,4/2 in duration. These correspond to the acceleration

(first half) and deccleration (sccond half) periods, as shown in Figure 2.2.

The velocity ¥, at the cxit of the flow expansion region, shown in Figure 2.2(a), is

averaged over the cjection time to define an effcctive “stroke velocity™ Vg,
v N stroke volume
stroke ~ “(cxpansion exit aica) (ejection time)

(2.3)

The stroke velocity is written in terms of the stroke volume (amount of blood ¢jected from



Page 25

the left ventricle in cach heartbeat), exit arca and ¢jection time to allow dircct comparison
with in vivo data. For in vivo situations, the exit (aortic) velocity is rarcly available. How-
evcr, the stroke volume and stroke time are often me asured, and the aortic diameter D, for
a normal adult is typically 25 mm, sce Bellhouse & Bellhouse (1969). Becausc of difficul-
tics in determining the cxact start and end point of the flow period, the in vivo valucs arc
estimated as

5 (90% of stroke volumc )
stroke = “(oxitarca) (time for 90% of volume ¢jected )

In terms of the geometry of Figure 2.1,

2D D} -D ]

T iniat P e P finat

D1

¢ siroke

~
P~
stroke

In HCM, the stroke volume is large compared to the final volume (end systolic volumce),

sothat D, is much greaterthan D, .In this case, D, in cquation (2.4) is ncglected,

mtal final .

so that
2D’
stroke = 2 (2'5)
Dr I.tll'akc
T _3
stroke volume = = D° (2.6)

2 puuml )
The stroke volume can now be cxpressed in terms of the stroke velocity and the stroke
time as

I

4DfV ! Q.7)

stroke stroke’

stroke volume =

Having defined Viyore 8nd L4040 and determined the stroke volume in terms of
thcse parameters, the average inertial, viscous and spatial forces during the first half
(acccleration) and second half (deccleration) of the stroke period will be determined. This
will allow the calculation of the average incrtial to viscous force ratio, and the average

spatial to inertial force ratio.
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2.2.2 Unsteady Inertial Acceleration Force, Fj,p1iq

The unsteady inertial acceleration force Fiyqiq) equired to accelerate the fluid
volume is the mass of the fluid m multiplied by its acceleration a. The average value of

Fyeriia) Will be found from

inertial

= ]TJ‘madl (2.8)
0

Since the accelcration in the cach half of the ejection period is constant, the average valuc
of Fipertiqr in cach time intcrval is determined by the product of the acccleration and time
averaged mass of fluid. Referring to Figure 2.2(a), the acceleration in the first half of the
cjcction period (acccleration) is given by

4 thrnkl'
: 2.9

1slrnk¢-

and in the sccond half of the cjection period (deccleration) is

4 Vclmlu'
- . (2.10)

’slrukr

The  1ss < fluid in the control volume being accelerated is the mass within the piston
region: the mass within the constriction and expansion regions is small in comparison and
thus neglected. During the ¢jection period, the fluid mass decreases with time becausc the
piston volume is decreasing. The flow rate through the expansion region exit incrcascs and
dccrcascs lircarly as shown in Figure 2.4(b).
The mass flow ratc is

an

];) = pVe_.4_.9

wherce ¥, varics with time as shown in Figurc 2.2(b). During the first half of the ejection

2.1D

period (acccleration), this velocity is

=4y 2.12)

ey :n'olu-l
stroke

whilc during the second half of the ejection period (deceleration) is
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Figure 2.4: Fluid Mass Variation in the Axisymmetric (Cylindrical) Heart Model

stroke

2. . (2.13)

stroke

V. =2

ey stroke

1 -2

The subscripts / and 1/ will be used throughout to denote the first and sccond halves of the
ejection period. At any time, the mass being accelerated can be determined from the flow

ratc m

mt) = m,,,.~[md (2.14)

wl cre mj,,;,iq is the initial mass in the control volume, and the flow ratc is given by cqua-
tions 2.11-2.13. The average mass being accclerated in cach time interval is

1

27

m =

ave
b

{[m(:)d{. (2.15)

For the first half (acceleration) of the ¢jectior, this vecomes

= 3 noD?
mﬂ\'(', - '2—4npDc V,,,.,,k‘.’.ul'nltr’ (2'16)

while for the second half (dcceleration) the average mass is

_ 1 2
maw” - iznpDc V.\'Irnkelslrnh" (2°l7)

As shown in Figure 2.4(a), the average mass accelerated in the first half +» snuch more than
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the average mass decelerated in the sccond half of the cjection period. Multiplying the

avcrage mass with the constant acceleration (cquations 2.9 and 2.10), the average incrtial

force 1s
5 2,2
inertial, = _6— DPPV_‘,,.O,”, (2.]8)
during thc first half (acccleration) and
R D
incriialy = —anDrquruke (2-19)

during the sccond half (deccleration) of the cjection period. Due to the mass variation with
time. the inertial force is five times larger during the first half of the cjection period. The

dircction of the incrtial force reverses for the second half of the ejection period, as fluid is
decelerated. Forces duc to gecometric changes and viscosity arc not included here becausc

they will be accounted for in the spatial and viscous forcces.

2.2.3 Viscous Drag Force, F .,

The viscous force acting on the fluid during the ejection period (systole) can be
cstimated from the wall shear stress T as

=T (shecar surfaccarca) . 2.20)

viscous

In this scction, the instantancous wall shear stress will be determined for cach half of the
cjcction period, followed by an estimation of the instantancous shear surfacc arca. Using
these valucs, the instantancous viscous force will be determined and averaged. For lami-

nar flow, the wall shear stress may be estimated from

ou
T“ = H‘a—r

T = ad
W 8 M

ave

(2.21)

where 1, is the velocity in the piston region and & is the average boundary layer thick-

ncss. The boundary layer growth along the piston walls is approximated by a suddenly
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accclerated planc wall of infinite length. Nerem and Seed (1972) suggested this acccler-
ated infinitc wall approximation for the boundary layer thickncss is a rcasonable estimate
for the aortic wall boundary laycr. For the casc considered here, this approximation is less
valid because the wall is not infinite in length and thus has a lcading cdge. As a result,
using the accelerated infinite wall approximation may overestimate the boundary laycr
thickness for the finise length piston wall. The classic solution of Stokes problem, Schlich-
ting (1979, page 91), gives the boundary layer thickness of a suddenly accclerated planc

wall moving at a constant velocity as

where v is the kinematic viscosity and ¢ is the time from the onsct of motion. In cquation
2.22 the boundary layer thickness is the point where the fluid velocity has decreased to 1%

of the wall velocity.

The time-average boundary layer thickness for the first half (acceleration) of the

cjection period is then

8., = 2 [Vl 0] V2 (2.23)
During the sccond half (deceleration) of the cjection period
8 zzﬁ[v’slu:kc]‘/z' (2.24)

aven

Since the boundary layer thickness is increasing with time, the wall shcar stress should
dccrcase. However, the velocity V,, is simultancously incrcasing, causing the wall shcar
stress to incrcase with time. This variation in piston velocity will now be determined.
Instantaneous values will be used rather than determining the time averaged valucs to

avoid problems caused by V, —» o as (>4, . .
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Figure 2.5: Variation in Piston Region Velocity

The velocity F, in the piston region increases iincarly along the piston length, as

shown in Figurc 2.5. This vclocity will vary with time and position, so that

l'dAp '
Ldt ]-"

AR (2.25)

A

P

where 4, is the cross-scctional arca of the piston region at any time ¢. The spatial average
velocity along the piston region at time ¢ will be the velocity at v = L,,/2, because the
velocity varics lincarly between v=0 and v=L,,. For the first half (acceleration) of the

cjection period, the instantancous fluid velocity is

L 4Dp {
V,,,(‘V:'ip‘,‘() = mial ) (2.26)

P 2
2
[1 _2[1 ] :"urake
stroke

and for the sccond half (dcccleration) is

L 4D, 1
V,, (=71 = = . (2.27)
(- stroke
2
| -2 —— | |t

stroke

siroke

Notc that as previously mentioned, V| - as 11, .. The time averaged valuc dur-
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ing the sccond half (deceleration) of the cjection period would then be infinite. This prob-
lem is avoided by noting that the shear surface arca simultancously approaches zcero. If the
instantancous values of velocity and surface a'ca are used to determine the viscous force,

the two effects cancel and a finite value is obtained.

The instantancous shear surface  -ca is given by

1.2

2 r ot 2
A, = ._nDp“”“dI{l -2 ] ] (2.28)
L

stroke

during the first half (acceleration) and

1.2

( stroke stroke “
2 2 2
Ay = L2rD [1-4 — +4 _

Pinennal
s ’.urn/u‘ ’.(uuln' J

during the sccond half (deceleration) of the ¢jection peniod. This reduccs to

sroke

[f—

- 0t -2 —2 || (2.29)

14
sty Pt

stroke

Using the approximation for tiic boundary layer thicknesses (cquations 2.23 and 2.24),
velocities (cquations 2.26 and 2.27) and surface arcas (cquations 2.28 and 2.29), the

instantancous viscous force (cquation 2.20) during the first half (acceleration) becomes

F -~ 4 " v Pl ¢ 2 30
viscousy ~ anr—_ ] 2 05 ( . )
stroke ’.rlralre [l _2[ 1 ] :l
’Jlroltc
and

v Dimuml
viseous = 1-67tp (2.3])

" stroke ’sll'akt'

during the sccond half (deceleration) of the ejection period. As equation 2.31 shows, the
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cffect of the piston velocity ¥V, —w as (>, ,, has been balanced by the surfacc arca

A — 0. Thus the two time dependant terms have cancelled, causing the viscous force

surf

to be constant in the second half of the ejection period. The average viscous force for each

half of the cjection period is found from

L

| x ] [F.,
l'l.\’(‘(ill.t‘“' 12 — ’] viscous

I

The average viscous force during the acceleration period is

3
A% D

~1.2np |- Linnat (2.32)

viscaus,
ane stroke ’.\’H'n/(r

and during the deccleration period is

v Dimmul
F\‘f.\'l'(!ll.( = ]'6np - (2.33)
ars ’Sl"uk(' stroke

Thus the viscous forcc is on average 25% larger during the sccond half {(deceleration) in

comparison to the first half (accelcration) of the cjection period.

2.2.4 Spatial Acceleration Force, F spatial

The spatial acceleration force required to push the fluid through the constriction is
modellcd two different ways. The first is to model the downstream side of the constriction

as a sudden cxpansion, shown in Figurc 2.6. This simulates a separated flow which gives

Sudden Expansion
I krl volume

Dp e 8
| LA Dci L ey }n (D

Expansion
Region

Piston Region Constriction
Region

Figure 2.6: Constriction Geometry With Sudden Expansion
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-«

Piston Region Expansion
Region
Constriction

Region

Figure 2.7: Constriction Geometry Without Sudden Expansion

the least amount of pressurc recovery in the expansion (scparated flow is flow with a high
velocity core and reverse flow near the walls; this type of flow docs not recover pressure
well). The second method is to assume no scparation and usc the Bernoulli equation to
cstimate the pressure difference between ¢ and e. The geometry for the sccond casc is

shown in Figure 2.7.

The reason for using two different models was to set the upper and lower bounds
on pressure difference: scparated flow where the kinetic ercrgy loss is large, and fully
attached flow where the kinctic energy loss is zcro. Both micthods first determine the
pressurc drop between p and e, then determine the spatial acceleration force Fypgyiq) by

multiplying the pressure drop by the flow arca.

2.2.4.1 First Case: Sudden Expansion to Induce Flow Separation

For a sudden expansion, pressure differences will be determined using the
Bernoulli equation between p and ¢, and a linear momentum analysis for the sudden

expansion between ¢ and e. Rather than use the unstcady form of the Bernoulli cquation,
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which includes both spatial and ‘ncrtial acceleration effects, the stcady form of the
Bernoulli equation is uscd. This avoids including the inertia terms, as thesc are accounted

for in Fiyertial-

Noting that the velocit; at p 1s zero (p is located against a fixed wall), the
instantancous pressarc drop between p and ¢ will be

1
b,~P.= §PV3-

Using continuity to rclate the velocity V. to 1,

D

4
poxlor[ 2 2.34
Pl’ e ip c — . ( * )
Notc that D, may vary with time, depending on the situation being modclled. For the nor-
mal heart, fixcd stenosis and unobstructed HCM case, D, will be a constant value, while
for the progressive restriction HCM cases, D will become smaller during the cjcction

period.

Consider the control volume shown in Figure 2.6. This control volumec starts just
downstream of the constriction. It is assumed that the pressure across the control volume
at ¢ is uniform and cqual to P,.. Applying a lincar momentum analysis along the control

volume from c¢ to e, the instantancous pressurc difference is

T
plp?-p lpD? = pr§0§-pr§0§. (2.35)

Recognizing that V.. is related to ¥, through continuity, equation 2.35 becomes

D 2
P -P = pr[l - [D_] ] (2.36)

Equating the two pressurc equations 2.34 and 2.36, the instantancous pressure difference

p-p=Ple|aoa]2 Al 2
S e AR A @sn

is
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The instantaneous spatial force required to overcome this pressure loss is

Dp¥:l D,y 17D,
Fspau‘ulz _T— 1- [D—] + 2‘[5‘] . (238)

The minimum constriction diameter D, may vary with time and its average value for the

ejection period is denoted as D, . The average spatial acceleration force is dctermined

from
l !
Fspuliul.m_ = 7J‘F.t[1aliald’ (239)
0
During the first half (acceleration) of the ejection period,

2 . ro, 7 ir o,y
Ftp{llfll[l 'z0'233nDly“"“alpl.‘.,”,h. ]— LD J + 2[5-— (240)

P
- are

and during the second half (dcceleration) of the ejection period

2 2 Dc ; l D(' ) 741
F-‘f'“’i"’llu"_ = O. looan’mumlp ,/-Yll‘ulu' - [E‘-_.] + -i \:—D———\J . (‘--

2.2.4.2 Second Case: No Separation

The second method of determining the spatial force is to have no flow scparation
through the expansion region. In this casc, kinetic cnergy as well as momentum is
conscrved. Using the stcady form of the Bernoulli cquation to find the instantancous
pressure differcnce between p and e (Figure 2.7),

P -P, = %p[Vf— v (2.42)
Again, V), = v, =0 v.c instantancous spatial force required to overcome this pressure loss is

2 102
aD’pV
r e
F.‘palial & 8 * (2-43)

The as- age spatial acceleration force is determined as before (cquation 2.39) for the first

half (accelcration) of the ¢jection period to give
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F ~0.117eD>  pV? (2.44)

spatial, Pimual stroke
ave

whilc during the sccond balf (decrleration) of the cjection period

~0.050nD> pl2 (2.45)

""Wi““au- Pamiral stroke”

2.2.5 Dimensionless Parameters

A dimensionless parameter that may be used to describe the flow f-om the icft
ventricle into the aorta is obtained from the ratio of the average accelerati: force Fiyepial
(cquations 2.18 and 2.19) to the average viscous force Fyigepyg (equations 2.32 and 2.33)

during cach half of thc cjcction period. This yiclds, during acceleration

3

D
inertia mral 3.5 o,0.
<! zz.s[_’})_} Re¥ s (2.46)
VISCus Il (3
and during dcccleration
3
_— D )
m'm ial =~ 0.4|: "Dmmuljl Re(L)).SS’(L)’.S (2'47)
viscous II €
where
D, unsteady acccleration force

St, = Strouhal Number = =

stroke ' stroke

dynamic pressurc force

4 . .
VevareD. _ incrtia force

v ~ viscous force’

Re, = Rcynolds Number =

The subscript D is used to denotc that the parameter is based on aortic diameter. The

Womcrsley parameter a is defined as

0.55,05
o = Re, St

and is often uscd to characterize the motion of blood in an artery, see Womersley (1955).
Variations of this parameter have been used by researchers to characterize the flow in
arterics. Licpsch (1986), for cxample, used the definition given here, while Lutz er a/

(1983) used [0.511:ReDSll,]°'5 rather than [Re,S¢,]%* for a, so carc must be taken



Page 37

when comparing values of a given in the litcraturc. Averaging the force ratio cquations
2.46 and 2.47, and denoting [Re[S1p] 5 as o p- the overall average during the cjcction

period is

F. .
inertial 3
= 1.68, 0,
Fviscous b™b

(2.48)
where

Pininat

D

Bp = geometry factor = -
e

Defining a ,, ia terms of the square root of RepStp, is logical, as it gives a lincar relation-
ship between a. ) and the inertial to viscous force ratio. Equation 2.48 shows that flow
from the left ventricle into the aorta may be characterized with the Womersley parameter
and a geometry factor. Thus, a laboratory mode! will match the in vivo situation if it has
the same Womersley parameter and is geometrically similar. Some typical valucs of the
Womersley parameter a for left ventricular ejection arc shown in Tablc 2.1, bascd on data
from Murgo ef al (1980) and Clark (1976a) and a 25 mm diameter aorta (D,.).

Table Z.1: Comparison of Dimensionless Parameters for the Hurran Heart

. Rep Stp o B Finertia

Heart Configuration D b Fiscous
normal heart 6311 | 0.138 29.5 1.5 159
HCM: resting 7443 1 0.132 313 1.5 169
HCM: provoked 13580 | 0.090 35.0 1.8 327
scvere aortic valvular stenosis 1876 1 0.175 18.1 1.4 79

As Table 2.1 shows, the inertial to viscous force ratio is almost the samc for a
normal heart and the resting HCM heart. However, the provoked HCM heart (the resting
HCM heart causcd to eject at a higher rate) has a ratio twice the normal heart, while the
severe aortic stenosis ratio is a factor of two smaller than the normal heart. This differcnce
is due primarily to the high rate of ejection in the provoked HCM heart, and the low rate of
ejection of the stenosed heart with its obstructed outlet. In general, this ratio seems tobe a

sensitive indicator of the degree of impediment to ¢jection. The severe aortic valvular
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stenosis gives a low value (79). The provoked HCM case, which cjected the blood in the
left ventricle morc completely (higher ejection fraction) and more quickly, gives a high

value (327) for incrtial to viscous forces.

The inertial to viscous force ratio is shown graphically in Figure 2.8. Clearly, the
higher the Womerslcy parameter (faster rates of ejection) and the larger the geometry
fator, the more the inertial forces dominate over the viscous forces. This would suggest

that an inviscid analysis may be adequate, especially for HCM cases.

500 T T T g T T T T T
400 | 20( ......................... ......................... , ............ .,.,.'...'..._.
o= H : s
S e, a =30 ’,’ _ T
Finersiat 300 + - ......................... o - . ,' .......... i
Y11 E— - ", .......... .................... R
100 + - ”’,,- ”’ ........................ ................... _
O 1 | 1 - t 1 1 | 1
1.0 1.2 1.4 1.6 1.8 20

Geometry Factor B,

Figure 2.8: F{fect of Womersley Parameter a = Re%>S1%° and Geometry Factor on
Inertial/Viscous Force Ratice

A sccond dimensionless parameter may be obtained from the ratio of the spatial
orce with the sudden expansion (cquations 2.40 and 2.41) and inertial force (equations

2.18 and 2.19):

spatial

incriial

- 2 2
~ 0 ')\ Dpimlial 1 _ & + l 2: 4
! N L Df DC 2 Dc’.’
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F_ D, ¥r rp+* o7
) spatial ~ P imvteal _ _l_ _‘_ _'
Fincuiul 1 0.60[ Dn‘ } {l [D(] i 2 [Di ] ‘

The overall average of the acceleration and decceleration ratios 1s

05 )
F,.. D, ™ D 1D
spatial Pimnat e ¢
= 0.44 -] =t +2] == 2.49
'pinerlial [ De ] { [Dr} +2|:DFJ ( 4 )

This can be expressed uxing the geometry factor ) and a restriction factor

_f.spuliul - 044B2 |:l "T]z + 1n4:| 2.50)
Fim-ru‘ul . b b 2 b -
wherc
- D,
n, = restriction factor = b

If the spatial force for the unscparated expansion is used in the ratio,

spatial

~0.22B; . (2.51)
inertial

unseparated
| expansion

It is interesting to notc that the spatial to incrtial force ratio depends only on
gcometry. Table 2.2 shows typical valucs for the ratios based on in vivo data. The
restricted c2ses of HCM usc an average restriction factor of 1.5 and 2 to simulate systolic
anterior motion of the mitral valve, The unrestricted casc of HCM uscs the same
restriction factor as a normal heart. The normal and severe restriction factors arc from
Clark (1976a). The initial piston re zion diamcters arc based on the data of Murgo et a/
(1980).

When full pressure recovery is assumed, the incrtial force is dominant, especially
in the first half of systolc. If sudden expansion is assumed, the spatial/incrtial force ratio
depends on the restriction factor, because the geometry factor does not vary significantly.
When the restriction becomes scvere, the spatial force dominates, sec Figure 2.9. For the
casc of severc aortic valvular stenosis, the incrtial forces arc negligible compared with the

spatial forces provided fiow scparation occurs. The ratio Fypy il Finertial 15 @ sensitive
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F.tl'lllia/ ]00 -

inertial
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Geometry Factor B,

D
Figure 2.9: Effect of Restriction and Geometry Factor B, = —"DL"‘—' and Restriction

[ 4

D,
Factor n, = 3 on Spatial te Inertial Force Ratio.

<

Constriction Region

Piston Region Expansion Region

B = width out of page

Figu.-e 2.10: Planar Heart Model Geometry
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Table 2.2: Comparison of Spatial/Inertial Force Ratio for In Vivo Hearts

Heart Configuration Mp Bp Finertiat
Sudden Unscparatcd
Expansion Expansion

normal heart =?Elr_(;5—-%lﬂL_—__6__§#==0?
HCM: unrestricted, resting 1.05 1.5 0.99 0.50
HCM: unrestricted, provoked 1.05 1.8 1.4 0.71
HCM: mildly restricted, resting 1.5 1.5 1.3 0.50
HCM: mildly restricted, provoked 1.5 1.8 1.8 0.71
HCM: very restricted, resting 2.0 1.5 5.0 0.50
HCM: very restricted, provoked 2.0 1.8 7.1 0.71
severe aortic valvular stenosis 4.0 1.4 97 0.43

indicator of flow separation effects, espccially in obstructed outlet conditions.

2.2.6 Comparison With Planar Configuration

The laboratory modecls were planar with opposed flat, rectangular pistons rather
than an axisymmetric circular configuration. This planar gcometry was also analyzed to
determine dimensionless parameters. The details may be found in Appendix A.1. The
configuration that was used is shown in Figurc 2.10. Two flat piston walls movc towards
each other, driving the fluid past a constriction into an exit channel. The average ratio of

inertial to viscous forces is (cquation A.43):

F

inertial

F

viscous

= 1.9p}a,,. (2.52)

planar

The average ratio of spatial to inertial forces for the sudden expansion became (cquation

A47)

F._ . 2
__spatial - 0,44BH[1_nH+lnH]
Finerlial 2 (2'53)

planar
sudden,
expansion
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while for the unscparated cxpansion (cquation A.48)

Fspalial
= = 0.22B,, (2.54)

inertial

planar
unseparated
expansion

where

o, = Planar Womersley Parameter = [ReySty] 12

H
St;; = Planar Strouhal Number = —o——,
Vslroke’slmke
V H,
Re;; = Planar Reynolds Number = stroke "¢
. He
n,, = Planar restriction factor = —
HC
Pt
B, = Planar gecometry factor = i

[

The spatial to incrtial force ratio is identical to the axisymmetric ratio, if the restriction and

geometry factors arc redefined in terms of arca:

- ¢ - _f - _¢
narca A( HcB DZ
¢
SO
2
Ny = Mp
and ,
B - Aplnmul - HpmumlB - Dpimlm'
area Ae HeB D.Z
SO

By = Bi)'
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2.3 QUASI-STEADY APPROXIMATION IN ONE-DIMENSIONAL
UNSTEADY FLOW

When using the quasi-stcady approach to determine pressures in an unsteady flow,
the unsteady inertial effects are neglected. If the unsteady incrtial acceleration forces are
small compared to the stcady dynamic forces from spatial acceleration (e.g. changes in
area) or the viscous drag forces, this may be a good approximation. It would be uscful to
know if this approximation may be used for left ventricular cjection, for eiither normal or
diseased hearts. This allows the use of steady flow modcls (numericai and laboratory) to
analyzc the unsteady situation, making the entire analysis much simpler. The quasi-stcady
results for pressure would then be muitiplied by a correction factor (the force ratio). The
following order of magnitude analysis will define the relevant dimensionless parameter
for evaluating the conditions in which the quasi-stcady approximation is accuratc. This
parameter v:ill be determined from the ratio of forces including the incruial force to forces

neglecting the inertial force,

F F.

total _ Yinertial + Fvixwu.\'

F + F,

spatial

+ F,

spatial

F

quasi-steady viscous

The model used is the same axisymmetric configuration considered in Scction 2.2, snown

in Figure 2.1. The forces derived in that section will be used here as well.

2.3.1 Total Force

The average total force Fyg,q is given by the sum of Fiyerial + Fuiscous + Fspatial

= 3
n .
n 2 2 v 2 : pmuul
Floml = 'jpDe Vszmke + l4np [; ] (T-—w
stroke stroke

sudden
expansion

- D ﬁz 1 D 42
2 e ¢
+0.17nprle;mke[l ~ [_D_J + 5[5] }

<

(2.55)

using Fy, i for the sudden expansion. For the unseparated cxpansion
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b3

5¢(D
T 2 2 v 2( plmlldl)

= — +1.4n PR

L 2pDe Vs'mke p[’slmke] lsiroke
unseparated
expansion

0.084npD> V?
+O004NP L, stroke . (2.56)

2.3.2 Quasi-Steady Limit

Using a quasi-stcady approach, the force required to move the fluid will not

include the inertial force. Thus for the sudden expansion

1

- 3
v 2 mezlml \
Fquasi-sleadr = | 41tp 7 ; )
stroke stroke
sudden
expansion

cortmeD? 1] 2e] 4]
’ Ttp Pimnal  stroke E E

aile for the unscparated cxpansion
[ v ] (D;’:nmulj
= l4np _
Istroke lsiroke

unseparated
) i
+0.084npD, ,V

(S Mg

Fqua.vi-sleadr

expar ‘on
stroke (2.58)

The ratio of the total force to quasi-steady force for the sudden cxpansion is

212
Fmral =1 O'SDe stroke
=i+ 1
Fqua.\-i-.\-tcad\' D3 13 D 2 | D 4
Pimuial v ) 2 2 e €
147 [ +0.17D% ¥ [1-(—) +_(._)]
; k
lsiroke lslroke_' Puinai” $110 e._ Dc 2 D( J
. (2.59)
and for the unscparated expansion
F 0.5D%V}
I .
7 toia =1+ ;z stroke (2.60)
quasi-steady D3 3
g - 2
unseparated ] 4T +0.084D2 Vi o
Ypanst Lsiroke Ulstroke Prawnat - SITORE
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These ratios may be expressed in terms of dimensionless variables:

Fioral 1
= 2.
b+ 0.63 1 41 (2.61)

ar )
404482011+ 2 ]
sdden ; K p| 1 -Mp+3Mp
expansion B D [St pRe D]

F

quasi-steady

and
F !
. toral -1+ 53 . (2.62)
quasi-sieady . +0.22 B.’b
0.5 e
se d 3 '
g;ﬁﬂgﬁ B D [StpRe 1)]
where
D, unstcady acceleration force
Stp = Strouhal Number = ‘ = =3 yaeee s :
sirokel siroke ynamic pressure force

VsirokeDPe _ incrtia force
Y viscous force

Rep, = Reynolds Number =

N, = restriction factor =

AT

B, = geometry factor =

P wtial

The product Re%SSl(,))'S is the Womersley parameter a. Using this parameter, the force

ratio equation 2.61 for the sudden expansion may be written as

F,
= toral s 3 ’1 —1 = (2.63)
quasi-sieady tden ',‘i.’_" + 0.44[3‘1')[] -Np* _2.7\D]
expansion Bpep

This rcveals the paramaters for deciding if a quasi-steady approach may be used to deter-
minc the pressure. It shows that the quasi-steady approac*: should be valid for small Wom-
ersley parameters and large restriction factors, for example

+ slow closure rates.

« severe aortic valvular stenosis.

« severc sub-aortic valvular stenosts.
The most important factor is the restriction factor. As the restriction factor gets larger

(more obstructed flow), the quasi-steady approximation gets better.
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The force ratio determined using the fully recovered spatial force (equation 2.62) may

also be written in terms of the Womersley parameter o

F

total l

F

quasi-steady

=1+

unseparated
expansion

1

0.63

p%p

+0.22p2

(2.64)

This shows that if the flow does not separate, the difference between the quasi-stcady and

unstcady approaches should not be influenced by the degree of restriction.

Using in vivo aortic flow ratcs and geometric data i-c:m sorinal and HCM hcearts

determined by Murgo, Alter, Dorethy, Altobelli & MvGranaaan (1980), and from a scvere

aortic stenosis obtained by Clark (1976a), the force ratios were obtained for the first half

of systolc, as shown in Table 2.3.

Table 2.3: Comparison of Unsteady and Quasi-Steady Forces

Fiow
Flow Configuration n, | Bp | @p F quast-steads
Sudden Unseparated
Expansion | Expansion
normai hcart 1.05 1.5] 29.5 3.0 3.0
HCM: unrestricted, resting 1.05 1.51 313 30 3.0
HCM: unrestricted, provoked 1.05 1.8 ] 35.0 | 24 2.4
HCM: mildly restricted, resting 1.5 1.5 313 1.8 3.0
HCM: mildly restricted, provoked 1.5 1.8 35.0 1.5 24
HCM: very restricted, resting 20| 15| 313 1.2 3.0
HCM: very restricted, provoked 20| 18] 35.0 1.1 24
scvcre aortic stenosis 40| 14| 181 1.01 33

These force ratio values indicate that the quasi-steady approach will be good for a severe

stenosis and very restricted HCM hearts if separation occurs, but quite poor for all other
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cases (i.e. the quasi-steady approach is reasonable when Fygq1/Fiyayi-sieady l1CS between

1.0 and 1.2). The HCM ratios vary, depending on the degree of restriction one assumes.

Clark (1976b) used ihe Strouhal number alone as a deciding factor in detcrmining
if a quasi-steady approach was valid. This was utilized in his study of flow from the left
ventricle into the aorta through an aortic stenosis. He suggested that the Strouhal number
could be thought of as a ratio of acceleration cffects due to the flow changing with time to
that due to spatial acceleration caused by the reduction of arca. Thus if the Strouhal
number was very smail, the unsteadiness in the flow would be relatively unimportant,
allowing the problem to be treated as quasi-stcady. It should be noted that his dcfinition for
the Strouhal number was bascd on the minimum diameter of the outflow tract and thus
included the cffect of the restriction. As he was examining two extreme cascs only
(normal hearts where the quasi-steady approach clearly could not be used, and scvere
aortic valvular stenosis where the quasi-steady approach was well suitcd), this approach
was sufficient. His conclusions were similar: the quasi-stcady analysis is adcquatc for a

severe restriction, but becomes poor for a mild restriction.

The planar configuration was also examined to detcrminc the unstcady/quasi-
stcady ratio. This is given in detail in Appendix A.2. The ratio gave similar results for the

sudden expansion and unseparated expansion (equations A.53 and A.54):

F
- 1o1al =1+ 5 I S (2.65)
quasi- sieaay : - —
planar B11!0'}/ * 0.44[5”[] T]” * 271”:‘
lsudden'
expansion
and
F
total -1+ ! (2.66)
Fquasi-steaa’y 0.53 +0_22[3”

planar ﬁIlall
unseparated
expansion
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a =10 B, = 1.5 (normal and mild HCM
..................................... a = 30 left ventricle)
........... o = S0 B, =25 (matches laboratory models)
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Figure 2.11 Variation of Force Ratio With Restriction Factor n
(suddcn expansion case shown)
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where the restriction, gcometry and Womersley parameters have the definitions given in
Section 2.2.6. Again, it shouid be noted that if the restriction and gecometry factors were

redefined in terms of area, the ratio would have the same form as the axisymmetric casc.

Figurc 2.11 shows the variation in the total to quasi-stcady force ratio with
restriction for Womersley parameters of 10, 30, and 50 for both the axisymmetric casc
(equation 2.63 and 2.64) and the planar case (cquations 2.65 and 2.66). It is immediatcly
cvident that the Womersley parameter has little cffect: the variation is duc almost cntircly
to the restriction factor 1. This means that the viscous forces arc negligible compared to

spatial acccleration forces for the laminar flow model used herc.

2.4 SUMMARY

The order of magnitude analysis and the quasi-stcady approximation described in

this chapter have shown the following:

the order of magnitude analysis revealed the appropriate dimensionless parameters
used for modelling left ventricular cjection. Thesc are 1. the restriction factor: B, the

geometry factor; and o, thc Womersley parameter.

« the incrtial force to viscous force ratio may be used to indicatc the degree of
impediment to cjection: high values (150 to 350) indicate little impedance, whilc
low values (less than 150) indicatc significant impedance. The very large valucs of

this ratio indicate that viscous forces arc negligible in both normal and HCM hcarts.

« the spatial to incrtial force ratio gives a good indication of flow scparation cffccts, as

shown by the differences between the sudden and unseparatcd cxpansions;

« the quasi-steady approximation shows that viscous forces arc negligible compared to

spatial acceleration forces, at least for the laminar flow model considered ::cre;

« the quasi-stuady approximation becomes better as the restriction factor increascs.
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CHAPTER 3 « UNSTEADY ONE-DIMENSIONAL
NUMERICAL ANALYSIS

3.1 INTRODUCTION

An unstcady onc-dimensional inviscid momentum analysis of the flow in an
idcalized left ventriclc-aorta shape would quantif - the relative importance of the various
components contributing to the pressure difference between the ventricle region and the
outfiow tract. This chapter describes this analysis, in which the unstcady Bernoulli
cquation for a flow bounded by moving walls is utilized. It will be shown that this
cquation is thc samc as the unsteady Bcernoulli cquation for stationary walls. This onc-
dimcensional analysis gives an inviscid cstimatc of the pressure along the mid-linc of the

left ventricle model, at the expense of being unable to determine flow scparation cffects.

To cvaluate the significance of time-dependant flow acceleration effccts, a quasi-
stcady analysis was also undertaken. This analysis used the stcady Bernoulli equation,
which differed from the unsteady analysis only by the absence of time-dependant flow
acccleration terms. Three general classes of heart flows were modelled: unobstructed
(normal), progressively restricted (systolic anterior motion or SAM) and fixed restriction
(stenosis). By comparing results of the unstcady and quasi-stcady Bernoulli analysis
methods. it will be shown that the pressure causcd by the time-dependant flow
acccleration is not significant compared to the pressurc caused by a significant flow
restriction. However, the pressure due to time-dependant flow acceleration is dominant in

less restricted flows. These results agree with the order of magnitude analysis in Chapter

2.

3.2 MATHEMATICAL DEVELOPMENT: UNSTEADY ANALYSIS

.2.1 Model Configuration

The gcometry uscd for the momentum analysis was the simplificd version of the
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Geometry is symmetrical
avout the mid-line.
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Figure 3.1: Model Regions
Inlet locations denoted with subscript
Outlet locations denoted with subscript “0™.
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Icft ventricle model shown in Figurc 3.1. The flow was divided :into three regions: piston
(Icft ventricle), constriction and expansion. The piston, constriction and expansion walls
moved together to simulate three different inodel conditions: unobstructed, progressive
restriction and fixed restriction. All walls started simultaneously from the maximum
opening position (Figurc 3.2) and stopped at the minimum opening position. The piston
wall position, velocity and accelcration werc obtained from cxperimental data taken from

the unstcady laboratory modecl.
/ Final Position

TN

Initial Position
(a) unobstructed

Final Position

* llp *

TRy ¥ llllllllllo",,,, 4

’ s7”%%0, r,,,
t 1 p + 11(

(b) progressive restriction

¢

Initial Position

Final Position
Vo, ¥ ‘/&
” grssrrnts,

L Np {

. Initial Position
(¢) fixed restriction

Figure 3.2: Geometry for One-Dimensional Analysis
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3.2.2 Assumptions and Simplifications

Consider the general case of a symmetric planar constriction, shown in Figure 3.3.
The flow is onc-dimensional with a uniform velocity across the cross section. The flow
was assumed to be inviscid, so that wall friction could be ignored. The flow profile was
uniform at cvery cross-section (plug flow). No flow scparation was allowed and the shape
was assumed to be symmetric about the mid-linc.

L

\\\\\\\\\\\ e B = depth (ino page)

ui(t)
! Fovn uy(t) H, (1)
H, (1) 0
u(1) :
o (outlct)
N “wall Cross-Scctional Arca: at inlet, 4;, = H;B
i (inlet) atoutlet, 4, = H,B

Figure 3.3: General Planar Symmetric Moving Wall Geometry

The unstcady Bernoulli cquation, including the cffect of the moving walls, will be
uscd. The derivation of this equation is given in Appendix B.1 (cquation B.8) and is

repeated here for convenience:

Vs ® o vav = 0. (3.1)
o p

The development of this cquation differs from the usual development, sce for cxample

White (1986, page 147), in that here g—? # 0. The final form of thc cquation is identical

because the %’14 terms arc cancelled as they appear in both mass conscrvation and

momentum conservation equations. The unstcady Bernoulli equation 3.1 may be

integrated along the strcamwise direction (v) to give
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ct

.
LoV, ), 2
PY) = Pigter = P{‘ [ -z rwm?- V,-“,,ze,]}- (3.2)

inlet

If the velocity V is constant with time, equation 3.2 reduces to the familiar stcady form of

thc Bernoulli cquation (with no change in elevation):

) = Pinter = =5 1V () = Vi (3.3)
For the general casc of a linear constriction, shown in Figure 3.3, the velocity of
the fluid at any cross-scction may be determined by dividing the volume flow ratc by the
cross-scctional arca. The velocity may then be differcntiated with time to determine the
acccleration. These relationships account for the fluid displaced by the moving walls
through the conscrvation of mass. The derivation of these cquations is given in Appendix

B.2. and the results (cquations B.20 and B.21) arc repeated here:

VH, (1) + 20, (03 = (1) =1, (0)
o - ' (3.4)
H,(1) - (H;(1) =H,(0) 7

FrViH - 5 ou; |2 [Gui 61(0}
- =2Vt LN e T
ov ot ! ST er Lot ot

H;- (Hi_Ho)"i

)

[ViHi +2uy = (U - uo)"%} [—Zui + 2% (u; - u”)]

)2
[#,- (H;-H) 7 | (3.5)

With these general cquations for the velocity and acceleration of the fluid at axial position
v, it is possiblc to determine the pressure in cach of the three flow regions (piston region,

constriction rcgion and cxpansion region).
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3.2.3 Piston Region Pressure Equation

The gecometry for the piston region is shown in the following figure:
moving wall (piston)

\
- A R R R
N\ __>
D -
NN iy . i
fixed e P V (‘ ’) Hp
end wall - u
—’ I)
——
1 SN '\\\\ﬂ\\' AANN\NN N \\ N \\S‘i\ NN
N moving wall (piston)
i o
L J
l)
-

Figure 3.4: Piston Region Geometry

For this case, V;=0,
Uj = Up = Uy,

and H; = H, = H,(1).

Substituting ti.»> .1.. .- ato the mass conscrvation equations 3.4 and 3.5,
g q
PATIRY
Vp (.1',,, 1) = 1_7 i . 3.6)
4
,
/ M O “
0l 2y, 0u, 4u;, ' .
-— H - ‘+‘ "—,)—_\I’. (- .7}
ol P ol H;,

These equations may then be substituted into the unstcady Bernoulli cquation 3.2 to give
the pressure difference between the piston end wall (i) and any point (v,) along thc piston

region mid-linc

aV 4 (\,,,
P(.V,,)-.U,-P = { Ia, dv, = — } (3.8)
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3.2.4 Constriction Region Pressure Equation

The geometry for the constriction region is shown in the following figurc:

H,

\ T

restriction

Figure 3.. . Constriction Region Geometry
For this case, V; =V, (L 1) (the outlet velocity of the piston region), which may be

dctermined from cquation 3.6 using v, = L,

2upr

h,

= VP(LP, 1) = (3.9)

The wall velocity at the inlet, 1), is the samc as the piston wall velocity used previously.
Unlike the piston region, the inlet wall velocity {u,) does not cqual the outlet wall velocity

(11,.). Substituiing these valucs into the mass conscrvation equation 3.-¢ gives
]
~ > C
VP (Lp, 1) Hp +2uv - (up ~u.) Z;
Vov.!) = . (3.10)

Y.
Hy= (H,=HO T

and in cquation 3.5 yiclds
u,,

2L "+ 2y, --i[du f)—"]
oV, rét L. Loi 01

‘v(’
Hy= (H,=H) T

_ 2,
WL, +2u,v — (1, = u.) I 2up + N (up ~-u.)

c (o

{Hp— (H,-H,) H
¢ : 3.11)

9
-
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These equations may then be substituted into the unstcady Bernoulls cquation 3.2 to give
the pressure difference between any point along the constriction region mid-line (p(y )
and the constriction region inlet (p(v=0) = pi)

v, ) "l
py)-p, =P 5— “dv. ~§[V(. (Vo ) - lf"p(Lp.I)-] l . (3.12)

3.2.5 Expansion Region Pressure Equation

The geometry for the cxpansion region is shown in the following figure:

N -;\\5\\<\}&\\:;»\_§\\\\, )

W

NN
\\\\\\\o§\\ N
NGRS

.
y Ve Vvl
HL.i VelLe) (' H,

| 7,
Iy l< L )l 0,

Figure 3.6: Expansion Region Geometry
For this case, V; = V(L) (the outlet velocity of the constriction region), vhich may be

determined from cquation 3.10 using v. = L.,

2u l. + U L U, L,
v, = i - (3.13)

¢

Also, the wall velocity at the inlet (i¢;) is the same as the outlet wall velocity of the
constiiction regior. (). Further, the wall at the outlet is stationary (u, = 0). Substituting
thesc values into the mass conscrvation cquations 3.4 and 3.5,

tnz
2u L +uL +ul, +2u.y, ——Z——

V() = . -, (3.14)
H - (H‘.~H‘,)'L—“

[4
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. 4
2L ,:—p + L T + L(,T( + 2_\’ - T T =
Pt ct ¢

ou Cu ou u, v
“dt

.ve
Hz - (Hc_ He) L

e

.
uyv, Ve
2u,L, +u,L,4 wl . +2uy, - I -2u, + 22_1“

(4 (5

vy 2
[H(. ~(H.-H) Z‘}
¢ (3.15)

These cquations may then be used in the unstcady Bernoulli equation 3.2 to give the

pressurc difference at any point in the cxpansion region
[Gev, ) : .
p(v.) —-p; = p'I—J‘T dv.— 5[V, (Ve 1) - V(L] ¢ (3.16)
i

3.3 QUASI-STEADY LIMIT OF THE UNSTEADY BERNOULLI
EQUATION

If the quasi-stcady approximation is made, the stcady Bernoulli cquation 3.3 is
uscd to determine the pressure at any point in the flow, using the same assumptions and
simplifications as the unstcady analysis. The same nomenclature and configuration applics

here. This approach neglects only the time-dependant flow acceleration terms.

3.3.1 Piston Region Pressure Equation

At any point in time, the pressurc along the piston region mid-line (v) may be
estimated from the stcady Bemoulli equation 3.3, noting that the velocity at the fixed

piston end wall 1 = V,(0,=0,) =0

PGy —p; = —pL— (4.17)

where Fp,(vp.t) is given by cquation 3.6. The pressurc at the piston end wall, p,p‘ is

unknown and must be specified.
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3.3.2 Constriction Region Pressure Equation

At any point in timc, the pressure for any v value in the constriction region may be

cstimated from the stcady Bemoulli equation 3.3
PG —p = oV () =V (L D] (3.18)
S C i 2 (ST pr—p * o

where V(L 1) is given by cquation 3.9, and ¥ (v../) is given by equation 3.10. The inlet

pressure for this region p; was identical to the outlet pressurc of the piston region.
.

3.3.3 Expansion Region Pressure Equation

At any point in time, the pressure for any v value in the expansion region may be

estimatcd from the stcady Bemoulli cquation 3.3
P by = o [V (e 0=V (L)), (3.19)

where V(L .1) is given by cquation 3.13, and ¥ (v 1) is given by cquation 3.14. The inlet

pressurc p; for this region was identical te ¢+ vau_. . -urc of the constriction region.
e

3.4 SOLUTION OF UNSTEADY AND QUASI-STEADY PRESSURE
EQUATIONS

3.4.1 General Approach

A computer program was written to calculate the pressures along the mid-line for
both the unsteady and quasi-stcady pressurc cquations. The pressures were detemmined for
every onc per cent of piston closure, beginning from % (fully open: H, = 64 mm) to
100% (fuily closed: H, = 12 mm). The dimensions usc-3 {#, L and B valucs) were chosen
to match the unstcady laboratory model, as the wall speeds and acccleratrons were

obtainable from this model. Such information from the in vivo situation is not avatlable.

au
At each position, the piston wall speed u,, and acceleration E—”’ valucs from the
unstcady laboratory modcl were calculated. For the examples in this chapter, the piston

position was measured in the planar heart model laboratory simulation. The piston
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velocity and acccleration were calculated from these measured values using sccond order
forward-finitc-difference approximations. (second order terins in the Taylor-series
cxpansion arc included). Forward-difference methods were uscd to allow calcuiations to
begin from time r=0. Becausc the piston position data contained some noise, smoothing
was required before the derivatives were calculated. The methods used for this data

anaiysis arc discussed in scction 5.4.2.

Pressures were caleulated along the mid-line by dividing cach of the region lengths
(Lp L Lp)into cqually spaced intervals or steps. The step sizes were determined by trial
and crror. If the step sizes were too large, excessive errors would occur in the integral
term, especially in the constriction region. A rcasonablc step size was Ay = 0.1 mm,
Ay A1

L . (
T 0.01 mm for thc numcrical intcgration of T In other
J

words. the intcgral was the sum over ten smaller steps of 0.01 mm. This gave pressurc

with a reduced step size of

valucs at 2096 cqually spaccd intervals of 0.1 mm along the modecl. The integrations were
performed using the Simpson’s one-third rule, James, Smith & Whlford (1977), page 339,
dividing cach stcp into four arcas. This made the effective step size for intcgration 0.0025

mm. Thus the intcgral was cvaluated as

vi(i+ 1)

eV Aviev oV
[ - 2D La2
ot 121etl,.; Ot Ay
A ' NURE
4 ! 4
oL L
ot wy O sar Ol oy
."(”‘*‘T 1."(")*‘—4; o ’

(3.20)

The pressure was normalized by dividing by a pressure tased on the time averaged

velocity of the fluid at the expansion ¢xit (.. the stroke velocity)

® = P(vt) -P(v,=L,.1)

AP 3.21)

stroke

where
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P ( V,vlrnk(')z
AP ke = 5T (3.22)

’

The stroke velocity ¥, was calculated using equation 2.3, repeated here for conve-
nicncc:

(90% of stroke volumc)

Ver, = - : g : : '
stroke (expansion exit arca) (90% of stroke time) (

)
9
o~
——

The stroke volume is defined as the amount of fluid displaced from the start of wall motion
to the end of wall motion. This parameter was choscn to allow comparisons with the
physiological situation, where stroke volume data is often available, but stroke velocity 1s
not. The stroke time is the time for the piston to move from its initial position to its final
nosition. As it was difficult to find the exact start and end points in time, the stroke e

and strokc velocity were cvaluated between the 5% closed and 95% closed positions.

Pressure differences -+ - . evaluated between the piston region and the point of
maximum restriction. The piston region pressure was determined towards the center of the
piston rcgion at y = 65 mm. This is similar o the location uscd for icft ventricular
pressurc measurements. It also matches the locatior. used for pressurc miasurcments in the
unstcady laboratory model. The point of maximum restriction was taken as the cxit from

the constriction regisn. The normalized pressure difference was then

¢ PLy,=65 mm.0 - Pr=L. 0
RE

3.24)

stroke
The distance aiong the mid-line v was normalized by dividing by the distance to
the maximum restriction, v,

The constriction exit was the point of maximum constriction, so that at this location

E=1.
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3.4.2 Unobstrucied Configuration

The unobstructed case had no restriction; the constriction width was kept at the

same valuc as thc expansion width during closurc of the pistons. This valuc was

H, = constant = 254 mm.

This corresponds to a restriction value of 1, = 1.0. The pistons were initially 63.5 mm
apart, giving thc model a gcometry factor of B;; = 2.5. The piston velocities werc
cbtained from the laboratory model in its mildly restricted configuration. The other values,
choscn to match the unstcady laboratory model, were L, = 127 mm, L. = 6.35mm,L,=
76.2 mm, and p = 998kg/m 3. The pressurc at vp=0was sctto 0 Pa to carry out the calcu-
lations. Once the calculations were completed, the pressures were adjusted to have the
same pressure at the outlet of the cxpansion, which was the desired reference point for
pressurc. The outict pressure was chosen to avoid negative pressures upon normalization.

The pressures were then normalized as described in 34.1.

The normalized pressures are plotted in Figure 3.7. These plots show the variation
in pressure along the mid-line for different values of piston closurc. This casc shows the
importance of including the time dependent flow acccleration terms. Because there is no
significant restriction, the relative importance of the incrtial acceleration is much greater.
During periods of maximum acceleration and deccleration, (piston closure from 0% to
15%. and 85% to 100%), the crror caused by ignoring thesc terms exceeds 10%, peaking
at 50% error at a piston closurc of 98%. For the periods of less acceleration (piston closure
from 15% to 85%). the crror is less than 10%. These results show that the quasi-stcady

approach is very poor for ca..» where inertial acceleration forces arc dominant.

The quasi-stcady and unstcady results differ significantly when determining the
maximum pressurc difference between the piston region and the constriction exit, as

shown by Figure 3.8(a). The pressurc difference was determined between pressures at vy, =
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Figure 3.7: Normalized Mid-Line Pressure Differences at Various Restrictions:
Unobstructed Configuration
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65 mm and v,. = L. = 6.35 mm (P, - P). The normalized pressure diffcrence was
determined as previously described. The unsteady »nd quasi-steady pressure differences
do not match well during periods of high acccleration and deccleration because the time-
dependant flow acceleration terms arc a major contributor in the pressurc difference. The
largest deviation between the two methods in determining the maximum normalized
pressurc difference was Y = 1.6, occurring at 98% of piston closure. It intcresting to notc
that at this point, thc unstcady Bemoulli approach has predicted a negative pressurc
difference while the quasi-stcady approach has not. fn Chapter 7 it will bc shown that thi
negative pressure difference is @50 found in vivo for a normal systolic flow. Again, this
illustrates the importance of inciuding the incrtial acceleration terms in the analysis for an

unobstructed situation.

For in vivo mcasurements in the heart, pressures are usually measured in the left
ventricle (piston region) and aorta (expansion exit). Thus, to compare to physiological
data, the correct pressure difference is between the piston region and expansion exit. This
is plotted in Figure 3.8(b), which shows the pressure difference between y, = 65 mm and
ve=L,=762mm (P, - P.). The inertial acceleration terms have an even greater effect,
rcaching a deviation between the two methods in determining the maximum normalized

pressurc differenccof @, = 3.7, occurring at 98% of piston closure.

3.4.3 Fixed Restriction Configuration

This casc contained a fixed restriction: the constriction exit was kept at a simall

constant opening throughout th¢ piston movement,

H = 1.7mm.

¢

This corresponds to a restriction factor of n, = 14.9,a severe stenosis. The piston veloc-
itics were obtained from the laboratory model in its fixed restriction configuration. The

other values, chosen to match the unsteady laboratory model, were the same as the unob-
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structed casc: Ly, = 127 mm, L.=635mm,L,=762mm, B, = 2.5, and
p = 998kg/m 3. The pressure at vp=0 was sct to 0 Pa to carry out the calculations. Once
the calculations were completed, the pressures were adjusted and normalized in the samc

way as the unobstructed configuration.

The normalized pressurcs arc plotted in Figure 3.9. These plots show the vanation
in pressure along the mid-line for different values of piston closurc. This casc shows the
pressurc difference causcd by the time-dependent flow acceleration terms to be
insignificant. Since there is a severe restriction, the relative importancc of the acccleration
terms arc greatly reduced. The per cent crror causcd by ignoring these terms is determined
from the difference between the unstcady Bernoulli pressures and the quasi-stcady
pressures, compared to the peak pressure at that piston position. The crror is a maximum
of 8% at 99% piston closurc, and had less than 1% error for piston closures between 17%
t0 94%. Thus for the majority of the piston motion, the difference between the unstcady

Bernoulli and quasi-stcady pressures is minimal.

The quasi-steady and unsteady results give nearly identical results for the
maximum pressure difference between the piston region and the constriction cxit, sec
Figurc 3.10(a). The unstcady and quasi-stcady pressurc differences match much better
than the unobstructed case because the time-dependant flow acceleration terms arc not a
significant factor in the prossure difference. The largest deviation between the two
methods in detcrmining the maximum normalized pressurc difference was Y =84,
o« curring at 9995 of piston closurc. This was only 2% of the maximum pressurc

differcace.

The pressure difference between the piston region and cxpansion cxit is shown in
Figure 3.10(b). The quasi-steady approach gives fairly good results for most of the piston

ciusui~. but fails at the initial and final positions. This is causcd by high initial acccleration
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and final deceleration of the piston walls, with a period of near zcro acccleration in

between.

3.4.4 Progressive Restriction Configuration

The progressive restriction configuration, which simulates the systolic anterior
motion concept (S/ M) incorporatcs a restriction that has an opening of H. = 10 mm at the
initiation of flow, and a final opening of H,. = 0.25 mm. This degree of restriction is
lincarly related to the piston position, such that when the piston is fuliy open, the
restriction is fully open, and visa versa. The constriction wall speed and acccleration were
calculated from the unsteady laboratory modcl’s piston velocity, acceleration and

geometry as

u = r (3.37)

= P (3.38)

The average restrc sris M, = 3.4, which corresponds to the very restricted HCM

casc. The ott =127 mm, L. = 6.35mm, L, =76.2 mm, H, = 25.4 mm,
and p - “e cther configurations). The pressure at v,,=0 was

arbit. ¢ the calculations. Once the calculations were complcte,
the pr wimalized as before.

_uon region proved to be the critical arca of the flow, as the veloc.ty in
this region became very high as the opening narrowed. The pressure drop was dominated
by the degree of restriction, as can be seen in Figurc 3.11. Each curve shows the pressure
drop alorg the mid-iine at different piston positions for both the unstcady and quasi-steady
pressure equations. The peak pressure drop always occurred at § = 1, which s the poiit

of maximum velocity and restriction.

The unstcady approach gives higher pressurcs at the piston fixed end wall (v, = 0)
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than the quasi-steady apprcach when the piston wall is accelerating (Figurc 3.11: 10% to
60% piston closurc). The opposite happens as the piston decelerates, with the unstcady
approach pressurc being somewhat lower (Figure 3.11: 90% piston closure). The error in
the quasi-steady pressure is less than 5% throughout the piston closurc. This suggests that
for significant restriction, the quasi-stcady approach gives a reasonable estimate of the

pressure, but may be in crvor for lesser restrictions.

An intcresting obscrvation is that the quasi-steady and unstcady results do not
differ significantly when determining the maximum pressure diffcrence between the
piston region and the censtriction exit, see Figure 3.12(a). These pressurc differences
match well becausc the time-dependant flow acceleration terms arc not a major
contributing factor in the pressurc drop dac to the restriction. The largest deviation
between the two methods in determining the maximum normalized pressurc difference
was Y = 1.5, occurring at a 95% restriction. The minor oscillations in the pressures at

the peak values arc duc to noisc in the uns.cady laboratory modcl data.

The pressure difference between the piston region and cxpansion exit are plotted in
Figurc 3.i2(b). The quasi-steady approach gives very poor results for this pressurc
difference. as was the case with the fixed restriction and unobstructed configurations. The
rcason is simple: the time dependant flow acceleration terms make ub the majority of the
pressurc loss in the absence of a restriction. If the cxpansion exit were severely restricted
or if the piston wall velocity remained fairly corstant, the quasi-steady approach would

give very good results.

3.5 MODELLING FLOW SEPARATION IN THE PRESSURE
EQUATIONS

The previousty derivcd pressure cquations did not allow for any scparation in the

flow. However, as will be shown in Chapters 5 and 6, flow scparation did occur in the
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Figure 3.12: Pressure Differences Between Piston Region and Point of Maximum
Constriction - Progressive Restriction Configuration
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unsteady and stcady flow laboratory modcls. One way to account for this would be to
ckange the expansion region from a smooth cxpansion to a sudden cxpansion, as shown in

. gure 3.13. By using a lincar momcntum analysis for the control volume shown, the

¢..pansion cxit pressurc may be cstimated.

Control Volume

\\\

NS
N f
3 /i\i\

RASUOIRUNETCRNERRNE NN NSRRI

\\\\ \\\\\\\\ ANNNNNN

¢

Sudden Expansion

Figure 3.13: Sudden Expansion Geometry

3.5.i Quasi-Steady One-dimensional Inviscid Approach With Sudden
Expansion
The control volume is situated just downstrcam of the minimum constriction. It is

assumcd that the pressure across the control volume at this point is uniform and cqual to

P(v,=0.1). For the quasi-steady casc, the lincar momentum balance in the y-direction is
P,(H,B) - P,(H,B) = V,(pV,) (HB)-V_ (pV,) (HB). (3.26)

The cxpansion exit velocity ¥, may be expressed in term of the constriction exit velocity
V.. using continuity:
H

Vo= Vo (3.27)
€

Substituting this into thc momentum balance, the pressure difference between ¢ and e

becomes
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P —P = l,2Hc' Hc "
\.— P p Cﬁ— ﬁ—-‘] . (3.-8)

3.5.2 Unsteady Approach With a Sudden Expansion
For the unstcady casc, the lincar momentum balance for the control volume is
given by

'} 7
—H BdP = pAé_:dvde. (3.29)

The mass flow rate is
m = pV.H.B = pV,H.B (3.30)

If a lincar variation in vclocity from ¢ to ¢ is assumed, the velocity becomes

V(v =V "’e(H‘ 1|+ 1
oo =¥z (7 )]

If this 1s differentiated with time,

oy oV v, (H.
N A 3
5 A [L,(H, ])”} (3.31)

(4 ¢

Substituting this ¢xpression along with the mass flow rate (cquation 3.30) into the momen-

tum equation (cquation 3.29), and intcgrating from ¢ to e,

[N ¢

H Bd, VT ve (He 1l+1}]|d c V H BdV
Jroar =[5 ) e foronar

(8 ¢
This give: 2he «osired pressure difference

n (‘)Vc -Le Hc' 1 L VZH(' Hz' , 3.32
“e = P35 {T(F_ )+ e:]‘*P cﬁe(ife")' (3.32)

e
3.5.3 Results for Sudden Expansion

The previously examined severe fixed restriction and progressive restriction
configurations were analyzed using the sudden expansion approximation. The pressurc
differences obtained are plotted in Figures 3.14 and 3.15, along with the unstcady
Bcernoulli results obtained previously. For all cascs, there is very little pressure recovery

downstream of the constriction for the sudden expansion, so that the pressure difference
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becomes very large. This represents a limiting case, that will be used when comparing

results with the unstcady laboratory model in Chapter 7.

3.6 SUMMARY

The following obscrvations may be made based on the analysis described in this
chapter:
e The unstcady Bemnoulli cquation for the case of moving walls is identical to the usual

unstcady Bernoulli cquation:

« The onc-dimensional quasi-steady analysis gives a similar cstimatc of the constriction
cxit pressurc difference as that predicted by the onc-dimensional unstcady analysis
for the progressive restriction and severe restriction configurations, but not for the

unobstructed configuration;

« The quasi-stcady approach gives inaccurate results for the pressure difference between
the piston region and cxpansion exit. This is caused by the time dependant flow
acccleration terms that make up the majority of the pressure loss in the absence of a
restriction. If the expansion cxit were severely restricted or if the piston wall velocity

remained fairly constant, the quasi-stcady approach gives a good estimate of the

pressure difference.

« The pressure differences between the piston 1egion and cxpansion exit are much larger

for the sudden expansion than for the case of no separation.
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CHAPTER 4 - QUASI-STEADY TWO-
DIMENSIONAL COMPUTATIONAL ANALYSIS

4.1 INTRODUCTION

Two major limitations of the onc-dimensional modcls described in Chapter 3 are
their inability to predict flow scparation regions and viscous cffecis. As the flow may
scparate downstream of the restriction, the pressure calculated by a onc-dimensional
analysis may be inaccurate in this zone. Further, if viscous drag is significant, the pressurc
losses in the flow will be under predicted. To account for these Tects, a two-dimensional
analysis that includes viscosity should be used: however, this r quires the solution of the
incompressible Navier-Stokes equations. As very few analytical solutions exist for these

cquations, onc must turn to computational fluid dynamics techniquecs.

One advantage of thc computational technique is that more complex physical
gcometrics may be modclled. As noted by Kiris ef al (1993), computational studics of
blood flow in hearts with moving boundaries has been quite limited. The mcthod of Peskin
and McQuecen (1989) is perhaps the most notable, but requires significant computational
facilities. The simulation of the moving boundaries is a very challenging problem for
computational fluid dyrnamics. Further, the discretization of the physical domain often
present significant difficultics for a complex geometry. The techniques utilized by Kiris ef
al (1993) utilized a less complcx, well defined gecometry with prescribed wall motion and
was quite successful for predicting unsteady flow in a left ventricle assist device. The left
ventricle assist device was designed at Pennsylvania State University and is comprised of
a flat disc-shaped chamber that incorporates a piston that moves up and down within the

chamber, sce Tarbell, Gunshinan, Geselowitz, Rosenburg, Shung and Picrce (1986).

Therc are also gencralized codes available that can be used to model flows with

moving walls. For example, KIVA is a three-dimensional code that was originally
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devcloped by the Los Alamos National Laboratory to simulate intcrnal combustion
engines. The grid is an array of arbitrary hexahedra that can move in an arbitrary way
relative to the fluid, so Eulerian and Lagrangian calculations are special cascs of having
the grid fixed and moving with the fluid specd, respectively. In a typical zn2gine sirmulation,
the grid inotion is determined by the piston motion so a reasonablc ‘nesh 5 maintained

that modcls the cngine geometry as a function of tiine. The fluid is aillowed to .+ ow througn

this grid however it wants, so the typical calculation is ncither Euiorian no: ¢ cprangian.
Each hydrodynamic timc stey +formed as a Lagrangian time step fouiowed by a
rczoning onto the new-tim The code also contains modcls for real gas cquations of

statc, turbulence, chemistry 1 . gas-phasc combustior, and fuel sprays (personal
communications with Larry Cloutman, Lawrence Livermore National Laboratory). Whilc
this codc was written with simple piston cylinder gecometrics in mind, it may be possivlc to

make modifications to allow the simulation of morc complex gcometrics.

For the present study a quasi-steady approximation was used to simplify the
analysis. The quasi-stcady approach approximates the unsteady case by solving the flow
cquations at an instant in time, assuming the walls are not moving and treating the flow as
stcady. A moving piston, for example, would be treated as stationary, but with the face of
the piston replaced with a fluid flow islet having a prescribed fiuid velocity equal to the
velocity of the moving piston. By soiving the flow at several points along the piston travel,
a simulation of a moving piston may be constructed, at the expense of not including the
unstcady acceleration effects or including the flow history. This simplification should
yicld reasonable results for the pressures and pressure differences for the casc considered
here. as time-dependent fluid acceleration effects on the pressure are often small compared
to cffects of obstructions. For example, the one-dimensional analysis (refer o Section
3.4.4, and Figures 3.13 and 3.16) showed this effect to be less than % for the progressive

restriction casc.
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Since the intent of this rescarch was not to develop new cornputational fluid
dynamics (CFD) solution techniques, a commercial code was utilized. The code chosen
was FLOW3D Reclease 3.2. This is a statc of the art flow modelling package, capable of

laminar and turbulent flow predictions including heat transfer.

This chapter will present the two-dimensienal, viscous computational fluid
dynamics analysis. The computational techriique uscd by the commercial code requires
two distinct steps: (1) develop a computational grid to describe the physical gcometry and
(2) solve the flow equations using this grid. It is essential to generate a good grid to avoid
computational instability and crrors in solving the highly non-lincar flow cquations. A
critical review of grid development methods will be discussed below, followed by a

description of the flow solutions.

Given that the Reynolds numbers for the flows under consideration reached valucs
in cxcess of 42,000 (bascd on the width of the expansion cxit), a turbulent analysis was
uscd. This analysis did not predict any flow scparation, which is different than both the
quasi-stcady and unstcady laboratory modcls which both showed some flow scparation.
Since the flow will initially be laminar, there must be a transition point to turbulent flow.
As this point is difficult to predict in an accelerating flow, a laminar analysis was also uscd
for comparison. It will be shown that the laminar solutions predicted pressure differences
closer to the unsteady laboratory model results, but that solutions werc limitcd by

numerical convergence problems.

4.2 COMPUTATIONAL GRID DEVELOPMENT

4.2.1 General Conficuration

The shape used for computational analysis is shown in Figure 4.1. This shapc was
sclected to closcly approximate the progressive restriction configuration of the laboratory

unstcady flow model in a twe-dirsensional sense. The only significant deviation in shape
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was the downstream exit region. The laboratory model had circular flow exit holes on the
upper and lower surfaces (Figure 4.2). These could not be simulated in the two
dimensional planc flow computations. There are three choices for the computational
modc! to simulate these three-dimensional (circular) exits in a two-dimensional (plane

channcl) calculation:

« ignorc this cffect, and continuc the outflow region without any change in cross-
scction (Figure 4.3(a)):
+ add a flow restriction of equal magnitude, continuing the flow in the same
dircction as the upstrcam section (Figure 4.3(b)):
» add a flow restriction of cqual magnitudc. and have the flow undergo a 90°
change in direction (Figure 4.3(c)).
Given that the flow in the laboratory model is subject to a flow restriction and a 90"

changec in dircction, the third option was chosen.

The width of the exit channcl was choscn to have the same cross-scctional arca as
the circular cxit holes in the laboratory modc!. Since the laboratory model has a combined
exit cross-sectional arca of 1013 mm? for a section depth of B = 102 mm, a combined cxit
cross-sectional arca of 9.94 mm?/mm on a unit depth basis was required. Thus the width
of cach exit channel was sct to 4.97 mm. An arbitrary corner radius of 12.8 mm was used
to give a smooth transition through the corner. The length of the exit channel was sct to |

m (200 times the width) to allow the flow to rcturn to fully developed flow.

Different grids were generated for cach restriction analyzed. The restrictions
anal»ed were
* q, = 2.6 (5% piston closure) to ,, = 10 (75% piston closurc) in steps of 107
piston closurc increments:
* ny = 10(75% piston closurc) to n,, = 50 (95% piston closurc) in steps of 5%

piston closurc increments.
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The reason for changing to a 5% piston closure increment when analyzing the more severe
restrictions was to increasc the time resolution at the point where the pressure differences
rcached their peak. While grids and flow solutions could be gencrated for smaller incre-
ments (to match the step size uscd in the unsteady Bernoulli and quasi-stcady analysis
described in Chapter 3), computer meniory space required for such an undcertaking would
have been excessive, as cach grid and its associated flow solution required 10 megabytes
of disk storage. As will be scen from the results, the increments used gave adequate

results.

The position of the piston walls at cach restriction were chosen to match thosc of
the unsteady laboratory modcl. Thus the pistons began 61 mm apart at the 5% piston
closurc position, and ended 17 mm apart at the 95% piston closurc position. The variation
of piston spacing with restriction was lincar. The restriction began 9.7 mm apart at 5%

piston closurc and endcd 0.76 mm apart at 95% piston closure.

As shown in Fionre 4.4, grids were developed for only once side of the symmetrical
shape. There were two rcasons for doing this. The first was to prevent asymmetry in the
solution. This allowed a dircct comparison with the one-dimensional analysis of Chapter 3
(but deviated from the asymmetry observed in the laboratory models at higher restrictions
described in section 5.5). The sccond reason for utilizing symmetry was to reduce the
computer memory space required for the grids and flow solutions, and reduce the
computational time rcquired to generate the grids and solve the flow cquations. The full
geometry was also modelled to allow for asymmetry and will be discussed scparate'y in

section 4.5.

4.2.2 Grid Details

This section gives a general review of grid gencration that cxpands on the limited

description in the FLOW3D Releasc 3.2 User Manual, (1992). Onc of the features of
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commecrcial finite difference flow codes is automatic grid gencration. A common method,
used by FLOW3D. is the boundary fitted coordinate system. First introduced by Wir low
in 1966, the boundary fitted coordinate method has since been modified, expanded and
improved by many subsequent rescarchers, the most notable of whom has been J.F.
Thompson (1984). This coordinatc systcm has scveral advantages that make it appropriate
for creating a grid on which to solve the Navier-Stokes cquations. First, the mcthod can
map irregular boundarics onto a fixed, rectangular computational grid, allowing for the
usc of a standardized flow cquation solver. In other words, the curved shape shown in
Figure 4.5(a) becomes the rectangular, equally spaced grid in the computational planc
shown in Figurc 4.5(b). Sccond, the method docs not require interpolation at the
boundarics, as cach flow boundary is formed by a linc of coordinates. Other important
featurcs arc that thc method automatically generates internal coordinates with a high
dcgree of control on spacing and concentration, and thc computer code used to gencrate

the coordinates may be independent of the physical boundarics involved.

FLOW3D uscs a multiplc block grid, in which the grid is picced together from a
scrics of four sided blocks. For cxample, developing a grid for a tec-shape using a single
block approach requires grid cclls in uscless 2:2as, as shown in Figure 4.6(a). This causcs
a large amount of computer memory to be wasted. To reducc this wastc, the multi-block
mecthod is employed, in which the tee is made from two scparatc blocks (Figure 4.6(b)).
These blocks are joined at the connecting boundary. The blocks overlap cach other so that
a boundary surface on one block is in the intcrior of the other block. At cach flow solution
iteration, the boundary values of one block can be updated using intcrior valucs of the

adjacent block.

The FLOW3D code requires grid lines in cach block to linc up with those in the
next block, as illustrated in Figure 4.7. However, this was found to causc some limitations,

as shown in Figure 4.8. If smaller control volumcs are desired in block B, smaller control
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volumes will also result in blocks A and C, resulting in wasted memory (Figure 4.8(a)).
Alternatively, if a rcasonablc spacing of control volumes is uscd in blocks A and C, there
spacing in block B may coarser than desired (Figure 4.8(b)). In some cascs, this problem

can be overcome by careful sclection of blocks.

Another feature of boundary fitted coordinates is the control of coordinate spacing
along the boundarics. While the computational grid will always be regularly spaced, no
such requircment cxists for the physical grid. Indced, it is often desirable to concentrate
grid lines in arcas of sharp gradicnts, such as sudden changes in geometry. The

commercial code allows the user to specify control parameters to facilitate this.

It should be noted that the FLOW3D codc is fully three-dimensional: two-
dimensional grids arc gencrated by considering a unit thickness. Thus a two-dimensional
grid is made up of control volumes with a unit thickness throughout. The upper and lower
faces of these control volumes are considered to be symmetry piancs, effectively

restricting the problem to two-dimensions.

When breaking a complex shape i a series of blocks, there arc three ways to
increasc computational accuracy: (1) concentrate grid points in arcas of large gradicnts;
(2) avoid making control volumes with large angles: and (3) make the grid vary smoothly
without large jumps in grid spacing. Figurc 4.9 shows onc possibility for dividing the
geomectry into blocks. This grid causcd problems for the flow solver, with unrcalistic
velocities occurring at location A. The problem is one of a control volume with excessive
skewness, that causes significant numerical crror and failure to convergc to a stcady

solution.

The block configuration shown in Figure 4.10 overcomes this problem by reducing

sharp control volume angles. This orientation was used throughout the analysis. Figure
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4.11 shows an cnlargement of the 50% piston closure grid ncar the constriction region.

The commercial code allowed for cither algebraic or elliptic solution of the grid.
The advantage of an clliptic solution is that boundary discontinuitics arc not transmittcd
into the interior of the grid, and the resulting smoothness of the interior is likely to give
better results, sec Fletcher (1988). An algebraic solution allows more interior control of
the grid points, avoiding overly densc or sparsc areas. Because there were regions of
strong curvaturc in thc gcometry considered here, an elliptic solution was uscd. All grids
generated converged to a tolerance of less than 5 x 107! m (less than 5 x 109% of the

constriction width).

4.3 TURBULENT FLOW QUASI-STEADY ANALYSIS

4.3.1 Boundary Conditions

The first step in solving for the flow is to specify appropriate boundary conditions.
The commercial code uscs a logarithmic velocity profile near the wall. This assumes that
ncar-wall regions have constant shear stress with distance normal to the wall. Thisis a
common assumption, supported by some experimental evidence, see Coles and Hirst
(1969). A further assumption used is that the length scale of a typical turbulent eddy in this
region is proportional to distance from the wall. This is also supported by experimental
evidence, sce Wilcox (1993, page 47). By using this profile in the ncar-wall region, the
rapid variance of variablcs near the wall is accounted for without the need for an
extremely fine grid. Along the mid-line (Figurc 4.4), an axis of symmetry was specificd.
FLOWS3D requires all variables to be mathematically symmetric along this axis, resulting

in no diffusion across the symmetry line.

There were two flow boundarics specified: an inlet boundary and a mass flow
boundary at the exit. The inlet boundary (Figure 4.4) was used to specify the inlet velocity.

In all cascs, this velocity was laminar and normal to the boundary (no x-component) and
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uniform across the entirc boundary (plug flow). This was donc to match the instantancous
velocity of the moving piston used in the unsteady laboratory modcl. The velocite chosen
was the piston velocity derived from measurements on the unstcady laboratory modcl at
the corresponding piston closure. Values of the inlet velocity for cach solution arc shown
in Figure 4.12, along with the corresponding Reynolds numbers. The Reynolds numbers
arc based on the average velocity at the expansion exit and the channcl width at this
location. Inlct values of k of 0.0001 m%/s? (about 5% of the maximum inlet velocity) and ¢

of 0.0001 m*/s> were used throughout the analysis.

The mass flow boundary was specificd at the exit location shown in Figure 4.4.
FLOWS3D carried out the following calculations:
» Applying a Neumann boundary condition at thc boundary

' _

on

4.1

where n = direction normal to the boundary,

U' = velocity at the boundary.

» Dectermining the difference between the actual mass flow rate out of the domain, M', and

the desired mass flow rate, M, where
M = pUA, (4.2)
M = pUA; (4.3)
A = cross sectional flow area at thc boundary
« Scale the boundary velocity U to give the desired mass flow rate M at the boundary.

This specification is equivalent to fully developed flow at the outlet. As is the casc for the
problem considcred, it gives good accuracy only if the outlet is placed far downstrecam and

the width of the channel is unchanging at the outlet.
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4.3.2 k-€ Turbulence Equations

The commercial code utilizes the k-¢ model to solve for *he turbulent velocitics
and the associated pressures. This approach uscs the continuity and momentum cquations
defined in terms of the turbulence kinetic energy & and the turbulence dissipation rate €

8 pus
;},)+V (pl) =0 (4.4)

— - — —_ - 7‘ -
%(pU) +V (pUxD) =V (u, V) = -Vp'+V(p, (VD) )+B (4.5)

where p is the mean fluid density, U is the mean fluid velocity, B is the body force, and
M,y is the effective viscosity. The effective viscosity is defined in terms of the turbulence

kinctic encrgy & and the turbulence dissipation rate € by the cddy (turbulent) viscosity p !

Ber = HHHyg (4.6)
where
K
HT = C“p—s', (47)

and C " is a constant, The default value recommended by FLOW3D of C“ = 0.09 was
uscd throughout the analysis. The transport equations for the turbulence kinctic energy &

and the turbulence dissipation ratc € arc

. M
—ka-i-Vo(pUk)-—Vo((p+——T)Vk) = P-p¢ (4.8)
ot S,

and

£

,
2
2P=Copr. 4.9)

ey “T
g;pe+ Ve (pUg) — Ve ((p+ ;JVeJ = C,

14

The recommended default values of the empirical constants C) = 1.44 and C; = 1.92 were

used throughout (Launder and Spalding, 1974). P is the shear production defined by
o LT 3 -
P = pq[,VU(VU+(VU) )_§V°U(“qf o U+ pk). (4.10)

FLOW3D dctermines convergence by testing the error in continuity, which is called the

mass source residual. The mass source residual is the sum of the absolute values of the nct
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mass fluxes into or out of every ccll in the flow. A valuc of 0.05 kg/s, which corresponded
to a reduction of the initial mass source residual by four orders of magnitude, was found to
give acceptable results for all solutions. Further iterations did not significantly reduce the

residual beyond this point.

4.4 LAMINAR FLOW QUASI-STEADY ANALYSIS

4.4.1 Boundary Conditions
As with the turbulent modcl, the first step in solving for the flow is to soecify the

appropriate boundary conditions. FLOW3D used a quadratic velocity profile (i.e. fully

developed) near the wall, combined with a no slip velocity boundary condition at the wall.

The other boundary conditions specified were identical to the turbulent modcl.
Along the mid-linc (Figure 4.4), an axis of symmetry was specificd. The inlet boundary
(Figure 4.4) was uscd to specify a uniform velocity normal to the boundary. The velocity
choscn was the piston velocity obtuined from the unstcady physical model for the
corresponding piston closure, and is the same as thosc used for the turbulent

computations. The mass flow boundary was specified at the exit location (Figurc 4.4).

4.4.2 Laminar Flow Equations

The commercial code solves the continuity and momentum equations

%’+V(pv) =0 4.11)
(%(pf)) +V (pUx0) = B+Vo (4.12)

where o is the stress tensor defined by
6 =-ps+p(VU+ (V“U)T). (4.13)

The same convergence criteria used in the turbulent solutions were used for laminar flow

solutions. However, as the restriction became more severe, FLOW3D was unable to con-
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verge. This scemed to be due to a numerically unstable flow separation in the cxpansion
region. The solutions affected were for piston closures between 35% and 85%. A varicty
of techniques were uscd to try to attain proper convergence. These included denser grids
in the expansion region (Blocks 4 and S in Figure 4.10), running the code in double preci-
sion mode, and using a previously converged solution for a slower flow ratc as an initial
guess. None of the mcthods proved satisfactory, giving only slight improvements. It is
possible the interface between Blocks 4 and 5, which lics in the flow separation region,
could have causcd some of the convergence problems. The numerical interpolations nec-
essary at this interface could be adding considerable numerical error duc to the strong

velocity gradients in this region.

4.5 FLOW SOLUTIONS

4.5.1 Turbulent and Laminar Flow Solutions

Velocity plots of the flow in the arca downstream of the restriction arc shown in
Figurc 4.13 for piston closures of 45% (a restriction factor of n,, = 4.5) and 85%
(n,; = 16.7) for both the turbulent and laminar flow cases. Thesc plots show cross-strcam
profiles of the v-component of velocity (v is positive in the downstream dircction) at three
locations: the piston region, at the maximum constriction and at the cxit of the cxpansion
region. The cross-stream distance (x-direction) was normalized using the width in the x-
direction; the velocity was normalized with the maximum velocity at cach location. The
step increase in velocity for all solutions occurring acar x/Hj,q of zero is duc to the grid
spacing at the wall. An intcresting feature is the lack of flow scparation in the turbulent
flow solutions. This was truc of all the turbulent flow solutions, regardless of the
restriction factor. This suggests that if the flow through the restriction werc a turbulent
steady flow, there would be no scparation. However, it will be shown that scparation
occurs in the steady flow physical model for a restriction factor of n,, = 16.7, and that

thc flow was turbulent. The laminar solutions show a very strong flow scparation,
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indicated by the negative normalized velocitics. This scparation began at a piston closurce
of 25% (n,, = 3.3). The laminar scparaied flow for n,, = 16.7 was numerically unstable

and FLOW3D failed to converge.

The one-dimensional inviscid analysis described in Chapter 3 used a uniform flow
profile at cvery cross-section. The velocity profiles determined using FLOW3D, shown in
Figure 4.13, show a parabolic profile in the piston rcgion, a uniform profilc across the
constriction and a somewhat parabolic profile across the expansion cxit. Since the velocity
in the piston region is quite small when compared to the vclocity at the constriction (on
average, about 10 times smaller), this will not introduce an appreciable crror when using
the onc-dimensional analysis to determine the pressure difference between the piston and
constriction regions. However, some error will occur when using the onc-dimensional

analysis to determinc the pressure difference between the piston and cxpansion regions.

Pressures were adjusted and normalized in the same manner as the onc-
dimensional solutions in Scction 3.4.1. However, rather than sct all solutions to have the
samc pressure at the expansion region exit, the reference point was the intersection of the
mid-linc and the downstream wall, shown in Figurc 4.14. This formed a more consistent

reference point, as it was a stagnation point and thus unaffccted by flow scparations.

Figure 4.14 shows the normalized mid-linc pressures from the turbulent and
laminar solutions for different piston closure positions. In all cascs, minimum pressurc
oceurs at the maximum constriction, which is the location of the maximum velocity in the
flow. Due to the flow scparation in the laminar solutions, pressurc recovery is reduced.
The spatial oscillations of pressurc in the expansion region of the laminar solutions for

piston closures of 55% to 85% are due to the numerically unstablc laminar scparation.

The pressure difference between the piston region and the point of maximum
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restriction is plotted in Figure 4.15(a). The pressure differences for the two solutions arc
similar, with the greater loss occurring for turbulent flow. This is duc in part to the
turbulent solution having a slightly higher velocity at the constriction mid-line (point c,
Figure 4.15). For examplc, for a piston closurc of 80% (a severc restriction or stcnosis),
the pressure differences based on velocitics aloncis Y

=9l4and Y = 83.6,

turbulent

=102.3and Y

laminar

comparcd with the actual values of T = 85.5. Thus at this

turbulent laminar

point 89% of the turbulent flow pressure drop and 98% of the laminar flow pressurc drop
is duc to the change in velocity. Only 11% of the turbulent flow pressure drop and 2% of

the laminar flow pressure drop is due to viscous losscs.

The pressure diffcrence between the piston region and the exit from the cxpansion
region is plotted in Figure 4.15(b) for both the turbulent and laminar flows, again
normalized by the stroke pressurc. At this point, the pressure drop for the laminar flow
exceeds that for the turbulent flow by a factor of two. This is duc to the flow scparation

that occurred only for the laminar flow.

4.5.2 Turbulent Solutions Allowing for Asymametry
It will be shown in Chapter 6 that the steady flow physical modcl exhibited an

unstcady asymmetric separation (i.e. a strongly fluctuating point of scparation in the
expansion with a jet down one side and reverse flow up the other side) in the cxpansion
region for a restriction factor of n,, = 16.7 (piston closure of 85%). As the previous
computational solutions made use of symmetry, asymmetry in the flow about the mid-linc
of the configuration was prevented. In order to ascertain if the computational solution
would become asymmetric, a complete grid, itlustrated in Figure 4.16, was solved for the
85% piston closure case. The boundary conditions and inlet velocitics were specificd as

before for the turbulent model (Section 4.3.1).

Solutions were obtained for the same inlet velocity used previously (0.080 m/s), as
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well as a factor of two larger and smaller (0.16 m/s and 0.040 m/s) to test for sensitivity to
Reynolds number in the expected physiological range of heart flows. The normalized y-
component of velocity is plotted in Figure 4.17 for all three solutions at several locations
in the model. The velocities were normalized by the maximum velocity ai each section,
and the x-distance was normalized by the cross-strcam width. The solutions were quite
symmetric about the configuration mid-linc at all flow rates solved. The slight asymimnetry
in the expansion and downstream regions is likely due to minor numerical round off ervor

in thc FLOW3D grid generation or flow solution programs.

In an attcmpt to cause the flow in the expansion region to become asymmetric, ihc
constriction was made slightly asymmetric by moving the lower curved profile towards
the mid-linc by 0.090 mm (4.4% of the constriction width), as illustrated in Figurc 4.18.
This corresponded to a five per cent increasc in the restriction factor and moved the
constriction slightly off center. The solution was obtained for the same inlet velocity used
previously (0.080 m/s) and was solved using both single and double precision. There was
no significant difference between the single and double precision solutions. The y-
componcnt of velocity is plotted in Figure 4.19 for the double precision solution and
shows that the flow becomes slightly asymmetric but does not separatc downstrcam of the
constriction. The flow in the piston region remains symmetric, being unaffected by the

asymmectry downstrcam.

The lack of flow scparation could be due in part to the k- model used. This model
will typically causc transition to turbulence to occur too soon (Schmidt and Patankar,
1991). thus causing the region where flow separation occurs to be turbulent when the
actual flow in the laboratcry model is laminar. Because laminar flows arc more prone to
flow scparation, the unstcady flow laboratory model separates while the turbulent flow
CFD modcl does not. Setting the inlct values of & to ncaf—zcro (k= 5x 107%% of the inlet

flow velocity) to try to delay the transition to turbulence had no significant cffect.
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47 SUMMARY

The FLOW3D program was used to solve both turbulent and laminar flows using a

quasi-steady approach. The flow solutions showed the following:

the turbulent solutions showed no signs of flow separation;

the laminar solutions showed flow scparation in the expansion region, but also had

difficultics with numerical convergence;

when the constriction was made slightly asymmetric, the turbulent flow solutions

showed no signs of flow scparation.

the flow profiles downstrcam of the constriction were significantly parabolic, which

suggests that the onc-dimensional assumption of plug flow is poor.
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CHAPTER 5 « UNSTEADY LABORATORY
MODELLING

5.1 INTRODUCTION

As noted in the first chapter, only a few laboratory models of the icft ventricle have
been tested. The complexity of the anatomy is such that a gcometrically correct modcl
would be cxceedingly difficult. Although the model of White er al (1967) attcmpted to
simulate the in vivo situation, it was designed to modcl only an unobstructed
configuration, making comparison to the progressive obstruction (SAM) difficult. The
model fabricated by Criley and Siegel (1986) greatly simplified the in vivo gcometry, but
was incapablc of modelling a progressive obstruction. Neithcr model could measure the

wall positions during the contraction, making quantitative mcasurcments difficult.

To avoid these shortcomings, it was decided to usc a simple, well controlled
model. The configuration for this model was the two-dimensional tec-shape, similar to
that used for the computational fluid dynamics analysis. This chapter will present the
details of the development and testing of this model. It will be shown that the model had
controlled, repeatablc wall movement for all three constriction configurations. The means
of incorporating compliance into the piston and constriction regions will be described. In
addition, a dyed fluid flow visualization technique will be evaluated for usc in this model.
The flow will be shown to be cssentially symmetric for % . all gcometrics, unless flow
separation occurred. When flow scparation occurred, it was only on onc side of the
expansion region, usually becoming noticcable during the deccleration period of the

ejection.

5.2 MODEL CONFIGURATION

5.2.1 Development
The goal for developing the unstcady laboratory model was to design a simplified
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gcometry capable of accuratcly simulating the contraction phasc (systolc) of the left
ventricle. The two-dimensional planar tee (sce Figure 1.5) was a simple shape that could
be used to model the left ventricle. Three-dimensional shapes were considered, but
measurcment and control of wall positions for such models would be very difficult. As the
two-dimensional shapc was capable of modelling the important fcaturcs of the

contraction, it was sclected for the laboratory modcl.

Scveral important features were essential for the laboratory model. A variable
contraction ratc was nceded, along with the capability for different constriction conditions.
This would allow simulation of flows that were mildly restricted, progressively restricted
and scverely restricted. In addition, a method for altering the compliance (clasticity) of the
piston and constriction walls was needed. Mcans of measuring flow parameters such as the
pressure were to be incorporated. Further, it was desired to obtain a whole-field picturc of

the fluid motion using flow visualization tcchniques.

5.2.2 Model Geometry

The initial goal of the rescarch was to simulate the systolic (contraction) phasc of
the human heart. so a model bascd on a singlc contraction was designed. A size with a
much greater strokc volume than the human heart was used; the larger-than-life size gave
the spatial resolution necessary for accurate measurements of pressure and increascd the
contraction time. The model was comprised of two rectangular movable walls (pistons),
102 mm high by 127 mm wide, with a stroke of 23 mm. This gave the model a stroke
volume of 600 ml, about cight times the volume processcd by an average human heart per

beat. sce Bellhouse and Talbot (1969).

A cutaway schematic view of the mechanical section of the model is shown in
Figurc 5.1. The two rectangular pistons were driven toward each other at the same speed,

cjecting the fluid between them through the constriction and into the expansion. To



al Unsteady Flow Model

Figure 5.1: Cutaway View of Physic
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provide three different constriction conditions, the motion of the constriction walls was
controlled independently of the piston walls. Figure 5.2 shows the threc different
constriction conditions tested: mild restriction, progressive restriction, and severe
restriction. The mildly restricted case allowed the piston walls to move toward cach other
with the constriction region walls held fixed at the minimum restriction (maximum
opcning). With the progressive restriction casc, the piston and constriction region walls
started moving simultaneously, but at diffcrent specds (the constriction walls moved at a
slower speed). In this case, the piston and constriction walls all began moving from the
maximum opening and ccased moving when the minimum opening was reached. For the
casc of the severe restriction, the constriction walls were positioned with a narrow gap

between them and held fixed while the piston walls moved.

The model dimensions arc as shown in Figure 5.3. The pistons were initially 63.5
mm apart, and stopped 5 mm from cach other. The constriction walls could be positioned
with a maximum opening of 10 mm and a minimum opening of 0 mm (full contact). The

final design is shown in Figures 5.4, 5.5 and 5.6.

Fluid lcft the test section at the end of the outflow channel through two 25 mm
diameter tubes (onc above and onc below), and was simultancously returned to the arca
behind the pistons through four other tubes. In this way the height of the fluid in the
reservoir (Figure 5.4) remained constant throughout each closure event, maintaining a

constant back pressure.

5.2.3 Wall Compliance

Two different types of pistons were utilized: non-compliant and compliant. Thesc
arc shown in Figurcs 5.7. The non-compliant pistons had aluminum faces, while the
compliant pistons had faces made from 9 mm thick closed cell plastic foam glued to the

piston. The overall dimensions of the two types of pistons were kept the samc to allow for
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Figure 5.4: Overall View of the Unsteady Laboratory Model
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identical starting and stopping positions.

Two different types of constriction walls were uscd: non-compliant and compliant.
Initially, the model uscd a simple sharp cdged shape (Figure 5.8a), as described by Hay.
Mioduchowski & Faulkner (1993). Sincc this was physically unrcalistic and caused
problems from a computational fluid dynamic modelling vicw point, a more rcfincd
curved shapc was incorporated (Figure 5.8b). The design and fabrication of these
constriction walls was rather complex, duc to the requircments of scaling and maintaining

downstrcam ficxibility with minimal compliance.

The non-compliant constriction walls were made as follows (refer to Figure 5.9).
A brass quarter round (6.5 mm radius) was fixed to the sliding wall with three recessed
screws. The countersinks were then filled with cpoxy and sanded smooth to givc a
continuous contour. To make the smooth transition from the quarter round to the
downstream outflow tract, 3.2 mm thick stiff nitrile rubber was attached using clamping
plates. These plates held the stiff nitrile rubber to the sliding wall at onc end and the
outflow tract wall at the other. The sliding wall clamping platc was then covered with
ficxible rubber to give a smooth, continuous contour from the quarter round. The
downstream cnd that attached to the outflow tract wall was kept flush with the outflow
tract by the recess in the outflow tract wall. In order to give a smoother transition in this
region and to add stiffness to the stiff nitrile rubber, a 0.76 mm stainless stcel sheet was
attached further downstream, such that it covered the white nitrilc wall from 8 mm

downstream of the quarter round to the end of the outflow tract.

The compliant constriction walls (refer to Figure 5.10) were madec in the following
manner. Two thin stainless steel shims of 0.76 mm thickness with the desired curved
profile were fixed to the top and bottom of the stiding wall. Closcd cell plastic foam was

glued to the facc of the sliding wall between the shims and then carcfully sandcd to the
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profile of the shims. The same downstrcam clamping arrangement uscd for the non-
compliant constriction walls was used to attach the foam to the outflow tract. As with the
non-compliant constriction walls, the stainless steel plates werc used to reduce the
compliance of the downstrecam portion of the closcd cell plastic foam whilc providing a

smooth transition into thec downstrcam outflow tract.

5.2.4 Motion Control

The piston walls were driven by a single pneumatic cylinder through the linkages
shown in Figure 5.11. This cnsured that both pistons moved at the same velocity. The rate
of piston movement was controlicd by the regulated pressure supplicd to the pncumatic
cylinder. The gas used for the pncumatic system was high pressurc bottled nitrogen with
the pressurc controlled through a regulator. An accumulator was uscd to help maintain

constant pressure to the cylinder throughout cach test.

In order to maintain consistency between tests, a pressurc relief valve was uscd.
By incrcasing the pressurc in the accumulator until the relicf valve openced, then waiting
until the pressure in the accumulator decreased to the relicf valve sct point, a consistent
pressure for cach test run was ensured. The relicf valve was adjustable, so different
working pressurcs, and hence different piston movement speeds, could be obtained.
Operation of the pncumatic cylinder was controlled by a spool valve. Initial tests showed
that a manually controlled spool valve caused inconsistency. This was overcome by using
an electric solcnoid two-way spool valve, controlled by the computer data acquisition

system.

The position of the constriction walls was controlled to produce the required types
of constriction, both fixed and time-varying. For both the severe and mild restriction cascs,
the constriction walls were positioned and locked in place. The linkage system shown in

Figures 5.5 and 5.6 was uscd to provide thc movement requircd for the progressive
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restriction casc.

5.2.5 Miscellaneous Features

The model was fabricated mostly from anodized aluminum, with stainlcss steel for
more highly stressed componcents. This minimized corrosion cffects from the working
fluid (water). One of the most difficult problems was providing good scals for thc moving
piston and constriction walls. The best design found for the pistons was to usc two shcets
of nitrile rubber sandwiched between the plates of aluminum that madc up the piston. The
nitrile was cut ncarly flush with the edges of the piston, so thiat when the piston plates were
tightencd together, the nitrile sheets were extruded slightly around the edges. This,
combined with a carcfully adjusted fit within the model, provided a very cffective scal
around the piston. With extensive use, scal breakdown became apparcent. This was

overcome by replacing the seals at regular intervals

Providing an adcquatc scal for the constriction wall was important, but it was not
possible to provide a mechanical scal used by the pistons. Instcad, the cxit wall was
proportioncd such that the gap between the cxit wall and adjoining upper and lowcr covers
was in the order of a tenth of a millimeter. While this allowed some fluid Icakage, it was

minor in comparison to the main flow.

The apparatus was designed 1o work with different fluids including scveral blood
analogs, such as Separan and Xantban gum sclitions (Mann, Deutsch, Tarbcll,
Besclowitz, Rosenberg, and Pierce (15871 . N, Tarbell, personal communications). Since
blood behaves as a Newtonian fluid in large ves.els, as was noted in Chapter 2, water was
used as the working fluid. Water also has the advantage of not requiring any spccial
disposal methods after usc. Further, water was a good choice for flow visualization work,

as it is transparent or may be dyed with rhodamine or fluorescein.
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5.3 INSTRUMENTATION

The parameters measured in the cxperimental model included fluid pressurc and
wall position with time. The pressure measurements were madc using probes and pressurc
transducers while the wall positions, and hence the wall velocities, were measured using

displacement transducers.

5.3.1 Pressure Measurements
The most important parameter was the pressurz, because it is the most commonly

used variable measured in vivo for HCM diagnosis. The method selected to measure the
pressures used wall static pressure taps with diaphragm pressure transducers. Threc
Validync variablc inductancc mctal diaphragm pressurc transducers were placed at key
positions in the flow: the piston region, the constriction region exit and the expansion
region cxit (refer to Figure 5. 12). The variable inductance pressure transducers wcre
attached to the 1/8” diameter stainless stecl tubes as shown in Figure 5.13a. The length of
the tube was kept to a minimum length of 41 mm to increasc the frequency responsc. All
fast response pressurc data presented in this thesis was taken with the Entran EPX-10
stainless steel semiconductor diaphragm transducer (Figure 5.13b). Specifications for
these transducers are listed in Appendix C, and their calibration is described in Appendix
D. The primary purposc of the semiconductor diaphragm transducer was to comparc
pressures to an adjacent variable inductance transducer, to ensure the variablc inductance
transducer’s frequency response was sufficient to capture the transient signal. As the
semiconductor transducer had a minimum raicd frequency responsc of 5000 Hz and the

transicnts measured were all less than 30 Hz, it provided an adequate standard.

The variable inductance pressure transducers were conditioned and amplified
using a Validync CD19 Carrier Demodulator. The output signals were passed through a
tunablc low pass filter, sct to a cutoff frequency of 60 Hz, before being sent to the data

acquisition system. This filter was nccessary to eliminate a high frequency oscillation
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from the signals, which will bc cxplained in scction 5.4. Details of this filter are given in
Appendix C. The clectrical analog output of the semiconductor pressurc transdvcer was

amplified using a Vishay 2120 Strain Gage Conditioncr.

5.3.2 Displacement Measurements

Another parameter required was the rate of movemert of the pistons and
constriction walls. This closur~ nced was obtained by mcasuring the wall position using
Schaevitz lincar variablec . al transformers (L.V.D.T.). A 50 mm rang¢ L.V.D.T.
was connected to the piston rod, while a 25 mm range L.V.D.T. was conncctcd to the

constriction wall rod. The calibration of these transducers is given in Appendix D.

The output of cach Schaevitz L.V.D.T. was amplificd using a Vishay 2120 Strain
Gage Conditioner, which required the usc of a Vishay L.V.D.T. Adapter 1601. Duc to
electrical noisc in these signals, a low pass filter was uscd. It was also found that if thc two
L.V.D.T.’s were placed beside cach other, as shown in Figurc 5.14(a), thc magnctic ficlds
of one transducer would interfere with the adjacent transducer. This was climinated by

offsetting the L.V.D.T.’s as shown in Figurc 5.14(b).

5.3.3 Data Collection System

All six of thc amplificd analoy signals were converted into digital signals using a
Metrabytc DASH-8, an cight channel 12 bit high spced analoguc/digital converter (Figurc
5.15). The data wers then transferred to an IBM RISC workstation for analysis.

Specifications of the data acquisition board are given in Appendix C.

5.4 DATA ANALYSIS

For each test condition (progressive restriction without compliance, progressive
restriction with compliant piston, progressive restriction with compliant constriction, mild

and severe restriction), six wall closure speeds were tested to obtain the pressure response
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of the mcdel. For cach w.i: closure speed, a sct of ten tests were performed. The results
for cvery sc. of ten tests were ~ombined together to obtain a mean value at cach point in

time for cvery measurcment.

5.4.1 Data Acquisition Rate
The rate of data acquisitior for the data acquisition board was set through the data

acquisition program. Duc i0 the si.ort time period involved in the test (event time of less
than 0.5 sccond), the highest possiblc data acquisition rate was desired. The maximum ratc
possiblc with this board was 4320 Hz, which must be divided between the six signals
being sampled. This allowed cach of the six signals to be collccted at a maximum ratc of
720 rcadings per sccond, so a piston closure of 0.3 second was represented by 216 points
0.00139 sccond apart. The ratc at which the signals were being sampled was verified using
a squarc wave signal. The squarc wave was provided by a Wavetck Model 182A Function
Generator and sct to 10.00 Hz, measured with a Hewlett Packard Model 5314A Universal

Countcr.

5.4.2 Wall Position, Velocity and Acceleration

The piston wall position data was analyzed to determinc the standard deviation for
cach sct of ten tests. The values for all tests arc shown in Figure 5.16, with values of
standard deviation ranging from 0.30% to 1.65% of piston travel. This shows that the

consistency within each set of ten tests is adequate.

The mean piston wall velocity was based on the time and distance of piston wall
movement from 5% closure to 95% closurc. These results arc plotted in Figure 5.17. The
rcason for choosing a 5% closure starting position was to avoid the difficulties in
diffcrentiating the beginning of piston movement from signal noise. Using a 95% closure
as the stopping position overcame problems in determining the exact point in time where

the piston ccased moving. This difficulty was causcd by a small amount of piston
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movement that occurred as the pressure in the accumulator recovered near the end of the

test.

Figurc 5.17 shows the piston closurc ratc increased with increcasing drive pressurc,
as expected. For any given drive pressure, the mean rate of closure varicd for the different
model configurations, mainly duc to the variations in pressures wi aa the piston region.
For cxamplc, the scvere restriction had the slowest rate of closure, cans.d by the aigh
pressurc generated within the piston region. The mildly restricted ca e -2d the fastest raic
of closure, ncarly twicc as fast as the scverc restriction, as there was veiy little resistance
to the fluid flow from the piston region. This will be discussed further in Section 7.3.
Another cause in the variation of closure rate for different configurations was the differing
friction within the model. The compliant piston, for example, caused more friction aue to
the closed ccll plastic foam contacting the model walls during closure. This effect became
more significant as the pressurc on the foam increased, causing it to press against the walls

with more force.

The velocity and acccleration of the piston wall were also calculated, as these were
necded as input for the CFD analysis. Second-order forward differencing was uscd to
calculate thesc values (forward differencing allowed calculations to be performed at the
initial data points). Due to noisc in the L.V.D.T. signal, numcrical smoothing was
cmployed to climinate the noisc in the signal before differentiating. This was the method
uscd by Press, Flannery, Teukolsky & Vetterling (1988, page 514). It incorporated a
moving window of points to remove any lincar trend, followed by a low-pass filter by a
Fast Fouricr Transform, and then reinscrtion of the linear trend. The effective filter

frequency for this method is

1
feftective = NA! (5.1

where N is the number of points filtered and At is the time between points. Figure 5.18
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shows the effects of different window sizes. The 40 point window gave the best
compromisc for rcmoving noise without excessive smoothing of the transients. This

corresponded to an cffective filter frequency of 18 Hz.

5.4.3 Pressure Readings
The pressure signals from the variable inductance transducers were compared to

thosc obtaincd by the semiconductor transducer. Figure 5.19(a) shows the unfiltered
signals for a typical test (high pressures are duc to fast closure rate and large stroke
volume of cight times the normal human heart). As is cvident, the variable inductance
transduccr signals had an oscillatory response of about 80 Hz when subjected to a very
sharp risc or fall in pressurc. This behavior was not noticeable in the semiconductor
transducer signal and may have been duc to a resonant response of the variable inductance
transducer itsclf. It would not appear to be resonant frequency of the tube and transducer

volume alone, which Docbcelin (1990) approximates as
1

2Vol 2
. c tube -
fres = 21:1,4,[ Vol o + 2 Vol} 8 kHz, -2
where ), = resonant frequency: Lor= effective length of tube used:
Vol,,pe = volume inside tubc: Vol = volume inside pressurc transducer.

This calculated resonant frequency was 100 times larger than the observed 80 Hz
resonance. Thus, although the exact cause of this resonance was * °t detcrmined, it was

unlikely to be a flow resonance relevant to the real heart.

It was decided to fifter the variable inductance transducer signals to climinate this
problem. This was a feasible only because the undesired oscillations had a much higher
frequency than the dominant 0.5 Hz closure frequency. All three variable inductance
transducer signals were filtered by a 60 Hz low-pass filter. Figure 5.19(b) shows the result
of filtering. Since the signals were passed through the filter, there was a time delay of 1/60

second, which was taken int account in all data analysis.
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Figure 5.20 compares a filtered variable inductance transducer signal with an
unfiltered scmiconductor transducer signal from a typical test sequence. The two
transducers were located in the model in the piston region along the mid-line 25 mm apart
(previously shown in Figure 5.12). The pressures at these locations should be ncarly
identical, differing by no more than 200 Pa bascd on the unsteady Bernoulli analysis of
Chapter 3. The variable inductance transducer signal follows the semiconductor signal
very well, damping out the minor transients. This damping of these minor transicnts was

desirable, as they were not of interest for the analysis being considered herc.

Each sct of ten repeat closures were combined to determine the mean pressurc at
cach point in time for the variable inductance transducer signals. The sample standard
deviation at cach time was also calculated to determine the average for each test sequence.
The per cent standard deviation in the stroke normalized pressure differences was then
determined, assuming that crrors were uncorrelated. For example, to determine the

standard deviation in Y, recal! that this normalized pressure difference is determined from
_ fl’ -P,
AP, ie

siroke

Y (5.3)

If the errors arc uncorrclated, the standard deviation may be determined from

h) 9 2
Gy X O, + 0, 5.9

P

50 that
™ 2
ﬁ _ o J'Dv+c(‘ (5 5)
Y ~ AP ) )

5. -oke ¥ max
These values for all test configurations and wall speeds are shown in Figures 5.21 and
5.22. The largest deviations cccurred for the mild restriction, which had standard
deviations ranging from 6% to 10.5% of the normalized pressure difference. The
compliant constriction casc also showed standard deviations ranging up to 10.2%. All
other test configurations had standard deviations of less than 5% of the normalized

pressure difference. These values are conservative, due to the assumption that the errors
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arc uncorrclated. If the crrors arc corrclated, the standard deviation between tests wouid be
reduced. These results indicate that the repeatability between the pressurc signais s

adcquatc, with less than 5% standard dcviation in most cascs.

5.5 LABORATORY VS. IN VIVO FORCE RATIOS

It is important to cnsurc that in vivo ejection and the laboratory modcl match in
terms of the force ratios determined in Section 2.2.5 (Fyjscous/Finertial and Fiyepial
Fpa :ab- The force ratios for the planar piston model were determined in Appendix A and
arc as .ollows: the viscous to incrtial force ratio (cquation A.43)

Fincrlial 2
F - = 1.9B,0, (5.6)

viscous

the spatial to inertial force ratio for the sudden expansion (equation A.47)

Fopan
_spatial 0,448, [1 -y, + iyl (5.7)

inertial

and the spatial to incrtial force ratio for the unscparated cxpansion (equation A.48)

Fou
el <0228, (5.8)

inertial

B, = __pr’-_’ (gcometry factor),

¢

H, -
n, = 78 (restriction factor),

a, = R 507 {Womerslcy parame:er).

The incrtial to viscous force ratios determined for the different configurations are given in
Tablc 5.1, along with the in vivo results determined in Section 2.2.5. All the tests for the
mild and progressive restrictions, which simulate HCM, fall above the range calculated
for the resting and provoked in vivo HCM cascs. The in vivo values were based on a

geometry factor using an aortic diameter of 2.5 cm. Some researchers have also used an
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aortic diameter of 2.0 cm for cvaluating left ventricular cjection, scc Jones 1 1969), in
which case the in vivo valucs of the incrtial to viscous force ratio will exceed the
laboratory values. To make comparisons morc meaningful, the mild restriction with the
slowest closure rate and the progressive restriction with the fastest closure rate were
choscn for comparison, as both had similar incrtial to viscous force ratios (Fyyerial/

Table 5:1 Inertial to Viscous Force Ratios for Unsteady Laboratory Model

F. .
Heart Configuration Force Ratio — 74!
VISCOUS
By | oy laboratory in vivo
Mild Restriction 2.5 | 66.5 790
Fastest closure rate 327
- T ked. HCM
Mild Restriction: 2.5 59.1 702 provoxe
Slowest closure ratc to
Progr.ssive Restriction: | 2.5 | 58.7 697
Fastest ciosurc ratc 169
resting, HCM

Progressive Restriction: | 2.5 | 47.3 561 &

Slowest closurc rate

Severe Fixed Restriction 494 587
Fastest closurc ratc 79

severe valvular
aortic stcnosis

!sJ
Uh

Severe Fixed Restriction | 2.5 37.7 448
Slowest closure rate

Fyiscous Of about 700). The inertial to viscous force ratio for the severe fixed restriction
also did not match the scverc valvular aortic stenosis case. even when an anrtic diameter
of 2.0 cm was used. Slower closure rates were attempted, but inconsistent wal) closure
speeds from test to test resulted, duc to a frictional stick-slip problem. Thus the
comparisons with the in vivo were done at the lowest fixed restriction closure rate
attainable, recognizing that the force ratio did not match. Fortunately, visccus drag forccs

are negligible in both the model and the in vivo situations, ranging from about 0.3% to
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1.3% of the incrtial acceleration force. Viscous forces can have a significant effect on
pressurc © -ough their influence on flow separation. The Reynolds number for the in vivo
left ventricles (based on aortic diameter) ranges from about 3000 to 15,000, while the
Reynolds number for the laboratory model (based on exit channel width) ranges from
13.000 to 41,500. This indicates that the laboratory model will be more likely to have flow

scparation than thc corresponding in vivo situation.

The spatial to incrtial force ratio values for the different configurations are shown
graphically in Figure 5.23, along with the corresponding in vivo values detcrmined in
Scction 2.2.5. As is cvident, the laboratory model and the in vivo situation have similar
ranges of the spatial to incrtial force ratio between the unscparated expansion and the

suddcn cxpansion cascs.
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5.6 FLOW VISUALIZATION

An important use for the experimental model was to obtain a wholc ficld picture ot
the flow. The fluid in the piston region was dyed with fluorescein. In order to dye only the
fluid in this region, a sliding scparation wall was placed betwceen the piston region and the
exit/outflow regions, as shown in Figure 5.24. Once the fluid in the piston region was
thoroughly mixed wiih dyc, the scparation wall was pulled away sharply, simultancously

activating the piston drive system.

A single laser light sheet was placed through the model from the downstream end
of the cxpansion rcgion. A four watt Argon lon Cohcrent Innova 70 laser was used to
provide lascr light at a suitable intensity. The laser beam was routed through a fiber optic
cable and passed through a cylindrical lens to create a sheet of laser light. This
arrangement had about 50% light power transmission cfficiency with a light sheet
approximatcly threc to four millimetres in thickness. A Sony vidco camera was uscd to
record the images produced. This camera was capable of 30 frames a sccond and was used
with a shutter spced of 1/250 sccond. The Kodak Wratten gelatin filter was used to filter
out the background laser light, allowiug only the dyc fluoresced light to pass through the
camera lens. The flow scauence was recorded on video tape using a Mitsubishi VCR.
Once the testing was complate, single frame images were digitized from the video tape

and stored on a computer for analysis, using the technique developed by Campbell (1991).

The images obtained werc then digitally false-coloured using an cxisting computcr
algorithm to give a clear picturc of the flow. Generallv, seven to fiftcen images were

required to capture a complete flow scquence, depending on the rate of closure.

A typical flow sequence is shown for the progressive restriction in Figure 5.25. In
the first four frames, the undyed fluid being cjected from the piston region pushes the dyed

fluid downstream. The undyed/dyed fluid interface has a fairly blunt profile during this
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period, which represents the first half of the cjection. There is no evidence of flow
scparation at this point. In the ast four frames, it is clcar that flow scparation is occurring.
The flow is asymmetric, scparating in an unsteady fashion. This sequence of separation
occurring in the second half of cjection was noted for the progressive restriction,

regardless of the rate of closure.

The severe fixed restriction showed signs of flow separations from the onsct of
cjection, and the scparation persisted throughout the ejection period. The flow was very
asymmetric. scparating on one side only. The degree of separation increased throughout
the cjection period and scemed somewhat unsteady. As with the progressive resiriction.

the scparation formed rcgardless of the rate of cjection.

The mild restriction configuration showed no signs of scparation throughout the
majority of the cjection. The last frame appeared to show separation, but it is difficult to
determinc if this was just after the cjection perind had finished. Overall, regardiess of the
rate of cjcction, there was no indication of sep~t-n throughout the majority of the
cjection period. The undyed/dyced fluid interface showed 2 fairly blunt profile during the
first half of ¢jection. Little clsc may be said about the flow profile, as this interface was
swept downstream out of range of the picture by the end of the first half of the ¢jection

period.

The three configurations may thus be described as follows:
» mild fixed restriction: no evidence of flow separation; blunt flow profile evident at

undycd/dyed fluid interface during first half of ejection period:

« progressive restriction: no evidence of flow separation during first half of cjection,
asymmetric flow scparation during sccond half of flow separation, blunt flow profile

evident at undyed/dycd fluid interface during first half of cjection period:
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« severe fixed restriction: flow scparation cvident throughout cjection period,

asymmetric flow profile evident at undyed/dyed fluid interface during first half of

gjection period.

5.7 SUMMARY
The unstcady laboratory model that was designed and tested had the following
capabilities:
« three different configurations were tested: mild fixed restriction, progressive

restriction and severe fixed restriction;

both compliant and non-compliant configurations werc tested:

the piston closure rate for cach configuration could be adjusted as desired.

the model gave consistent, repcatable results in terms of wall position and pressure

measurements;

the dyed fluid flow visualization method gave uscful results, showing no flow
separation for thc mild fixed restriction, flow scparation during the decceleration

phasc for the progressive restriction, and flow scparation throughout the cjection for

the severe fixed restriction.
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CHAPTER 6 + LABORATORY MODELLING OF
QUASI-STEADY FLOW

6.1 INTRODUCTION

The computational fluid dynamics solutions presented in Chapter 4 were bascd on
a quasi-stcady approach and did not show any flow scparation (reverse flow ncar the walls
of cxpansion region) for the turbulent flow c:.ses. The laminar casc did scparate, but the
solutions had convergence problems at the Reynolds numbers of 35,000 to 43.000
(convergence was achicved on identical grids for Reynolds numbers of 500 to 1000).
Since the unstcady laboratory model showed significant flow separation, a question arosc:
was the quasi-stcady approach poor because flow separation did not occur for the stcady
flow, or was the computaticnal fluid dynamic model in error by not predicting scparation?
To answer this question a stcady flow laboratory model was built with the same geometry
as the unstcady laboratory modcl. By comparing results from the steady flow laboratory
model at various constrictions, it was bc possible to verify if the pressures predicted by the
computational method were correct. In addition, through the use of flow visualization,

flow scparation could be detccted.

This chapter will describe the construction of the quasi-stcady iaboratory modecl.
The flow and pressure measurements will be discussed and resuits from the flow
visualization presented. It will be shown that flow separation occurs when the flow is

highly restricted and that the flow is turbulent in naturc.

6.2 MODEL CONFIGURATION

6.2.1 Fluid Flow Through the Quasi-Steady Flow Laboratory Model

The geometry of the quasi-steady laboratory model was chosen to match the

unstcady laboratory model with a progressive restriction configuration at piston closure
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locations of cither 50% or 85%. The configuration is shown in Figure 6.1. Most of the
modc] was fabricated from Lexan sheets, a strong transparent polycarbonate plastic. Fluid
entered the model at the Icft and right sides and passed through porous plates to enter the
piston region. The fluid turned 90° (from x to v direction, see Figure 6.1) in the “piston”
chamber and then passed through the constriction and expansion regions before leaving
the model through the outlet tubes. The exit locations and sizes were identical to the

unstcady laboratory model (scc scction 5.2.2).

The fluid used in thc model was filtered tap water from the building supply. As
shown in Figurc 6.2, the water was first pumped by a centrifugal pump into a hcader that
provided equal flow to both sides of the model. With the pump running, the maximum
flow ratc was achicved. This flow ratc could be adjusted using the gatc valve downstrcam
of thc pump. The pump was not necded to obtain the lower flow rates, as the building
supply pressurc was adequate. Paper cartridge type filters were placed downstream of the
tee to remove rust and sc2’~ from the water. These filters were necessary, as small particles
would clog the porous pl ‘s used in the model (the first set of porous plates werc uscd
without a filter: they quici -+ clogged and then plastically deformed due to the resulting

pressurc drop).

6.2.2 Inlet Flow Uniformity

The cntrance regions shown in Figure 6.3 were included to provide as uniform a
velocity profilc as possible at the simulated position of the piston faces. Fluid entering the
scttling chamber was first obstructed by a baffle plate, to climinate the fluid jet entering the
scttling chamber. The fluid then passed through a flow straightencr made from plastic
straws with a 6 mm diameter and length of 36 mm to eliminate large scale turbulence
upstrcam of the porous platc. There was also a small gap of 10 mm just upstrcam of the

porous plate to ecven out pressure differences across the flow. Finally, the fluid was forced
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through the porous plate and cntered the piston region. The porous plates were fabricated

from sintered stainless steel, and supplicd by Mott Metallurgical Corporation.

By using porous platcs with a porosity of 10 microns, two cxpcrimentally
important effects were incorporated. First, thesc high-resistance ensured a large pressure
drop across the plate compared to the pressurc drop along the test section. For cxample, at
a flow ratc of 1 liter/sccond, the pressure drop across the porous plates was 140 kPa, but
only 1.7 kPa from p to e (sec Figure 6.1) in the test scction. Since the pressure drop across
the porous platc was two orders of magnitude greater than in the test scction, pressurc
changes within the test section had a negligible cffect on the uniformity of the inlet
velocity. The second effect was that small scale turbulence was cssentially climinated, as

fluid was forced through the small passages of the porous plates.

6.2.3 Construction Details

Toe o ‘a: s were located to match the position of the unstcady laboratory

H,
modcl pistons = 2le. 5 of cither 45% (restriction factor 0, = fT‘ = 4.5)or 85%

C
(n, = 16..; .. slates were held in frames, which in turn were recessed into the model

(Figure 6.4). By reversing the position of the frames within the modecl, the plate positions

could be moved from the 45% position to the 85% position.

The walls of the constriction were made from aluminum, duc to that material’s
combination of excellent machinability and acceptable corrosion resistance. The curved
wall profile was machined to match the unsteady laboratory model. The constriction
opening could be adjusted to match cither the 45% or 85% piston closurc position. The
walls of the expansion scction were made from 0.76 mm thick stainless stecl sheet. These
were curved to give a wall profile very similar to the unstcady laboratory model. They
were fastened to the walls of the constriction to ensure a smooth continuation of the

constriction wall profile (Figure 6.5).
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The polycarbonate plastic construction of the cxterior of the model was
appropriate for flow visualization purposcs. but its flexibility caused an unanticipated
problem. Due to the high pressure upstrcam of the porous plates, a significant amount of
flexure of the upper and lower polycarbonate surfaces occurred. This gave the fluid within
the model an alternate route: around, instead of through, the porous plates. The solution
was simple and involved adding stiffncss to the upper and lower polycarbonatce surfaces.
This was donc by placing 12.7 mm thick aluminum plates over the surfaces and clamping
them together through the model with stainless steel posts (Figure 6.6). The clamping
plates did not cover the scction over the piston, constriction or cxpansion regions, so that

flow visualization was still possible.

6.3 MEASUREMENTS AND DATA ANALYSIS

The paramcters measured in this model were the prc:;surc at various points along
the mid-line of the model as well as the flow rate. Two flow rates were used for cach
configuraticn: onc with the pump running .- ¢ . The flow rate was mcasurced by
diverting the exit flow and determining the in:e tak.a - filta volumc of 12 liters. Five
readings weic taken to find the mean flow rate for cach test. The flow rates along with the
associated standard deviations and Reynolds numbers (based on the cxpansion region exit

width) arc summarized in 'iable 6.1. The range of Reynolds numbers comparcs well to in

Table 6.1: Flow Rates for the Quasi-Steady Flow Laboratory Model

Standard I

FlowRate | peviation | Reynolds

- : Number
cogsion | | S| R
n,; = 4.5:Low Flow Rate 0.84 0.913 82€8
n,, = 16.7: High Flow Rate 1.03 0.016 10140
n, = 16.7: Low Flow Rate 0.83 0.016 8169
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vivo situations, where pcak Reynolds numbers for HCM hearts can rcach valuces of 15.000.

The pressure measurements were made using the same variablc inductance
transducers described in Chapter 5. These transducers were calibrated before and after
testing cach configuration. The wall static pressurc was measurcd in the piston region,
constriction cxit and cxpansion cxit, as shown in Figure 6.7. These locaticns were
essentially the same as thosc used in the anstcady laboratory modcl. The data acquisition

system was also the same as that described in Chapter 5.

A total of ten pressurc readings were taken for each test configuration. Each
rcading was the average value of 600 readings collected over a onc sccond period. These
average pressurcs were then used to determine the average stroke normalized pressurc
differences. surnnarized in . ©.2. The percent error is also shown in Tablc 6.2. The

pressure crrors are correlate *. . the error in® . and Y is small (usually 1css than 5%).

Table 6.2: Pressure Measurements in Quasi-Steady Flow Laboratory Model

® Y
Normalized Normalized
Configutation [;’_rcssurc %error Ifressurc %error
ifference Diffcrence
N, =45 22.6 0.7% 8.0 7.8%
High Flow Rate
n, =45 12.0 0.7% 8.0 1.6%
Low Flow Ratc
n, = 16.7 128 3.5% 50.6 52%
High Flow Ratc
ny, = 167 90.6 1.8% 46.6 2.6%
Low Flow Ratc
All pressures normalized by 1/2p Vg = 75.1 Pa, with ¥, bascd on 1 U/s
flow rate.




Page 159

6.4 FLOW VISUALIZATION

The flow was visualized using the same equipment described in scction 5.5. A
lascr light sheet was directed into the model from the expansion end, as shown in Figure
6.8. Fluorescein dye was injected where desired using the injector shown in Figurc 6.8.
This injector was constructed from 1.5 mm diameter stainless steel tubing and was placed
into the model from the downstrcam cnd of the model. The main body of the injector was
below the iight sheet, with the curved tip allowing dyed fluid to be injected upwards into
the light sheet. While the probe disturbed the flow, this effect was minimal. Most likely, if
therc was no flow scparation with the probe in the flow, there also would be no flow
scparation without the probe there. The video camera was mountcd above the expansion
scction. The images were recorded in Super VHS on a VCR at a rate of 30 imagcs pcr
sccondl, then played back to the frame grabber for analysis in a similar fashion to that
previously described in Scction 5.5.

4

H
The flow for the restriction factor n,, = i
C

= 4.5 appcarcd quitc unsteady both
in the piston region and downstrcam of the constriction. No flow scparation was obscrved
at any point downstream of the constriction. An intercsting result was observed during
initial testing. Duc to a minor construction flaw, onc side of the connection between whe
constriction and expansion wall had a rough edge, protruding into the flow approximatcly
0.5 mm. This was sufficient to produce an asymmetric flow with a large separation zonc
just downstream of the expansion region exit. When the model was reconstructed for final
testing. this rough edge was removed and the flow no longer scparated for this restriction

factor.

The fow for the restriction factor n,, = 16.7 (severely restricted) was also
fluctuating throughout the model. Downstream of the constriction, the flow scparated

intermittently on onc side of the expansion region. This can be scen in the flow
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visualization scquence shown in Figure 6.9. Each framc is 1/30th of a sccond apart. The
dyed fluid is initially being swept downstream, shown by the first frame (time 0/30
sccond). The flow suddenly scparates, sweeping the dyed fluid upstrcam (time 1/30 and 2/
30 sccond). The separation then collapses and is swept downstream (time 3/30 anu 4/30
sccond). This intermittent separation was obscrved at both the low and high flow rates.
The flow always scparated on the same side of the expansion, regard’ 5 of the dyc

injcction location.

Pressurc measurcments were madc using the fast responsc semi-conductor
transducer in the expansion region. Data was collected at the rate of 720 rcadings per
second. These measurcments showed a rapidly fluctuating pressure, with fluctuations
occurring 10 to 15 times per sccond. This is quite consistent with the intcrmittent flow
scparation obscrved by the flow visualization. This clcarly shows the difficulty of CFD

analysis for stcady flows that have cmbedded in them a fluctuating flow scparation.

6.5 SUMMARY

The quasi-steady laboratory model showed the following:

« the flow in the expansion region of the mild restriction contained fiuctuations, but

showed no signs of flow scparation for both flow rates tested.

the flow in the expansion region of the severe restriction contained fluctuations and

there was an intermittent, asymmetric flow scparation for both flow rates tested.

» arough edgc in the constriction causcd flow scparation to occur in the mild

restriction, indicating a scnsitivity to constriction gcometry .

the pressure differences were repeatable, with a maximum percent error of less than
8%:

thc CFD code could not predict a fluctuating scparation as was found in the quasi-
steady laboratory model, which shows that using a quasi-stcady CFD approach may

be significantly inaccurate cven for a simplc gecometry.
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CHAPTER 7 - MODEL AND IN VivO
COMPARISONS

7.1 INTRODUCTION

in the previous chapters, several simplified left ventricle-to-aorta flow models
were described. These models attempted to simulate the important characteristics of HCM
(hypertrophic cardiomyopathy) for the unobstructed (mild fixed restriction) and SAM
(progressively restricted systolic anterior motion of the mitral valve) theories. As well, a
severe fixed restriction was modelicd, for comparison with the severe aortic valvular
stenosis case. The modcls utilized both quasi-stcady and unsteady flow techniqucs to
obtain pressurc differcnces between the left ventricle (piston) and points downstrcam: the

constriction and the outflow (expansion) regions.

It will be shown that the rate of cjection (wall closure ratc) detcrmines the
magpnitudc of the pressure differences for any given geometry and that this effect is
captured using the concept of a strokc-averaged pressure difference, AP, - Each
geometrical configuration produces a different dimensionless pressure differcnce curve
that can be uscd to characterize HCM as either unobstructed or obstructed. This finding is
significant, becausc it indicates that the pressure-flow characteristics of severc HCM are
best explained by the progressive mitral vaive obstruction (SAM) theory, while mild HCM

15 consistent with mildly restricted or unobstructed flow.

Before making comparisons between the models and in vivo data, results from
theeriical and laboratory modcls will be discussed. A comparison of the unstcady modcls
val! be made first, followed by a comparison of the quasi-steady models. The quasi-steady
computational model will then be compared to the unsteady models. It will be shown that
the models compare reasonably well when predicting pressure loss at the constriction.

How-ver, significant differences exist downstream of the constriction, as the laboratory
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models often have separation in the flow expansion region. Flow scparation also cxists in

certain in vivo left ventricular flows, such as severe valvular aortic stenosis, Clark (1976a).

Finally, ihe effect of compliance is evaluated experimentally and shown to be
insiy,ait.c «t in terms of the pressure difference developed during the cjection period for a

progressively restricted configuration.

7.2 COMPARISON OF UNSTEADY FLOW MODELS

Thrce unsteady models were developed: a one-dimensional unstcady Bermoulli
theorctical model with and without scparation, and the unstcady flow laboratory modcl.
The unstcady Bernoulli model was inviscid an - could not predict flow scparation. Instcad,
a sudden expansion was used te simulate a scp. vation at the restriction. Results from all
models werc obtained for three configurations: a mild fixed restriction, a pro;vrcssivc
restriction and a severe Sxed restriction. The input positions, velocities and accclerations

for the unstcady Bernoulli models vere obtained from data from the unstcady flow

laboratory model.

In general, the unscparated and scparated (sudden cxpansion) unstcady Bernoulli
model brackets piston to expansion pressure differences @, . measured in the unstcady

laboratory model. @ . may be considered as a discharge coefficient: the larger the valuc

mid

of ® ... the greater the pressure loss in the system. The unstcady Bernoulli modcl
overpredicts the pressure difference between the piston and constriction rcgion Y obtaincd
from the unsteady laboratory modei. This can be explained in part by thc spatial averaging
of the pressure transducers in the laboratory model (Figure 7.1). The inside diameter of the
tubcs used for the pressurc taps was 4.5 mm. Thus the unstcady laboratory model’s

pressures were averaged over this distance, while the Bernoulli model gave the pressure

preciscly at the point of maximum constriction.
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Figure 7.1: Effect of Spatial Averaging on Pressure Measurements

7.2.1 Mild Fixed Restriction Comparison

In Figurc 7.2(a), the stroke normalized pressure difference Y between the piston
region (location p) and the constriction exit (point ¢) is plotted as a function of per cent of
piston closure, for both the unstcady laboratory mcdel and the unsteady Bernoulli modcl.
The quasi-stcady Bemoulli model is also plotted for comparison. Both Bernoulli modcl
cquations overpredict the pressure difference during the first 75% of pisten closize. then
underpredict the pressure difference for the remaining 25% of piston closure. Since the
Bernoulli models were inviscid, onc would expect that the pressure diffcrence would be

undcrpredicted to some degree at all times.

The source of the deviation between the Bernoulli models and the unsteady
laboratory modcl cannot be causcd by the unsteady inertial acceleratior. terms, because the
quasi-steady Bernoulli model did not include these and yet showed the same
overprediction. The restriction factor also cannot be responsible, because incorrect
matching would consistently over or underpredict the pressurce difference throughout the
entitc ejection. This leaves scveral possibilities:

« the piston wall velocitics derived from piston position data were in error.

« the unsteady laboratory model had a significant amount of blow-by in the piston
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region:
« the pressurc iaps used in the unsteady laboratory model spatially averaged the
pressurcs in the region of intcrest.

Each of thesc will be discussed in turn. The piston wall velocitics were determined by dit-
ferentiating measured displacements. This data contained a significant amount of noise
and required smoothing, as discussed in Scction 3.4.1. To cxamine the cffect of the
smoothing on the resulting pressurcs, three test cases were run: 20 point smoothing. 40
point smoothing (the normal amount used) and 60 point smoothing. For cxamplc, 40
points gives smoothing over a time period of 0.056 second, about 10% of the piston stroke
for the fast closure rates). The resulting normalized pressurc differences did not vary sig-
nificantly. Thus crrors introduced in smoothing the wall velocity are not the sourcc of the

problem.

While smoothing the data scemed acceptable, differentiating the experimental data
could be introducing considerable inaccuracics. In Figure 7.2(b), the stroke normalized
pressure diffcrence between the piston (location p) and the expansion cxit (location ¢) is
shown for the mild fixed restriction. Both the unstcady laboratory model and the unstcady
Bernouiii model with and without the sudden expansion arc shown. The unstcady
laboratory modcl pressure difference falls between the two extremes of the unstcady
Bcernoulli model. The unstcady Bernoulli model with and without separation overpredicts
the cffect of the deceleration, giving ncgative pressure differences from 86% and 78% of
piston closurc onwards, compared to 91% for the unsteady laboratory modcl. This could
be due to errors incorporated by taking the second derivative of the smoothed piston

position data (differcntiating the piston position twicc gives the acceleration).

The possibility of fluid leakage across the piston scals in the piston region is
difficult to estimate. Due to the difficulty of making lincar seals for rectangular pistons,

there was some minor clearance possible between the scals and the modcl walls. If there
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were a gap all around the piston of 0.5 mm, this would account for about 2% of the piston
facc arca. The loss resulting loss of fluid and pressure is difficult te estimatc, but could
casily account for the deviation between the vnsteady and quasi-stcady Bernoulli models

and the unstcady flow laboratory modcl.

The inside diameter of the tubes used for the pressurc taps was 4.5 mm. Thus the
unstcady laboratory model’s pressurcs werc measured over this distance, whilc the
Bernoulli model gave the pressurc precisely at the point of maximum constriction, as
illustrated in Figure 7.1. To account for the spatial averaging in the unstcady laboratory
modcl, a square cquivalent in arca to the pressure tap inside diameter was uscd. This
weights the spatial averaging more towards the centre of the pressure tap. A spatial
average is taken over a distance of 4 mm. This spatially averaged Bernoulli modcl
pressurc is plotted in Figure 7.2(a) and is labeled “Adjusted Unsteady Bernoulli™ (all
subscquent plots of the Bernoutli model pres.  re differences are adjusted for this cffect).
Whilc spatial averaging has improved things, the spatially averaged pressure still
overpredicts the pressure Cifference during the first 40% of piston closure, but then
underpredicts the pressurc difference during the final 50% of piston closure. This cross-
over from overprediction to underprea.ction of the pressure difference is not consistent
with spatial averaging but could be explained by the fluid Icakagc theory. Thus the total

deviation may be explained by a combination of spatial averaging and fluid lcakage.

72.2 Pressure Differences for the Severe Fixed Restriction

The stroke normalized pressure difference between the piston region (location p)
and the point of maximum constriction (point ¢) is shown in Figure 7.3(a) for the severe
fixed restriction configuration. Jt is immediately obvious that the unsteady Bernoulli
model overpredicts the pressu: - Jifference occurring in the unstcady laboratory modcl.

The pressure averaging mentioned in 7.2.1 works well for the mild restriction, but docs
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not heip in the casc of the severe fixed restriction. The spatial average of the pressure
reducc the pressure diffcrence more than is desired for the deviation for piston closures
frome 1% onwards. While a lesser degree of pressure spatial averaging may give better
results. there is something very different happening during the initial 20% of piston
closurc. Oncc again, unstcady incrtial acceleration canny® be the cause, as the quasi-stcady

Bernoulli analysis gave the same result as the unsteady Bernouili analysis.

The source of the calculated high initial pressurc most likely duc to crrors in the
velocity determined from the experimental data. The velocity was determined by
differentiating the measurced piston position with time. Only onc of the pistons had its
position measured: it was assumed that the other (off-side) piston would move
simultancously at the same rate, as the two pistons werce physically linked together.
However, through repeated usc of the model, a small amount of play developed in the
linkagc. As the severe fixed restriction tests were conductcd last, the results for these tests
were the most affected. This linkage play allowed the off-side piston to remain stationary
whilc the measured piston began to move. Vhile this slack allowced the off-side piston to
remain motionless for less than 2 or 3 mm of travel of the measurcd piston, this was quite
significant in terms of the piston velocitics calculated. The piston velocity will be
overpredicted by a factor of two, which in turn causes the fluid velocity at the point of
maximum constriction to bc overpredicted by a factor of two. As pressure varics with the
squarc of the velocity, the pressure will then be overpredicted by a factor of four.
Comparisons between the two models should not be made during the first 15% of piston
closure. It should be noted that this effect was not a significant problem with the other
configurations (mild and progressive restrictions) as the restriction at this point of the
cjcction was still small, thus minimizing the crror in the pressure, and the linkage system

was also tighter during thesc tests.
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In Figure 7.3(b), the stroke 1ormalized pressure difference between the piston
region (location p) and the expznsion cxit (location e) is shown for the unstecady laboratory
model, as well as the unstcady Bernoulli model with and without the sudden expansion.
Once again, comparisons should not be made for the first 20% of piston closure duc to
inaccuracies in determining the piston velocity. As with the mild fixed restriction, the
unsteady laboratory model pressure difference falls between the two extremes of the
unsteady Bernoulli model. In this case, the unstcady laboratory model has a pressure
difference much closer to the unstcady Bernoulli modcl with the sudden expansion. This is
consistent with the scparation evident for the severe fixed restriction configuration of the

unstcady laboratory model.

7.2.3 Progressive Restriction Comparison

The strokc normalized pressure difference between the pistor region (location p)
and the point of maximum constriction (point ¢) is shown in 7.4(a) for the progressive
restriction configuration The Bernoulli model pressure difference peaks sooner than the
laboratory medel. This may be caused by slight inaccuracics in calculating the constriction
arca with time. The unteady Bemoulli model related the constriction motion dircctly to
the piston maticn, The unsteady laboratory model had the piston and constriction link-d
together directi.  but the tolerances in the linkages may have resulted in minor differences

from thc theoict:.  uv crec of constriction.

in Figure 7.4'b). the strokc normalized pressure difference between the piston
region {location p) and the cxpansion exit (location e) is shown for the progressive
res riction. Results are plotted for the unsteady laboratory model, as well as the unstcady
Bernoulli model with and without the sudden expansion. This casc is quite interesting.
The unstcady laboratory model and unsteady Bernoulli model without scparation match

reasonably well for the first 60% of piston closure. At this point, the pressurc difference in
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the unstcady laboratory model riscs sharply, becoming much closer to the prediction of the
unstcady Bernoulli model with separation. This suggests that the flow in the expansion

region of the unstcady laboratory modecl scparates at this point.

7.3 COMPARISON OF QUASI-STEADY FLOW MODELS

The commercial computational code was uscd to analyze the progressive
restriction configuration, both for turbulent and laminar flows. The stroke normalized
pressurc differences between the piston region (location p) and the point of maximum
constriction (point ¢) is shown in Figure 7.5(a) for both computational modcls, along with
results from the quasi-steady Bernoulli mmodcl. All threec models predict similar pressure
differences. with the turbulent flow model predicting somewhat higher pressure losses

than the laminar flow modcl.

In Figurc 7.5(b), the strokc normalized pressure difference between the piston
region (location p) and the expansion exit (location e) is shown for both the turbulent and
laminar flow computational models, as well as the unstcady Bernoulli model with and
without the sudden expansion. Onc must be careful making comparisons for the laminar
flow computational modcl, as convergence could not be achicved for piston closurcs
between 35% and 85%. It is clear that the turbulent flow computational solution predicts a
significantly greater pressure difference than the unsteady Bemoulli model without
separation, but much less than the unstcady Bernoulli model with scparation. As no flow
separation occurred in this computational solution, the pressurc loss must be duc to the
significantly different velocity profiles (see Figure 4.17). The turbulent flow
computational solution has a downstream velocity profilc which is quitc parabolic, unlikc
the one-dimensional Bernoulli model’s assumption of constant cross-strcam velocity. This
pressure difference becomes more significant as the degree of restriction increases. but

falls off as the piston velocity decreascs in ihe latter part of the flow cycle.
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The commercial computational fluid dynamics code FLOW3D was a'so uscd to
compare with the quasi-stcady laboratory modcl at restriction factors of n, = 4.5 and
n, = 16.7. The turbulent computational model was uscd for this comparison, and the
results are summarized in Table 7.1. As is evident, FLOW3D docs reasonably well at
predicting the experimental pressure differences. The quasi-stcady Bernoulli model was
also compared, and as Table 7.1 shows, it gave a poor estimate for the normalized pressurc
loss. The piston to constriction pressurc loss @, ., is rcasonably close to the laboratory
model for the severe restriction n, = 16.7, but very poor for the mild restriction
n, = 4.5. This may indicate that the pressure loss for the severe corstniction between the
piston and constriction rcgion is primarily spatial in naturc. The quasi-stcady Bernoulli

Table 7.1 Quasi-Steady Laboratory and Computational Model Comparison

n, = 45 n, = 16.7
Flow Ratc=11/s
(Dmid Y (Dmi(f Y
Laboratory Modcl 22.6 8.0 128 50.6
FLOW3D Turbulent 213 6.7 189 533
Quasi-Steady Bernoulli 13.6 0.9 117 0.5
All pressures normalized by 1/2(p Vi) =75.1 Pa

model severely underpredicts the pressuie loss between the piston region and expansion
exit Y for both restrictions. The causc of this may be attributed to flow scparation and

cross-stream velocity profile differences.

74 COMPARISON OF QUASI-STEADY COMPUTATIONAL
MODEL WITH UNSTEADY LABORATORY MODEL

The stroke normalized pressure differences for the computational turbulent and
laminar flow models arc shown along with the unstcady laboratory model pressurc

differences in Figurc 7.6. The pressure difference between the piston region (point p) and
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the maximum constriciion (point ¢') is shown in (a), and between the piston region and the
expansion exit (point €) in (b). The two-dimensional FLOW3D calculations appcar to

overpredict the pressurce loss at the constriciion, but as with the Bernoulli model this may
be a pressure averaging problem. When the average pressure ever the pressure tap region
is used. the commercial code matches much better during the first 80% of piston closure,

but fails to predict the peak pressure loss at 85%.

The downstream pressure loss, P, - P, shown in Figure 7.6(b) is quite intcresting.
The FLOW3D turbulent computational soiation docs a much better job predicting the
pressurc loss for the first 75% of piston closurc. When the unsicady laboratory modcl fiow
scparates around 80% of piston closure, the laminar solution which had scparation does a
much better job of predicting the pressurc loss. Recall that the laminar solution was
unconverged for piston closurcs between 55% and 85%, so onc must avoid putting too

much weight on these results.

7.5 EFFECT OF WALL CLOSURE RATE

It has been shown with HCM patients who have little or no pressure difference (P,
-P,) when resting that a pressure difference occurs when systole is provoked, sec Grosc,
Maskin, Spindola-Franco & Yipintsoi (1981). In other words, if the ¢jection occurs more
vigorously over a shorter period of time, the resulting pressurc difference between the left
ventricle and aorta becomes higher in patients with a resting gradicnt, and noticcablc in
patients with no resting gradient. This obscrvation was confirmed by thc unstcady
laboratory model: if the closure (ejcction) ratc was increased, the resulting pressurc

differences between the piston and points downstrcam also increased.

The “non-obstructionists’ arguc that this incrcasc in the left ventricular-to-aortic

pressure difference is purely an incrtial cffect: accelerate the fluid at a higher ratc and the



Page 178

time dependant incrtial forces will increasc. This argument is then extended to all cases of
HCM, by the hypothesis that the larger pressure gradients in severe HCM is duc to incrtial
cffccts alone. The “obstructionists” suggest that the faster contraction results in higher
velocities through the progressive obstruction; the increase in the pressure difference 1s
causcd by incrcased viscous forces as well as the inertial forces. This debate is really onc
of geometry: unobstructed vs. progressively obstructed. If the pressure curves are propetly
non-dimensionalized using a parameter that accounts for the rate of ejection, the resulting
pressurc curves for a particular left ventricular anatomy at different rates of cjection
should be similar. It will be shown that the previously derived stroke pressure difference is
a rcasonable choice for non-dimensionalizing the pressure differences for both the

unstcady laboratory model and an in vivo HCM casc.

It should be pointed out that most cardiologists still plot the in vivo pressure
rclationships in terms of pressurc at a single point (rather than the difference between left
ventricle and aorta) as a function of time. This is unfortunate, because it tends to obscure
the important aspects of the cjection pressurc differences. Presenting the data in terms of a
dimensionless pressure difference as a function of the percentage of fluid cjected gives a
more consistent result. Differences between mild HCM, severe HCM and severe aortic

valvular stenosis cascs become rcadily apparent when presented in this manner.

7.5.1 Non-Dimensional Unsteady Laboratory Model Pressure
Differences

In Scction 3.4.1, the stroke pressure difference was uscd to arrive at a non-
dimensional pressure difference. Recall that the stroke pressure difference was defined in

cquation 3.22 as

-
AP _ P Vstroke
stroke — 2
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where

v (90%5 of strokc volume)
stroke ~ Texit arca) (time for 90% of volume cjected )

If AP pre i$ uscd to normalize the pressure differences in the unsteady laboratory model.
stroke normalized pressure differences for different closure rates becomce very similar.
This is shown in Figures 7.7, 7.8 and 7.9. In cach figurc, three different closurc rates are
shown: slow, moderate and fast. For a 300% change in closure ratc, the stroke normalized
pressure differences show only about a 20% variation for cach of the three geomeirical
configurations. This indicates that the strokc pressure is suitable normalizing paramecter
for the unstcady laboratory modcl. Unstcady incrtial cffects are removed when the pres-
surc differences arc normalized in this manner; pressure differences caused by a restriction

or flow scparation then remain and are easily discernible.

7.5.2 Non-Dimensional In Vivo Pressure Differences

There is little published data showing simultancous stroke volume, left ventricular
pressure, and aortic or left ventricular outflow tract (LVOT) pressure. While the pressures
arc often available, it is the stroke volume that is difficult to quantify. Techniques do cxist
to cstimate the stroke volume, such as the frame by frame cinc angiocardiogram mcthods
developed by Kaser and Kennedy (1969) and Kennedy, Trenholme and Kaser (1970). An
alternative to measuring the stroke volume would be to measurc aortic flow ratc or
velocity directly. Electromagnetic flow velocity probes arc commercially availablc for
medical applications and may be mounted in a catheter to make aortic flow velocity
measurements. These probes have been evaluated by Murgo and Millar (1972), Millar and
Baker (1973), and Nichols, Pepinc, Conti, Christic and Fcldman (1980). If thc aortic flow
velocity i+ measured directly, the calculation of V. based on ejection time, stroke

volume and exi: area (equation 7.2) is avoided: Vg4, is the average aortic flow velocity.

Murgo ef al (1980) uscd a multi-sensor catheter cquipped with two solid state
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pressurc Scnsors and an clectromagnetic aortic flow velocity probe to make measurements
in vivo in HCM and normal paticnts. This allowed simultancous measurcment of left
ventricular and aortic pressurcs along with the aortic flow velocity. One of the paticnts
analyzed was an HCM casc with a minor resting apical left ventricular - Ic® ventricular
outflow tract pressure difference of 900 Pa (mild HCM). The pressurc and velocity curves
were plotted for a resting heartbeat and a heartbeat following a prematurc ventricular
contraction (post-PVC). A post-PVC cjcction is usually more vigorous, cjecting the fluid
in a shorter period of time. In this casc, the post-PVC cjcction occurred in approximatcly
30% less time but ejected about 7% less blood. The apical left ventricular - left ventricular

outflow tract pressurc difference rosc to 1260 Pa.

The stroke normalized pressure difference for ¢ ., forthe mild HCM paticnt is
plotted in Figure 7.10. The non-dimensional post-PVC pressure difference docs not match
the corresponding resting pressurc difference as well as anticipated: the post-PVC valucs
rangc from 5 to 50% lower than the resting valucs. This may be duc in part to
cxperimental crror, as only single pressurc-volume curves were used. However, as wili be
scen in the following section when compared with paticnts expericncing scvere HCM, the

magnitude and shape or the normalized pressure diffcrence curve is significantly diffcrent.

7.6 EFFECT OF EXIT CONFIGURATION
The role of the hypertrophy involved in HCM has becn the source of much

controversy: is there an obstruction or not? Does an obstruction play a crucial role in the
intraventricular pressure differences or arc the differences inertial in character? Through
the usc of the mildly restricted (unobstructed theory) and progressively restricted (SAM
theory) models, it will be shown that

« mild HCM pressure differences arc inertially dominated:

« severe HCM pressure differences exhibit a progressively restricted behavior.
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The different configurations of mild HCM, progressively restricted HCM and severe aor-
tic valvular stenosis will be shown to give distinctly different non-dimensional pressure

difference curves, both for the in vivo situation and the unstcady laboratory modet.

The strokc normalized pressure differences gencrated by cach of the three
configurations in the unstcady laboratory modcl arc shown in Figure 7.11. It is clcar that
cach configuration gives a decidedly different curve. The pressurc difference causcd by
the severe restriction (aortic valvular stenosis) is the largest, cxceeding ®, ., of 150. This
curve rises sharply during the first 30% of piston closure (cjection), pcaks around 60% and

falls sharply at the cnd of the cjection period.

The mildiy restricted casc is capable of gencrating only small pressure differences
and has a significantly different pressure difference curve shape (refer also to Figure
7.5(b)). There is a sudden initial risc in the pressure difference curve, which then falls and
levels off throughout much of the cjection at @, of about 2. During the final 20% of the
ejection period, the pressure difference falls rapidly and becomes negative before

returning to zero.

The progressive restriction shows a very different characteristic curve. The
pressure difference remains fairly low throughout the first 60% of the c¢jcction, then rises
to a peak valuc of @, ., of 75 between 85% and 95% of the cjection. This latc pressurc

rise is due to the restriction becoming increasingly severe.

The corresponding in vivo configurations are plotted in Figure 7.12. The severe
aortic valvular stenosis (a severe restriction causcd by an abnormal aortic valve) valucs
were determined using the data of Clark and Shultz (1973), who measurcd left ventricular
and aortic pressurc, and used a catheter mounted thin film velocity probe to measurc the

aortic velocity. The severe and mild HCM values were determined from the data of Murgo
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et al (1980).

As with the unstcady laboratory model, the in vivo configurations producc
characteristic shapes for their pressure difference curves. The pressure difference caused
by the severe aortic valvular stenosis is the largest, reaching ncarly @, .. = 250. This
curve riscs sharply during the first 40% of ejection, peaks around 65% and falls sharply at
the end of the cjcction period. The shape of this curve is very similar to that obtained from

the unstcady laboratory model.

The mild HCM pressure difference curve shows only a small pressure difference,
maintaining @, of about 1.5 throughout much of the ejection. The shape of this curve
most closcly resembles the mildly restricted configuration of the unsteady laboratory

modecl.

The severe HCM pressure difference curve slowly rises during the ¢jection period,
rcaching a peak valuc of @, ., of 22 when 90% of the fluid has been ejected. It will be
shown in the next section that this shape is similar to the progressively restricted case if

flow scparation docs not occur.

7.7 COMPARISON OF MODELS WITH IN VIVO DATA

Having determined that there arc different characteristic pressure difference curves
for the various configurations, the in vivo situation will now be compared to the models
developed. The mild HCM casc is most similar to the mild fixed restriction results from
the unstcady laboratory model. Further, the case of a severe aortic stenosis has the same
characteristics as the severe fixed restriction of the unsteady laboratory model. Another
intcresting result is that the scvere HCM case matches quite well with the turbulent

computational solution for the progressive restriction.
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7.7.1 Mild Restriction (in vivo)

The mild HCM case stroke normalized pressure difference is shown in Figurc
7.13. along with thc unsteady laboratory model, and unstcady Bernoulli model. Tae
pressure difference plotted for the models is taken between the piston region and
expansion exit. The Bernoulli modecl pressures look quite similar to the unstcady flow
laboratory model, as the input velocitics were based on the unstcady flow laboratory
model. The unsteady laboratory model matches the in vivo situation better than the
unstcady Bernoulli models. The in vivo pressurc did not fall of” at the point wherc aortic
flow ccased for this case, indicating that the left ventricle had reached an isovolumic statc.
The Bernoulli and laboratory models were incapable of reaching this statc and thus have
pressurcs that fall off at this point. While the pressure difference does not match
particularly well during the first and last 20% of cjection, the magnitude of the pressure
difference is consistent. Thus the conclusion of Murgo et al (1980) scems correct: the

paticnt with mild HCM had no obstruction to outflow during systolc.

7.7.2 Severe Aortic Valvular Stenosis (in vivo)

Stroke normalized pressure differences for the in vivo case of scvere aortic
valvular stenosis is shown in Figure 7.14. Pressurc differences for the unsteady laboratory
model and unstcady Bernoulli modcls in the severe fixed restriction configuration are also
shown. As previously mentioned, comparisons should not be madc to the unstcady
Bernoulli model during the first 20% of the ejection, due to the unreliable piston velocitics
obtained from the unsteady flow laboratory model for this casc. It is clcar that the unstcady
Bernoulli model with sudden expansion and the unstcady laboratory model give a
reasonable estimate of the in vivo pressure differcnce. The unstcady laboratory modcl had
a scparated flow, as previously shown in Section 5.6. Clark (1976a) indicated that the in

vivo flow separates with a severe aortic stenosis, so these results arc consistent.
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7.7.3 Progressive Restriction (SAM) (i vivo)

The stroke normalized pressure differences for the in vivo case of scvere HCM is
shown in Figure 7.15. The corresponding pressure differcnces for the unsteady laboratory
modecl, unstcady Bernoulli models (sudden expansion and no separation), and turbulent
computational model are also plotted, based on the progressive restriction configuration. It
is apparent that the solutions which had flow separation (unstcady Bernoulli model with a
sudden expansion, and the unstcady laboratory model) do not match the in vivo casc very
well. However, the turbulent computationai solution, which had no flow separation for the

progressive restriction, matches the in vivo situation very well.

Turbulence is often observed in HCM, indicated by the presence of heart murmurs.
However, flow scparation has not been noted by those who have investigated the veiocity
in the aorta downstrear- of the aortic valve, see Murgo ef al (1980). This is not to say that
flow scparation does not cxist: rather, it has not been detected. An in vivo study to

investigate signs of flow scparation would be useful.

While it may be coincidental that the non-separated turbulent computational
solution matches the severe in vivo HCM casc, there can be no doubt that the pressurce
curve for severc HCM is significantly different than the unobstructed cascs. Indeed,
although the laboratory model was tested with ejection rates far exceeding thosc possible
by a human heart, it was incapablc of producing the magnitude of stroke normalized
pressure noted for the severe HCM case. However, when operated in the progressive
restriction modc. the laboratory model easily produced large stroke normalized pressures.
These pressures were clearly a function of both restriction and flow separation. As the
turbulent computational analysis indicates, these stroke normalized pressures were similar
in magnitudc to the severe HCM case when flow separation did not occur. This is an

important finding, as it suggests that scvere cases of HCM are progressively restricted
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(SAM theory) in nature. If there was no obstruction, the stroke normalized pressurc would
be a factor of about 4 times smaller, and the characteristic shape of the pressure curve

would match that of mil¢ HCM in Figure 7.13.

It should be noted that the stroke normalized pressurc difference did not become
significant until more than 75% of the contents of the piston region had been ejected.
Whilc the high pressures did retard piston motion, the pistons were alrcady decclerating at
this point, and progressive restriction did not imposc a significant impediment to emptying
of the piston chamber. This is consistent with the ejection in scvere HCM, where most of
the lcfi ventricular contents have been cjected before the pressure difference between the

lcft ventricle and aorta becomes significant.

7.8 EFFECT OF COMPLIANCE: EXPLORATORY TESTS

As discusscd in Chapter 5, the vnstcady laboratory model was used to make some
cxploratory tests with wall compliance. The model was t. ted without any added
compliance, with compliance added to the piston walls, and with a compliant constriction.
All results were normalized with the non-compliant test stroke pressure to allow direct
comparison between the different cases. The resulting normalized pressure curves arc
shown in Figurc 7.16. As usual, the pressurc difference between the piston region (point p)
and constriction rcgion (point ¢) is plotted in (a), ani the pressure difference between the
piston rcgion and expansion exit (point e) is plotted in (b). All tests plotted were for the

same force applicd to the pistons.

Threc observations can be made. First, the compliant exit configuration does not
have the large pressure difference shown by the non-compliant exit configurations. This is
expected, as the compliant exit flexes in response to the flow pressure, effectively reducing

the restriction factor. The second observation is that compliance in the piston region docs
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not affect the rate at which the pressure difference increases. However, the compliant
piston pressurc difference falls at 2 much slower rate than the non-compliant casc. This is
duc to the encrgy stored in the compliant walls slowly being released against the
restriction, now at its most severe condition. Third, the peak pressure difference for the

piston region with and without compliance is not significantly different.

7.9 SUMMARY

The comparison between the unsteady laboratory model and the unsteady
Bermoulli models showed the following:

« the pressurc differences between the piston and cxpansion regions for the unsteady
laboratory model fall between the unsteady Bernoulli models limit. of separated and
unscparated flow in expansion region:

« when the spatial averaging of pressure in the constriction reoion of the laboratory
model was considered, the pressure differences were simi,.. when compared to the

unstcady Bernoulli modcl.

When comparing the quasi-steady models, it was found that:

« the quasi-steady Bernoulli model underpredicted the quasi-steady laboratory modcl
pressurc differences, especially when flow separation occurred in the expansion

region of the laboratory model.

« the turbulent quasi-stcady CFD analysis predicted the unsteady laboratory modecl
pressurc difference reasonably well until flow separation occurred in the unsteady

laboratory model:

« the laminar separated CFD analysis predicted the unsteady laboratory model pressurc
differcnce better than the turbulent unseparated CFD analysis when flow separation

occurred in the unsteady laboratory model.
The analysis of the unsteady laboratory model revealed the following:

« the effect of wall closure rate for a particular exit configuration of the unsteady
laboratory modecl can be removed from the pressure differences by normalizing with

the stroke pressure difference. This normalized pressure difference allows the effect
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of flow ~cstriction and flow scparation to be casily discerned:
« the mild fixed restriction showed pressure differences that weic incrtial in naturc,

« the progressive restriction gave pressure Gifferences that were initially incrtial, but
became dominated by spatial cffects and flow scparation as the restriction becamc

scvere.
« the severe fixed restriction showed pressure differences that were dominated by
spatial acceleration and flow scparation from the onsct of wall closure.
By comparing the unstcady laboratory model with in vivo data, it is apparcent that:
« mild HCM is similar to a mild fixed restriction:
« severe HCM is most similar to a progressive restriction:
« severe aortic valvular stenosis is similar to a scverc fixed restriction:
« there can be no doubt that the pressurc curve for severe HCM is significantly
different than the unobstructed cases. Although the laboratory modecl was tested with
cjection rates far excecding those possible by a human heart, it was incapable cf

producing thc magnitude of stroke normalized pressurc noted for the severe HCM

casc. When operated in the progressive restriction modc, the laboratory modcl casily

produced large strokc normalized pressurcs.

The effect of compliance was examined and showed that:

« compliance in the piston region docs not affect the rate at which the pressurc

difference increases.

« the peak pressure difference with and without compliance in the piston rcgion is not
significantly different:

« a compliant exit significantly reduces the pressurc difference between the piston and
expansion region.
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CHAPTER 8 + SUMMARY AND CONCLUSIONS

8.1 MODEL DEVELOPMENT

The prime objective of this research was to look for a fluid mechanical explanation
of the abnormal pressure - flow patterns scen in HCM. Two conflicting theories exist: one
which proposes that the high pressure difference between the left ventricle and aorta is due
to an obstruction, and another which suggests that this pressure difference is caused by
incrtial acceleration due to the unusually vigorous contraction of the left ventricle. The
supporters of the obstructive theory point to evidence of contact between the
intraventricular septum (hcart wall separating the left and right ventricles) and the antcrior
leafict of the mitral valve, commonly termed SAM (systolic anterior motion). This
evidence suggests that the flow is progressively obstructed during the ejection period
(systolc). The proponents of the unobstructed theory use the faster and more complete
cmptying of the left ventricle during systole as proof that there can be no obstruction to the

flow.

To cvaluate these different theories, the analysis proceeded in two directions:
theoretical flow modelling and laboratory modelling. The theoretical flow analysis
allowed quantification of the gcometry and flow rate components contributing to the
pressure differences, whilc laboratory models gave valuablc insight into the nature of the
flow.

The onc-dimensional inviscid mathematical analysis utilized the unsteady
Bernoulli equation with moving walls. This included provisions for estimating the
pressurc loss with and without flow separation effects. This analysis was simplified io a
quasi-stcady case, to see the significance of the unsteady acceleration on the resulting
pressure differences. This quasi-steady simplification was then applied to the two-
dimensional casc using a commercial computational code (FLOW3D) which was capable

of predicting flow separation as well as viscous effects. A quasi-steady laboratory model
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was also constructed to allow an cvaluation ¢” the commercial code results, both in terms

of the two-dimensional assumption and predicted flow scparation.

A simple two-dimensional transient planar piston laboratory model was devcloped
to simulate mildly obstructed ejection, progressively obstructed ¢jection and scverely
obstructed ejection. This model featured well controlled wall motion and allowed
simultaneous mecasurements of both wall position and pressures. The effect of the ratc of
ejection and degree of restriction was examined. Compliance cffects in the left ventricle
were evaluated by adding compliance in the model. Flow visualization was performed to
determinc if flow scparation was occurring. Paramcters were determined which allowed
matching between the laboratory model and the in vivo situation, making comparisons

between the model and real life situations meaningful.

Based on this rescarch, the following conciusions were rcached:

) (volumc)
« the stroke pressure difference AP, ., < v where V40 € @me) (arca) is

stroke®
an appropriate parameter for normalizing the left ventricular to aortic pressurc
difference. This was successful in collapsing the large variability of in vivo data onto
single curves with characteristic shapes depending on the degree of obstruction:

« the pressure difference between the left ventricle and aorta seen in HCM can be
separated into unobstructed and progressively obstructed cascs. Only the
progressively restricted unsteady flow laboratory model was able to producc a
similar stroke normalized pressure difference to the severe in vivo HCM casc:

« initial studies of the cffect of compliance on the HCM pressure differences indicatc
that compliance in the piston region may not play a significant rolc. The maximum
stroke normalized pressure difference generated by the unstcady flow laboratory
model was very similar for both the uncompliant and compliant pistons;

« the quasi-steady approach may work well for predicting the pressure loss at the point
of maximum restriction when the spatial acceleration forces arc dominant, such as in
a severe restriction. The pressure difference between the piston region and
constriction predictcd by the quasi-steady approach matched the results from the
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unstcady laboratory model only when the restriction was severe.

8.2 NORMALIZING TECHNIQUE FOR LEFT VENTRICULAR -
AORTIC PRESSURES

For the most part, thc measurements made by cardiologists of the left ventricular
and aortic pressures arc presented in their raw form: pressure in mm Hg plotted as a
function of time, as shown in Figure 8.1. This is useful for the trained eye of a
cardiologist, who can quickly spot abnormalities in the pulse forms. However, presenting
the data in this form tends to obscure an important feature: the pressure difference between
the lcft ventricle and aorta. An improvement would be to plot the pressure difference
between the left ventricle and aorta in real time, but this also may be somewhat hard to
intcrpret, as the magnitude of the pressure difference becomes the focal point of the

analysis.

The one-dimensional order of magnitude analysis showed the forces acting on the
fluid to be dominated by inertial and spatial acceleration effects, with negligiblc viscous
drag cffects. Viscous cffects are only important in causing flow separation in the
cxpansion following the restriction. This was confirmed by the unstcady Bernoulli model
and the unstcady laboratory modcl. Based on these observations, an appropriate
normalizing variable would be onc that could differentiatc between incrtial and spatial
acceleration cffects. The variable used was the stroke pressure difference, AP, o, - This
was shown in Chapter 7 to reveal distinctive pressure difference curves, depending on the
type of restriction. For example, the pressures plotted in Figure 8.1 arc replotted in the
normalized fashion in Figure 8.2, and reveal this to be a severe HCM case (stroke
normalized pressure greatcr than 5), with the degree of restriction increasing with the
ejection period. The pressure loss is dominated by spatial acceleration effects, not inertial

cffects, suggesting that a significant restriction to the flow exists.
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The cascs evaluated in this thesis include a normal heart, mild HCM, severe HCM,
and scvere aortic valvular stenosis. When normalized by a characteristic stroke pressure
difference, the various types of cjections become readily discernible. There appear to be
three distinc? classcs:

« unrestricted flows, such as a normal hcart or mild HCM, wherc incrtial effects arc
prcdominant;

» progressively restricted flows, such as severc HCM. where spatial effects increase as
the ¢jection proceeds.

« severely restricted flows, such as severe aortic valvular stenosis, where spatial effects
dominate the pressure loss from the onsct of ¢jection.

The magnitude of the normalized pressure difference for these three classes is so signifi-

cant, as was shown by Figure 7.12, that there can be little doubt as to the classification.

This method of normalization is a significant finding, as it may give cardiologists a
method to distinguish between diffcrent classes of left ventricular ejection. More
importartly, it divides HCM cascs into two scparate classcs: unobstructed and

progressively obstructed.

8.3 CAUSE OF THE HCM PRESSURE GRADIENT

The question this research has attempted to answer is whether the cause of the

HCM pressure gradient is caused by an obstruction which becomes progressively morc
scvere as the cjection proceeds (systolic anterior motion of the mitral valve or SAM) or is
simply an inertial acccleration cffect. Based on the results from the modelling, it would
appear that mild HCM cases are cssentially unobstructed while severe HCM cases are
progressively restricted. The assertion that inertial acceleration is the cause of the high
pressurc difference found in a provoked mild HCM left ventricle is plausible. However,
the extension of this fluid incrtia theory to explain all HCM high pressure differences,

including scvere cases, is not plausible. While part of the pressure difference may be
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attributcd to the inertial acceleration, this cannot account for the magnitude of the in vivo
pressure difference. This was clearly demonstrated with the unsteady laboratory modcl.
the unsteady Bernoulli model, as well as with the computational analysis. Regardless of
the rate of ejection the unsteady laboratory model, when operated in the mild obstruction

mode, could not produce the in vivo characteristic pressure difference curve of severe

HCM.

Proponcnts of the unobstructed theory claim that a scverec HCM lcft ventricle
cannot be obstructed becausce it is able to ¢ject more blood in a shorter period of time. This
argument, whilc incorrcct, is most likcly duc to comparing scvere valvular aortic stenosts
cascs to normal hearts. With a severc valvular aortic stenosis, the left ventricle is restricted
throughout the entire cjection period. As a result, the left ventricle emptics its contents
morc slowly than a normial heart and also has a smaller cjcction fraction. However, this is
decidedly diffcrent than a progressive restriction. Since the pressurc loss through a
restriction becomes significant when the flow area is very small, it takes a significant
restriction before an effect becomes noticcable. With a progressive restriction, this occurs
latc in the ejection period. By this time, most of the blood has been cjected. Thus as the
restriction further increases, the pressure difference also increasces and the fluid velocity
decreases. This docs not become significant in terms of the cjection fraction, as the Icft

ventricle has ejected most of its contents by the time the obstruction becomes cxtreme.

The unstcady laboratory model using the progressive restriction configuration, as
well as the normalized in vivo results for severe HCM, showed that flow only becomes
significantly restricted latc in the ¢jection period. By this time a high cjcction fraction has
alrcady bcen attained. The systolic anterior motion of the mitral valve (SAM) theory, in
which the mitral valve progressively obstructs the flow, is plausible in terms of cxplaining

the pressurc gradient which occurs during the forward flow portion of systolc in severe
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HCM cases. In the absence of a significant restriction, the magnitude of the pressurc

difference between the left ventricle and aorta secn in HCM cannot be produced.

8.4 COMPLIANCE EFFECTS

It was shown that compliance had little effect on the piston to expansion exit
pressurc difference during the cjection period of the unsteady laboratory model until the
pair of pistons ncarcd the end of their strokc. However, as the motion of the pistons was
controlled by the force supplied by the drive system, the increased drag of the expanded
plastic foam against the surrounding walls slowed the pistons, causing a much slower fall
of the pressure difference. This effect was undesirable and illustrates the difficulties
involved in properly modelling compliance. In spite of this cffect, the initial study of
compliance suggests that compliance upstrcam of the constriction docs not play a

significant rolc in the development of the pressure difference scen in HCM.

When the constriction was made of compliant matcrial, the pressurcs differenccs
became much Iess severe. Because of the deformation of the compliant constri~tion itsclf,
the cffective restriction was reduccd. This result indicates that compliance at the

constriction may play a significant rolc in HCM and warrants further investigation.

8.5 MODELLING AN UNSTEADY FLOW WITH A QUASI-STEADY
APPROXIMATION

This thesis attempted to usc a quasi-steady analysis for some of the modelling. It
was shown in Scetion 2.3 that this approach could be used only if the unsteady inertial
acccleration <srces were small compared to the spatial acceleration forces and viscous
drag forccs. This was shown to be valid in Section 3.4 for the pressure differences between
the piston rcgion and the point of maximum restriction, i.e. where results using the quasi-
stcady approach matched the unstcady results quite well for the scvere restriction, where

spatial (rather than inertial) acceleration forces were dominant. The quasi-stcady approach
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did not match the unstcady results for the unrestricted configuration, since the incrtial
forces were much more significant. The quasi-stcady approach should only be used where

there is a severe restriction, and should be avoided in arcas of flow scparation.

8.6 RECOMMENDATIONS FOR FURTHER RESEARCH

Further analysis should bc undertaken using in vivo data for a varicty of heart
conditions, using the normalization techniques discusscd in Scction 7.2. This may
determinc if there is a large family of characteristic non-dimensional pressurc difference
curves for normal and discascd lcft ventricles. A study should be made with normal, mild
HCM, moderate HCM and severe HCM to sec if the characteristic pressure difference
curves vary significantly for different individuals and discasc classification. A study
utilizing pressurc and velocity probes of the type used by Murgo et al (1980) would be
most uscful, as these probes allowed simultancous measurement of the Icft ventricular

pressurc, aortic or left ventricular outflow tract pressure, and aortic flow velocity.

A correction to the quasi-steady results could be made using the force ratios such
as cquations 2.62 or 2.63. This may account to some degrec for the incrtial acceleration
cffccts of the unstcady flow. This may allow the usc of a quasi-stcady approach for making
predictions of the pressure for unsteady flow cascs with moving boundarics. The ratios
would have to be evaluated on an instantancous basis and applicd to cach quasi-stcady
solution in turn. Whilc this may give better rcsults for comparison to unstcady flows, it
will still be limited in that the quagi-stcady solutions will not include the time history of
the flow. This time history may bc cspecially significant in situations where flow

scparation is occurring.
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APPENDIX A: PLANAR MODEL

A.1 ORDER OF MAGNITUDE ANALYSIS: PLANAR HEART
MODEL

The following analysis parallels that of Section 2.2 where an axisymmetric heart
model was analyzed. In the case developed here, a one-dimensional planar model is

considered, as shown by the following geometry:

Hp fimal =

H”uulml T

Initial Position Final Position

Piston Region
Piston Wall

Constriction Region

v Piston Wall
. lt L ’l Expansion Region
p
X

B = width out of page

Figure A.1: Planar Heart Geometry
L,= length of piston region (in v-direction);
Hj, = width of duct in piston region - varies with time;
H, = width of duct downstreamn of constriction (in x-direction);
H_. = constriction width:
B = width of duct (out of page).
up = piston wall velocity:
V,= fluid velocity in piston region;
V.. = fluid velocity through constriction;

V, = fluid velocity in exit region.
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In this model, a channel with a constriction is used to represent the left vertricle and aorta.
The constriction may be used to represent a stenosis in the exit region of the left ventricle.,
The two piston walls drive the fluid through the exit, starting from stationary positions and
accelerating towards each other. This shape is the rectangular coordinate analoguc of the

axisymmetric model used in Chapter 2.

To determine the pressure forces involved, the following assumptions were made:

» There is a period of constant flow acceleration, followed by a period of constant
deceleration, as shown in Figure A.2(a). This gives the cxit velocity variation
shown in Figure A.2(b). which approximates the in vivo situation (refer to Figure
2.3).

« Flow separation may occur downstream of the restriction.
» The flow is uniform, with a flat cross-stream velocity profilc.

» The force required to drive the pistons must overcome (i) the inertial force to
accelerate the fluid, (i) the viscous shear force along the walls and (iii) the flow

resistance cue to spatial acceleration, caused by of the constriction.

Accclerating Flow:
“First Half (1)

dt 41

’
stroke

stroke .
average stroke velocity = Ve

Decclerating Flow:
“Second Half (11)”

time

!

stroke tstroke stroke PR
3 ers .

stroke

&

(a) fluid acceleration at expansion exit (b) fiurd welocity at expansion exit

Figure A.2: Idealized Fluid Acceleration and Velocity

Before determining the actual force values, some general flow parameters will be deter-
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mined. These include the stroke volume and stroke velocity. The stroke volume is given

by
stroke volume = [Hpml - Hl’r.m] BLP,
wherc
H, is the initial width between the piston walls:
H, is the final width between the piston walls.

If the length L, of the ventricle is approximated as 2H, the stroke volume becomes

b

stroke volume = 2BHj 1. (A.1)

nitia! Ponm - Ptoal

As with the axisymmetric analysis, the cjection period is divided into two equal

Islrukc

periods of . These correspond to the acceleration and deceleration periods shown in

Figurc A.2.
The average velocity exiting the expansion region, shown in Figure 2.2, may be

cstimated as

stroke volume

V ook = — S — A2
stroke ~ (expansion exit area) ( ejection time) (A-2)

The cjection time £y, ke is the time during which blood is flowing out of the left ventricle,
and may be lcss than the systolic period. For in vivo situations, this average velocity will

be is estimated as

(90% of stroke volume)
—3 - '3
Vstroke = (exitarea) (90% Of 1,y o0) (A-)

In terms of the geometry of Figurc A.1,

V 2Hpmm|| [Hpmmul - Hpﬁml]

siroke = )
He'slroke

In HCM. the stroke volume is large compared to the end systolic volume, so that

»H, . In this case, f,  may be neglected, so that

I’umul
2H,
V, = mitial (A.4)

ke
stroke Hc’stroke
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stroke volume = 2BH* (A

Pial

5)

Alternatively, the stroke volume may be expressed in terms of the stroke velocity and the

stroke time

stroke volume = BH,V, i.lroke: (A.6)

Having defined Vi ote and fgyoke and determined the stroke volume, the average
inertial, viscous and spatial forces during the first half (acceleration) and second half
(deceleration) of the stroke period will be determined. This will allow the calculation of

the average inertial to viscous force ratio, and the average spatial to incrtial force ratio.

A.1.1 Unsteady Inertial Acceleration Force, F,,iq/

The unsteady incrtial acceleration force Fjy,pig) required to accelerate the fluid
volume is given by the mass of the fluid times its acccleration. Referring to Figurc A.2(a),

the acceleration during cach period of cjcction is constant and is given by

4 Vslroke (A.7)
’slruke
in the first half of the cjection period (acceleration) and
_ 4 Vslroke (A.X)

!

stroke

in the second half of the cjection period (deceleration). The mass being considered is that
contained within the piston region; the mass contained within the constriction and cxpan-
sion regions is neglected. The mass flow rate through the expansion exit will increasc and

decrease linearly as shown in Figure A.3(b). The mass flow rate is
m = pV,HB (A9)

where ¥, varies with time as shown in Figure A.2(b). During the first half of the ¢jcction

period (acceleration), this velocity is
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m dm
4 dit
move, - mma.r
mave"
-
ook I->time time
_stroke Istroke Lsiroke 1 stroke
2 3 )
Figure A.3: Fluid Mass Variation in Planar Heart Model
t
Ve, =4 Vslroke{—___] ’ (A.10)
stroke
during the first half (acceleration) of the cjection period and
tslroke
-3
V(,” = 2V okel 1 -2 — (A.1D)
stroke

during the sccond half (dcccleration) of the ejection period. The subscripts / and I/ will be
uscd to denote the first and second halves of the ejection period. The mass being acceler-

atcd at any time may be determined from the mass flow rate r1:

m(t) = m —Irr'zdl. (A.12)

initial
where ;i is the initial mass. The average mass being accclerated in cach period will

then be determined from

1
12" tl

Myye =

jm(t)dt. (A.13)
4,

For the first half (acceleration) of the ejection period, this becomes

'"m-c, - SBHeP ngoke’slrokf ) (A.]4)
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Rather than take the average value for the second half, the instantancous valuc will be
used. This is to avoid subscquent problems when taking the ratio with thec viscous force, as

will be explained later.

Lsiroke {stroke }
BH_V iolsirok - -
my() = p e’ stroke'stroke 1-4 2 L 2 (A.IS)
n 2 { 1
stroke stroke
The average incrtial force for = half (acceleration) of the cjection period will be
F 19, 81,1 A.16
inertial, = 3 P BTV stroke (A.16)
while the instantancous value during deceleration will be
(- ffﬂfff _ 15"‘0/\'(’ )
2 2
F:‘.Jer!ial () = 2p VslrokeBHe 1-4 +4 : (A'l7)
" ’struke ’slrokc

A.1.2 Viscous Drag Force, F;.ous

The viscous force acting on the fluid during the ¢jection period (systole) may be
estimated from the wall shear stress ©  as

F

viscous

= r“,(shcar surface arca) . (A.18)

The average wall shear stress may be cstimated as

B Vsira
T, = smkc’ (A.19)
B ave

where 8, is the average boundary layer thickness. The boundary layer thickncss csti-

mate of Section 2.2 will also be used here

5=4vt (A.20)

where  is the time from the onset of motion. As shown previously (equations 2.22 and

2.23),
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5, = 2(Viord (A21)

av slroke]

e, <210 e

ave
The velocity V), in the piston region increases linearly along the piston length, as

shown in Figure A.4. This velocity will vary with time and posttion, so that

Ly/2
‘ ‘ llp

Vp v)

-

» |

} ¢ “p* | D
. Lp . ‘
Figure A.4: Variation in Piston Region Velocity
Bl
, dr I
V, = Y (A.23)

P

where 4, is the cross-sectional area of the piston region at any time t. The average velocity
within the piston region will be the velocity at v = L,/2, since the velocity varies lincarly

between v=0 and v=L,,. For the two pcriods being considered,

L 4Hp !
Vp,(v==) = I"""'z (A.24)
2
[1_2( rok ) i|’slroke
stroke
H (- ’slroke
4 puumlB f) 2 _ ]
L t.ﬂroke tstroke
.
b, (V=) = 5 (A.25)
’slroke 1:lroke
== -3
1-4 +4
’s:roke tstroke
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The shear surface area is given by:

A, ~4H, B. (A.26)

surn 1atiral

For this model, the surface area is constant throughout the ¢jection period. This is quite

different from the cylindrical model, where the surfacc “rca grows smaller with time.

Substituting these cxpressions for the boundary layer thicknesses (cquations A.21
and A.22), velocities {A.24 and A.25) and surfacc arca (A.26) intc ¢ viscous force

equation (A.18), the instantaneous viscous forces become

f—Hz B
' t
: lllllﬂ ‘)
Fviscous, 8p e 1 [ 3 (A.27)
stroke 1 - 2|: ]
’slroke

during the first half (acceleration) period of the ¢jection, and

H, B I
F\-iscuus,, »\/— y (A.28)
strol\e slroke (- slmke‘l
1o — 2
’slmke J

during the second half (deceleration) period.

The average viscous force during the first half of the cjection period is

v V-’-HIZ, 2
Fviscous, = 3.9p [’ ] y . (A.29)
ave stroke stroke

However, Fscous, = ® 85 {2 Lypopes SO taking an average valuc of the viscous force
will not work. Fortunately, if the average of the ratio of the instantaneous F,,,,,;, to the

instantaneous F;;.,, is used, this problem is avoided.
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A.1.3 Censtriction Spatial Acceleration Force, Fpiqf

The spa:ial acceleration ©ree required to push the fluid through the constriction is
modelicd two different ways. The first is to model the downstrcam side of the constriction

as a sudden cxpansion, shown in Figure A.S. This simulates a separated flow which gives

Sudden Expansion

H

P v Vp 1% Ve
J—P' H, r— ¢ S e o He
4 .
Piston Region Expansion l
Region

1 control volume

Constriction
Region

Figure A.5: Constriction Geometry With Sudden Expansion

the Icast amount of pressurc recovery in the expansion. The second method assumes no
scparation and uscs the Bernoulli cquation to cstimate the pressure difference between p
and e. The geometry for the sccond casc is shown in Figure A.6. As noted in Chapter 2,
two methods were used to determine the limits of pressure loss: separated flow (sudden
cxpansion) where the pressure loss is large, and fully attached flow (unseparated expan-
sion) where the pressure loss will be smaller. Both methods will determine the pressure
drop between p and e, then determine the spatial acceleration force Fypgiq) by multiplying

the pressure drop by the appropriate arca.

A.1.3.1 First Case: Sudden Expansion

For the first case, the pressure differences will be determined using the Bernoulli
cquation between p and ¢, and a linear momentum analysis for the sudden expansion

between ¢ and e. The velocities that appear in the resulting equations will be averaged and
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specified in terms of Vyope. The steady form of the Bernoulli cquation is used to avoid

Piston Region Expansion

Region

Constriction
Region

Figure A.6: Constriction Geometry Without Sudden Expansion

including the inertia terms, as thesc are accounted for it Fyy. wyigr-

Noting that the velocity at p is zero (p is located against a fixed wall), the

instantancous pressure drop between p and ¢ will be

1 2
Pp=P; = EPVC'

Using continuity to relatc V. to V,,
2 2
et
po-p, = | 0| (A.30)
(4 (4 2 Hc

Note that H, may var+ with time, depending on the situation being modellced. For the nor-
mal heart, fixed stcnosis and unobstructed HCM case, H, will be a constant value, whilc
for the progressive restriction HCM cascs, H, will become smaller during the ¢jection

period.

Nuw consider the control volume shown in Figurc A.5. This control volume is

situated just downstream of the constriction. It is assumed that the pressurc across the
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control volume at ¢ is uniform and equal to p.. Using a lincar momentum balancc across

the control volume from ¢ to e, the instantaneous pressure difference is

p.HB-pHB = pV:HB-pV.HB (A31)

Relating V,. to ¥, through continuity, cquation A.31 becomes
H
2 e . .
p.-P =pV[l——]. (A%
¢ e e Hc \
Equating the two pressure cquations A.30 and A.32, the instantancous pres :ure difference
is

2 He 1 He :
Pp-Pe= V| l-g+3lg1 | (A.33)

¢ C

The instantancous spatial force required ¢o overcome this pressurc loss is

2
H, 1[H, 4
Fs]mllal~ (pH BI stroke) 1- ]—_1: + i 7_1” . (A-3 )

¢

The minimum constriction width /. may vary with time and its average value for the cicc-

tion period is denoted as H . Thc average spatial acceleration force is determined from

5P‘"'a/ ! I spanald’ (A-35)

During the first half (acccleration) of the c_|ectxon period,

o ,
Fopatiat, = 09330H, BV |1- 77—+ 5[71‘5'] } (A.36)

L H, [ HT
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A.1.3.2 Second Case: No Separation

For the case of no flow separation, the Bernoulli equation may be applicd from p to ¢
(Figure A.6):

1 22
P,-P, = —ip[Ve— Vo)
As before, V, = 0 and the average valuc of Ve is Ve, SO that

| .
Pp" Pc = ip stroke® (A.38)

Thus the averags full pressurc recovery spatial force during the first half {acceleration) of the

ejection period is

)
Fspalial, = 0‘466‘)}][) ,,,,,, ,B V;lmke’ (A-39)
while during the second half (deceleration) of the ejection period
2
Fspalial” = 0‘200pHpm,w,B Vslrulw' (A.40)

A.1.4 Dimensionless Parameters

A dimensionless parameter which may be used to describe the flow from the lcft ventricle
into the aorta is obtained from the ratio of the acceleration force Fiye g (cquations A.16 and

A.17) to the viscous force Fjqqous (equations A.27 and A.29). For the acceleration period,

- H, 72
F:nernal ~ 3.4|: Zmuljl (ReH) 0.5 (S’H) 0.5 (A.4I )
viscous ly €
while for the deceleration period
F. . H 2
Fmerual N 0.4[ ll’-l-mu] (Rep) 0.5 (Sty) 0.5 (A.42)
viscous e
where
St - Swouhal Number H, _unsteady accclcration force
H= " Varokelsiroke  Gynamic pressurc force
V H . .
Rey = Reynolds Number = "";ke © = ‘t?sccr;fsfg:ccc .
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The “H subscripts arc uscd to diffcrentiate these parameters from the axisymmetric
versions, as the axisymmetric parameters were based on diameter. The product
(Re,,)O'S(Sl”)O'5 is thc Womersley parameter o ;. Replacing [ReSty] 05 with a ;7 in the
force ratio in cquations A.41 and A.42, and taking the average valuc of the two ratios,

F. .
inertial < 1.93;?{‘1”. (A.43)

viscous

wherc

B, = geometry factor =

Thus the characteristic dimensionless parameter is a combination of the Womersley

parametcr and a g ometry factor, as it was for the axisymmetric configuration.

The second dimensionless parameter is determined from the ratio of the time
averaged spatial forces for the sudden expansion (equations A.36 and A.37) to inertial

forces (cquations A.16 and A.17). During the first half (acceleration) of the ejection

period,
. H 2
Fpatial < 0.28[ p...,,.,}[] N H, Y, 1y H, ) :l (A.44)
Fi"erliall He kHc” ) 2 \\ch_ )
while during the sccond half (deceleration)
. H
Fspaual . 0.60[ P..u..,] - ( He \+ _]_( He \ J (A.45)
Finer!ial i He \HC" ) 2 \Ht‘”,)
The ox crall average is
. H 2
Fspanal_ .44, " P ][1 (Hey, L He ] (A46)
Finerlial L He kHcﬂ ) 2 kHc,,,)

This may be expressed using a g metry factor and a restriction factor:

F.\' ial 1
~spatial _ 0-44%[‘ - fﬂi:] (A47)

Fineriu;

where
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H

¢

H

C
ave

Ny = restriction factor =

If the full pressure recovery spatial forces (equations A.39 and A.40) arc uscd in the spa-

tial/inertin! force ratio,

F,

spatial ‘T{;Pn'ﬁgud
F = 0.22p,,. (A.48)

inertial

A.2 QUASI-STEADY APPROXIMATION FOR PLANAR HEART
MODEL

This analysis is "1logous to the quasi-stcady analysis of section 2.3, where an
axisymmetric config. was considered. The configuration considered is the same
rectangular configuration used in A.1. Once again, the ratio of the time averaged total

foice to the quasi-steady force will be taken.

A.2.1 Total Force

The time averaged total force F,,,; is given by the sum of Fjyppqiar + Fuiscous +

Fipatial
" 2 )
2 57pH, Br v "7
leal = 2-70 V.\'!rokchB + ) |:, }
stroke stroke
sudden,
expansion
2
0.670H, BV: . |1 He 17 A
T ORI Vstroke) T T T 3 H

(A.49)

using Fpgig for the sudden expansion, while for the unseparated expansion

F,

total

~ 2.7p ,,2 H B + initeal

stroke' ‘e !
stroke

5.7pH> B[ , 12
t

stroke
sudden,

expansion

2
+ 0'33pHp,,,,,,,B Vslroke . (A.50)
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A.2.2 Quasi-Steady Limit

Using the quasi-steady approach, the force required to move the fluid will not

include the inertial force, so that for the sudden expansion

F 5.7PH tulnalB[ v ]1/2
quasi-steady = 3
sudden ’Slrake I-"'Oke
expansion
2
H 1 - H
2 e .
+0.67pH, BV [,_ +_L H
Piritior stroke H_ 3| 7
Cave <,.. (A.5])
whilc for the unscparated cxpansion
F -~ 5 7pf{pmua:B [ v :|l 2
quaxi-s:ead\- = 3 ;
unseparated Lsiroke stroke
expansion
+ 0'33PHP,,,,,,[BVflruke|:] - I__I_e;_ + i[ﬁ_e‘] jl
Cave .t (A.52)

The average ratio of the total force to the quasi-steady force for the sudden expansion is

Floml 1
T =1+ - (A.53)
Fqua.\'i-slead_\‘ 0.53 + 0.44p !_1 - Nyt .].nz

sudden 2 Hi H" 2"H

expansion Bron '

where the dimensionlcss parameters have the same definition as in Section A.1.

The time averaged force ratio mey lso “»e determined using the full pressure

recovery spatial force:

F
_ Ctoral <1+ ' (A.54)

F 0.53 +0.22p,,

quasi-steady
2

unseparated
expansion B H®H
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APPENDIX B: DEVELOPMENT OF THE
UNSTEADY BERNOULLI EQUATION

Consider the gencral casc, as shown in Figure B.1. The velocity along the mid-
line, ¥, is in the v-direction only, and may vary with time (¢) and position (v). This vclocity

was uniform across the entire flow cross-section.

B = hcight (into page)

m, m . .
H; ! mid-line vy ou! !
in . - - -

walls move
with time

Cross-Sectional Areca: at inlet, 4;, = H;,B
atoutlet, 4,,,, = H,,, B

Figure B.1: Moving Wall Control Volume

For an incompressible fluid, the conservation of mass for this control volume is

out "My = 0

0 , .
'a—lijd\ +m

or
0% ay+dm = 0,
ot

dn = —p%’? dv. (B.1)

Note that the flow cross-sectional arca (4) varies with both time and position. Applying
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the conscrvation of momentum along the streamwise (v) dircction, with no change in ele-

vation along v,
net rate of
+ | flow of momentum
across boundarics

> Surface Forces + > Body Forces = 0 [momcntum "‘:\

0t |control volume

_ 0 ; 7
S Fe+ Y Fp = 61(”j Vdm) +” Vdm (B.2)
cv cs
Evaluatinz cach term scparately, the surfaces forces at any time [ arc

S Fy~ sdpdd - dp (A + dA)

[38]

_ —Adp- %dpdA.
Neglecting dpdA as small compared to Adp,
ZFS = —Adp. (B.3)
There are no body forces acting in the y-direction, so
S Fp=0. (B.4)

The first term on the right side (rate of change of momentum in the control volume)

becomes
2(f j Vam) = £ (pVAdy)
A— + pVa dv. (B.5)
This differs from the usual development of the unsteady Bernoulli equation, see for exam-

ple Whitc (1986, page 147), in that here gi: # 0. The second tenn =2 the right side (net

rate of flow of momentum across the control velume boundarics) becomes
j j Vdm = (V+dV) (m+dm) —Vm
o

= mdV + Vdm + dVdm
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Neglecting sccord order terms likc dVdm as small compared to the other terms.

H Vdm = (mdV + Vdm). (B.6)
cV

Substituting equations (B.3) - (B.6) into the conscrvation of momentum cquation (B.2)

gives

0
‘_Adp = pAg;

Vav+p V.g_”’dv +mdV + Vdn. (B.7)
Now at any time ¢, and at any cross-section along the mid-line, the mass flow rate is given
by m = pAV. Substituting this into equation (B.7) yields the unsteady kinctic encrgy

equation for moving walls

4 A oA
-Adp = pA;.;;d) +pVg7dy +pAvdV plm dv,
0
-Adp = p.4~(a—’Vdv+pA vav.

. ‘ o4 :
It is intcrestiag to note that the 3 terms have cancelled becausc they appear in both mass
conservation and momentum conscrvation cquations. The cquation may be rearranged to
give

%Vdv a , vav = 0. (BS)

This equation relates the mid-linc pressure to the fluid velocitics. Even though it was
developed for a case for a flow bounded by moving walls (%’-;‘ #0) , it has the same form
as the unsteady Bernoulli cquation with stationary walls (g?’ = 0) . The effect of the wall

. . . v
movement is determined entirely by the or term.

ot

The unsteady Bemnoulli equation may be integrated along the streamwisc dircction

(v) to give

6

P (V) = Pinter = P i dv —3 [ Viv)c- 2 V,g,,le,] } . (B.9)
mlel

If the velocity ¥ is constant with time, equation (3.9) reduces to the familiar stcady form
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of the Berr~ulli cquation (with no change in elevation):

P ~Pinter = 5 1V O = Vil (B.10)

B.2 Deveiopment of Velocity and Acceleration Terms for Moving Walls

Al that remains to be determined, to calculate the pressure along the mid-line of
the flow, arc expressions for the velocity V and the acceleration %;V at any point v along the
mid-linc. Since the velocity profilc at any cross-section is assumed to be uniform, the mid-
linc velocity will be equal to the volume flow rate divided by the cross-scctional area. The

accelcration will the derivative of this expression.

Consider the general casc of a lincar wall, as shown in Figure B.2. Both «; and u,,

B = depth (into pagc)

. . ul
H, (1) mid-line_ LB 0()) -
Uyt
g 10;(1) N\ o (outlet)
NN
\\\\ wall
i (inlet)

Figure B.2: General Moving Wall Geometry

arc wall velocities, based on experimental data obtained from the unsteady laboratory
model. In order to develop an equation for the velocity ¥(v.¢) at any point along the mid-
line, expressions for cross-sectional area and volume flow rate at any location v must first

be derived.
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The time dependent inlet and exit widths may be expressed as

H(1) = H| -2[u;(nar (B.11)
0 O

1
H, (13 = H,| =2[u,(n)dr. (B.12)
0

The cross-;ec:ion width at any point v is defined in terms of these valucs as

H(v.t) = H() - [H, () —-Ho(t)]%. (B.i3)
In a similar manner, the wall velocity at any distanice along the mid-linc will be
u(p 1) = u; (1) = [u; (1) —u(,(t)]';—: (B.14)

If the depth of the flow section into the page is B, then the cross-scctional arca at any point

v is given by
A1) = H(y,1)B. (B.15)

The volume flow rate at any cross-section wiil be given by the sum of the inlet
volume flow rate and the change in volume from the inlet to v due to the motion of the

walls. The inlet volume flow rate is given by

Qinlel =VA = V,'H,B (B.16)

while the change in volume due to wall motion in time df is

dQ = B[ [2u(v. ) di}dy. (B.17)

Substituting for u(v,f) (cquation (B.14)) and integrating gives

~ 2
40 - 8|21, (0¥ - () - u,,(t))'%] (B.18)

The velocity, ¥(v.f), may now be determined by substituting equations (B.15), (B.17) and
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(B.18) into the mass conservation equation:

: d
Qinlel"'a—,Q
V(_V,’) = —AW (B.19)

2

ViH (v 1) + 2, (0¥~ (u; (D) —u, (D) T
. (B.20)

Vivt) = "
H (1) - (H; (1) —H,,(t))'z

Diffcrentiating cquation (B.18) with respect to time gives the fluid acceleration at any

position v

ﬁViH oVt Ou, .‘,2[614,. ou,,

ov _ & M Ve T e G
or v
H;- (H;~H)

2
[V,.Hi +2uy - (- uo)'vf] [—211,. + % (u; - uo)]

[H"' (H;—H,) 1%]2 (B.21)
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APPENDIX C: EQUIPMENT SPECIFICATIONS

C.1 PRESSURE TRANSDUCER SPECIFICATIONS
C.1.1 Entran EPX-10101W-10

Miniature Threaded Pressure Transducer

Manafacturer’s Specifications:
Operating Pressurc: 10 psig (normal); 50 psig (max)
Sensitivity:  2.46 mV/psig
Combined Linearity and Hysteresis: 1%FS
Useful Frequency Range: 10 KHz
C.1.2 Validyne DP15-20

Variable Reluctance Differential Pressure Transducer
Manufacturer’s Specifications:

Opcrating Pressurc: 10 psig (normal); 20 psig (max)
Sensitivity: 2.5 mV/psig
Linearity: 2% F.S.
Hysteresis: 2% F.S.

C.2 DISPLACEMENT TRANSDUCER SPECIFICATIONS

C.2.1 Schaevitz 1" Linear Variable Differential Transformer

Displacement: 1 inch

Linearity: 0.5% F.S.

C.2.2 Schaevitz 0.5" Linear Variable Differential Transformer

Displacement: £1 inch

Linearity: 0.5% F.S.



C.3 DATA ACQUISITION SYSTEM SPECIFICATIONS

C.3.1 MetraByte Corporation DASH-8
8 Channel High Speed A/D Converter and Timer Counter Interface

Manufacturer’s Specifications:

Full Scale:
Resolution:
Accuracy:

A/D Type:

C.3.2 Low-pass Filter

S Volts
12 bits
0.01% of rcading 1 bit

Successive approximation
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Two stage continuously variable (clock tunable) circuit that approximates a fifth

order Butterworth polynomial. Attcnuation <.t a frequency of twice the clock frequency is

60 db. Filter is tunable from 20 to 100 Hz (sct to 60 Hz for tests reported in this thesis).
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APPENDIX D: INSTRUMENT CALIBRATION

D.1 L.V.D.T. CALIBRATION
The L.V.D.T.s were calibrated over the full range using a standard L.V.D.T.

calibrator. Both transducers were lincar as expected (correlation cocfficient of 0.99996 for
the 1" 0.99995 for the 0.5™), and the repeatability was also superb (0.25% full scalc:
0.16% full scalc). The sensitivity of the 1" L.V.D.T. was 78.4 bits/mm, while the 0.5
L.V.D.T. showed a sensitivity of 142 bits/mm. Thus the resolution was 0.013 mm for the

1" L.V.D.T., and 0.007 mm for the 0.5 L.V.D.T.

D.2 PRESSURE TRANSDUCER CALIBRATION

The Entran and Validync pressure transducers werce calibrated statically using an
Omega Digital Pressure Calibrater (Model PCL601) over a range of -8 psig to +10 psig in
1 psig increments. The transducers were calibrated both before and after cach tcst
sequence (a test sequence being defined as a scries of 175 individual tests for a given
model configuration). The results indicated that the calibration was consistent: no

significant changes occurred in the calibration.

The Validyne transducers were highly lincar, with corrclation cocfficients ranging
from 0.999407 to 0.999999. Their sensitivity ranged from 162 bits/psig to 173 psig/bit
(0.0235 bit/Pa to 0.0251 bit/Pa), with a repeatability of 0.66% full scalc. The resolution
based on the sensitivity ranged from 0.040 kPa to 0.043 kPa. No dynamic calibration of
these transducers was performed; the comparison with the fast responsc Entran transducer

indicated the dynamic response to be adequate for the pressure transients being measurcd.

The Entran EPX transducer was highly linear, with a correlation coefficicnt of
0.99987. Its sensitivity was 140 bits/psig (0.0203 bit/Pa), with a repeatability of 0.42% full
scale. The resolution based on the sensitivity was 0.049 kPa. No dynamic calibration of
this transducer wz s performed; the manufacturer’s specifications were taken at face valuc.

The listed frequency response was 10,000 Hertz.






