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Abstract

An experimental investigation is carried out on the nature of secondary flow patterns
in a curved vessel. This study concentrates on the role of the upstream spatial bound-
ary conditions and the time-periodicity of the formation of the secondary flow patterns
in curved vessels. Four sets of studies are made. In the first set, steady flow is com-
pared to a pulsatile flow simulating the physiological conditions in the human aorta.
To study the effect of spatial upstream boundary conditions, we investigated the effect
of an upstream constriction, which represents the actual physiological conditions in
the human aorta. All in vitro studies are carried out in models with dimensions close
to those of the human aorta and with the Reynolds number (1400 < Re < 7000),
Dean number (1470 < De < 7300) and Womersley number (8.6 < o < 12.6) all in
a range close to the physiological values. The technique of Digital Particle Image
Velocimetry is used to measure instantaneous and average flow fields.

In the first stage of this research, an orifice with a stenosis ratio of 8 = 80%
is used to simulate the upstream constriction and study its effect on the secondary
flow patterns. It is found that the existence of the upstream constriction profoundly
changes the nature of the secondary flow pattern. In the presence of the upstream
constriction, the double circulation pattern of Dean flow is substituted with a single
circulation pattern.

Next, to investigate where the transition from one pattern to the other occurs,
similar sets of experiments are carried out with constrictions of different sizes cor-
responding to stenosis ratios of § = 65% and § = 88%. In addition, to investigate
the sense of rotation for the single circulation pattern, an orifice with an asymmetric
opening mounted at different angular positions is used.

The comparison of the secondary flow patterns for steady versus pulsatile flow
revealed that the flow pattern does not change its main structure due to the time-

periodicity of the flow. However, the pulsatile flow in general shows secondary flow
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rates greater than the steady flow.

On the other hand, the spatial boundary conditions are found to be central in
determining the secondary flow patterns. First, the presence of an upstream constric-
tion or stenosis ratio of 3 = 65% will result in a single circulation pattern. Therefore,
the transition between the double circulation pattern of the non-constrained flow and
the single circulation pattern occur at constrictions less than 5 = 65%. Secondary
flow velocities and shear rate along the vessel wall are much higher for the flow with
an upstream constriction than those for the flow without an upstream constriction.
In the presence of an upstream constriction, the axial velocity and secondary flow
maximum velocity are of the same order of magnitude.

The results of the experiments with the asymmetric orifice show that the sense of
rotation depends on the position of the upstream opening with respect to the central
axis of the vessel. The clinical data show that the aortic valve opening, even at the
full open stage, is less than the maximum diameter of the sinus of valsalva at the base
of the human aorta by at least 30% which is equivalent to a stenosis ratio of 5 = 51%.
Therefore, our results are important in the understanding of the nature of shear stress
development along the vessel walls and in the study of the radial distribution of blood
cells in a secondary flow field. Similarly, for industrial application these results are
important for the assessment of the transport properties in coiled heat exchangers
or fluid-fluid absorption systems. In order to investigate the spatial condition which
determines the sense of rotation in single-circulation patterns, a series of experiments
were carried out changing the position of orifice opening in 45° increments with respect
to anterior-posterior wall axis. These results strongly support the conjecture that the
incoming jet impingement on the vessel wall is redirected by the local curvature of
the vessel wall into a helical pattern which overcomes the Dean’s flow and causes the
single-circulation patterns.

To summarize, three distinct secondary flow patterns are observed in our exper-
imental study. The first one is the known Dean flow, which is a double-circulation
pattern. The second and third patterns, which are discovered for the first time, are the

clockwise and counterclockwise single-circulation patterns. The transition from one
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pattern to another is dependent on the spatial boundary conditions and is indepen-
dent of the temporal boundary conditions. The secondary flow velocity gradient and
hence its shear stress is comparable to the axial flow velocity gradient and shear stress
in the single-circulation pattern. For the Dean flow or double-circulation secondary
flow pattern, shear stress values are much less than those for the axial flow. This
finding can greatly contribute to our understanding of blood flow-related pathology.
In addition, the position of the upstream orifice opening with respect to the anterior-
posterior vessel wall is an important factor in the design of artificial aortic valves.
The dependence of the sense of the rotation of single-circulation patterns on the rel-
ative position of orifice opening with respect to the anterior-posterior vessel wall axis
suggests that the out of plane curvature of aorta may play an important role in the

re-direction of the incoming jet in the arch.
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Chapter 1 Introduction

The main objective of this study is to understand the structure of the primary and
secondary flows in curved vessels, the understanding of these secondary patterns is
relevant to the flow in human arteries as well as to many applications in flows used

in industrial systems.

1.1 Basic Features of the Flow in Curved Vessels

Systematic theoretical and experimental studies of flow in curved pipes started with
the investigation of Thomson (1876, 1877) on the effect of curvature in open channel
flows. In 1902, Williams et al.(1902) observed that the location of the maximum axial
velocity is shifted towards the outer wall of a curved pipe. Later, Eustice (1910, 1911)
demonstrated the existence of a secondary flow by injecting ink into water flowing
through a coiled pipe. It has been long known that for steady flows the transition to
turbulence for even slightly curved pipes occurs at a much higher Reynolds number
than flow in straight tubes. Numerous investigators (e.g., White 1929, Taylor 1929,
and Adler 1934) have studied this empirical fact, but a conclusive explanation is still
lacking (Coles 1981) and there has not been a fundamental breakthrough since then.
The existence of secondary flows is another interesting phenomenon associated with
the curvature effects. The existence of secondary flows is attributed to the physical
fact that the fluid elements experience a variation in centrifugal force along their
position in the arch. Knowledge of the pressure loss is essential for the design of
pipe/pumping networks. As far as curved pipes are an indispensable part of most
heat and mass transfer systems, a proper modeling of secondary flows is of crucial
importance for calculating the transport coefficients in such systems. Steady flow in
curved pipes was formulated and studied by Dean (1927). He derived the fundamental

non-dimensional parameter which determines the nature of secondary flows in curved



pipes:the Dean number.

1.2 Formulation of the Problem and the Basic Di-

mensionless Flow Parameters

1.2.1 Steady Flow in a Curved Pipe

Steady flow in curved pipes was formulated and studied by W. R. Dean (1927). He

defined the non-dimensional parameter De as:
De = 2.6Y*Re (1.1)

where &, defined as the ratio a/ R, represents the relative curvature of the arch, as
the main parameter in describing flows in curved pipes. This parameter incorporates
the non-dimensional geometric factor, which represents the curvature of the vessel
relative to the radius of the vessel itself, into the Reynolds number, which is the
dynamical parameter. Figure 1.2 shows the geometry of the problem:a circular pipe
with cross-sectional radius a coiled in a circle of radius R. The toroidal coordinate
system (r', «, ) shown in Figure 1.2, where 7’ denotes the radial coordinate in the
cross-section of the pipe from the center of the cross-section, a the angle between
the radius vector and the plane of symmetry, and 6 the angular distance of the
cross section from the beginning of the arch semi-circle. The three components of
the velocity vector are (u/,v',w’). The problem can be presented in the following

dimensionless parameters
r=r'/a s=Rija t=Wt'la a=d/Wo p=p/pW (1.2)

Primes denote dimensional quantities, unprimed quantities are dimensionless, ¢
is the time, q = (u,v,w), p is the pressure, p the density, and Wy the mean axial

velocity in the pipe. The governing equations for flow in such a geometry are
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Figure 1.1: Longitudinal schematic of the curved pipe problem. Point O is the center
of the arch circle, R is the average arch radius and a is the radius of the tube cross
section.

Figure 1.2: Geometrical configuration of the curved pipe problem in a toroidal coor-
dinate system. Point O is the center of the arch circle, R is the average arch radius,
and a is the radius of the tube cross section.

and the Reynolds number is

Re = (1.8)

As Berger et al. (1983) have pointed out, nearly all of the analysis of the above

equations are based on the following entry conditions:
e constant total pressure across the entrance cross section
e constant injection velocity

o fully developed Poiseuille flow.

These equations and boundary conditions combined with the no-slip condition
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Figure 1.3: A typical secondary flow pattern for steady flow through a curved pipe.
Dean (1927). De = 96.

at the wall give the complete governing equations, the solution of which would give
the flow field in the curved vessel. Figure 1.3 shows the secondary flow patterns as
obtained by solving the linear approximation of the equations of motion by Dean
(1927). Dean solved the problem by expanding the solution in term of a polynomial
series in powers of the Dean number. Figure 1.3 shows the streamlines and the flow
field for a steady flow through a curved vessel as calculated from Dean’s solution.
The symmetry with respect to the axial plane seems to be a natural consequence of
geometrical symmetry. This assumption would be analyzed in more detail later on.
The effect of the Dean number on the structure of the secondary flow is apparent

from the results for two different Dean numbers in Figure 1.4.
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Figure 1.4: Secondary flow pattern for the steady flow through a 180-degree curved
vessel. The effect of the Dean number on secondary flow pattern can be seen from
comparison of the left side flow at De = 96 and the right side at De = 606.
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1.2.2 Pulsatile Flow in a Curved Pipe

After the initial studies on steady flows by Dean (1927, 1928), thirty year later, Wom-
ersley (1957) tackled the question of time periodicity on the laminar flow development
in curved and elastic pipes. He used a simplified flow model based on the lineariza-
tion of the pulsatile flow in the form of a sinusoidal wave superimposed on a non-zero
mean (Womersley, 1957). The non-dimensional parameter (Womersley number) is
defined as:

o= Ryfw/v) (1.9

or

a = Ry/(w.p/u)

Where
R = Vessel Radius
p = Dynamic Viscosity
p = Density
w = Frequency
Womersley applied his linear analysis to a straight tube with a pulsatile flow in the
form of a simple sinusoidal wave. The Womersley parameter can be considered a
Reynolds number for oscillatory flows, the numerator being the oscillating inertial
force and the denominator being the viscous force. It represents the kinematic sim-
ilarities in oscillatory fluid motion. It should be noted that Witzig (1914) in his
doctoral thesis had actually calculated the velocity profiles, in reference to arterial
flow at values of o = 4.0 and « = 10, but his work was not known until cited by
Lambossy (1952). Both Lambossy and Witzig had calculated the velocity profiles for
values relevant to the blood circulation, but for various reasons their results remained
unknown until Womersley attacked this problem again. The systematic study of the
combined effect of the pulsation and the curvature on the flow in circular pipes was
the next step which various researchers worked on in the 1970s, both theoretically

(Yao & Berger (1975) and Zalosh et al. (1975))—, and experimentally (Agrawal et



Figure 1.5: Secondary flow pattern for the pulsatile flow through a 180-degree curved
vessel. from Hamakiotes & Berger (1988, 1990).

al. 1978). The results of Hamakiotes and Berger (1988) are the most celebrated
simulations of pulsatile flow in curved pipes. Figure 1.5 shows a typical result for the
secondary flow patterns from direct numerical simulation of pulsatile flow through a
curved vessel by Hamakiotes and Berger (1988). The Dean numbers for these cases
are close to the physiological values and the Womersley number corresponds to a
frequency of 1 —3HZ.

The structural resemblance between pulsatile and steady flow, in terms of a
double-circulation pattern is obvious. With minor differences it shows that the sec-
ondary flow is symmetrical with respect to the axial plane. Because of the symmetry
with respect to the central plane, Hamakiotes and Berger (1990) have used the same

symmetry plane to show the velocity vector field and the vorticity contour plot in
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the same figure. These results have been used extensively for modeling aortic flow
and obtaining the shear stress values along the vessel walls (Tada et al. 1996). The
results of Hamakiotes and Berger (1990) have been obtained for a non-constrained
fully developed entrance velocity profile. Such a condition for the upstream flow is
not a realistic physiological condition. In reality, flow enters the aortic arch through
the opening of the aortic valve, which at best has an opening diameter slightly less
than that of the aorta. With aging and natural diseases, the opening of the aortic
valve shrinks in size and this causes considerable constriction of the flow passage.
Therefore, one can expect a flow ejection during systole with a flat velocity profile
into the aorta. In this respect and to our best knowledge, no previous studies have
considered the impact of such a non-parabolic, impulsive upstream flow condition on
the secondary flow patterns in curved pipe flow. Since we have obtained the double-
circulation for a non-parabolic upstream profile, we conjecture that the presence of
a single-circulation pattern does not depend on the shape of the upstream velocity
profile. Rather, we conclude from our results that the upstream constriction is the
determining factor in secondary flow patterns in curved pipes. In the present study,
we focus on this issue and try to design a series of systematic experiments to de-
termine when the transition from a double-circulation pattern to a single-circulation

pattern occurs.

1.3 Physiological Applications and the Effects of
the Initial Constriction

In biofluid dynamics the issue of secondary flows arises again since the blood deliv-
ery system is composed mainly of curved vessels. For physiological applications, the
proper understanding of such flows is required not only for mapping the flow hemody-
namics but also for determining the shear stress values alongside the vessel walls. This
is important in understanding phenomena such as atherosclerosis and atherostenosis,

which depend on the filtration properties through the endothelial vessel linings and
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the precipitation of large lipoproteins in this region. The largest vessel in the human
body, which is responsible for delivering blood to the whole body, is aorta, which is
highly curved. Therefore, many physiologists are interested in knowing the physics
of the fluid flow in curved vessels and its relation to certain aortic diseases such as
atherosclerosis and atherostenosis. Since flow in large arteries is pulsatile, another
challenge arises in the study of the effect of pulsation on the flow in the curved pipes.
This effect is also important in industrial applications when reciprocating pumps
deliver flow in a pulsatile manner. Womersley (1957) tackled the question of time
periodicity on the laminar flow development in curved and elastic pipes. He used a
simplified flow model based on the linearization of the pulsatile flow in the form of a
sinusoidal wave superimposed on a non-zero mean. The study of the pulsatile flow of
a viscous fluid in a curved vessel is a step towards the simulation of the blood flow at
curvature sites, which are common in arterial and venous flow systems. For such flows
an understanding of the distribution of velocities, shear stresses and pressure will help
to provide some insight into the origin of arterial diseases. Curvature sites have been
associated with the onset of atherosclerosis (Wolstraholme & Knight, 1973), which is
one of the primary causes of circulatory failure. Lesions are distributed non-uniformly
around the surface of arteries, being found more commonly near bifurcation sites, on
the inner wall of the curves, and in larger arteries. The regions where lesions tend to
develop are closely correlated with areas of the wall in which the endothelial cells are
found experimentally to have a relatively low permeability to large molecules such as
lipoproteins, which are known to be implicated in the generation of lesions. However,
the role of wall shear rate on this phenomenon is a matter of controversy among
different researchers.

One of the main controversies is whether low or high shear rate is favorable from a
physiological point of view. The vascular endothelium, by virtue of its position at the
interface between the blood and the vessel wall, is knownr to play a critical role in the
control of thrombosis and fibrinolysis. Thrombomodulin (TM) is a surface receptor
that binds thrombin and is a potent activator of the protein C anticoagulant pathway.

Although TM expression is known to be regulated by various cytokines, little is known
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about its response to ever-present biomechanical stimuli. Following Lighthill (1975), a
school of thought has emerged attributing this to a relatively low shear rate. Detailed
patterns of wall shear rate and the stress associated with the flow may play a role
in atherogenesis. The secondary flows induced by the centrifugal effects developed
at the curvature sites will result in asymmetrical wall stresses with a high-shear
region and a low-pressure region. Texon (1986) and Chandran (1974) postulate that
a suction effect in the low-pressure region causes the incipient atheroma. Another
school of thought following Fry (1968) claims that high shear stress might damage
the endothelial linings of the blood vessels and arterial walls, which can foster the
development of atherogenesis. Caro et al. (1971), on the other hand, associate
the natural causes of the incipient atheroma with a low-shear region and justify
this claim by proposing a shear-dependent mass transfer mechanism for filtration
function of endothelial lining of arterial vessel walls. More recently, Malek et al.(1994)
have explored the role of fluid shear stress, imparted on the luminal surface of the
endothelial cell as a result of blood flow, on the expression of TM mRNA and protein
in both bovine aortic endothelial (BAE) and bovine smooth muscle (BSM) cells in an
in vitro system. They claim that TM expression is regulated by flow. They observed
that subjecting BAE cells to fluid shear stress in the physiological range of magnitude
of 15 (moderate shear stress) and 36 (elevated shear stress) dynes/cm?® resulted in a
mild transient increase followed by a significant decrease in TM mRNA to 37% and
16% of its resting level, respectively, by 9 hours after the onset of flow. In contrast
they found that shear stress at the low magnitude of 4 dynes/cm? did not affect TM
mRNA levels. They found that the sensitivity of TM mRNA expression by flow is
specific to endothelium, since it was not observed in BSM cells exposed to steady
laminar shear stress of 15 dynes/cm?. Furthermore, unlike BAE cells, BSM cells do
not exhibit altered cell shape nor align in the direction of flow after 24 hours of shear
stress at 15 dynes/ecm?. Malek et al.(1999), in a more recent study, claim that the
change of direction of the shear stress applied to the endothelial linings of the blood
vessels has an unfavorable effect on the function of the vascular endothelium and is

more important than the absolute value of the shear stress itself.
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Obviously, a better knowledge of the flow field including the velocity, vorticity,
pressure and shear stress distributions is essential to a better understanding of the
origin of some common fatal diseases and possible ways of overcoming them. This
knowledge is also indispensable to the designers of artificial organs in optimizing their
design for the flow delivery without damaging the vessel walls or affecting the filtration
and transport functions of them. The aorta is the major blood vessel transporting
blood pumped by the left ventricle to the systemic circulation. The tricuspid aortic
valve at the root of the aorta provides a centralized flow with nearly uniform velocity
profile into the ascending aorta. The aorta consisting of the ascending limb, the aortic
arch, and the descending segment is a vessel of complex geometry including curva-
ture in multiple planes, branches and taper. The understanding of the development
of blood flow in this distensible vessel has been the subject of several theoretical as
well as experimental investigations. Flow development in the aorta and in the branch
vessels has been of interest in delineating the role of wall shear stresses on the etiol-
ogy of atherosclerosis. The current status of our understanding of the complex flow
dynamics in the aorta is far from conclusive. With the advent of transesophageal
echocardiography and magnetic resonance velocity mapping, further evidence of the
presence of secondary flows in even the descending aorta has been reported. The
importance of the effect of secondary flow in the descending aorta on the perfusion of
distal blood vessels (such as superior mesenteric and renal arterial branches) as well
as in the iliac bifurcation are topics of current interest. Caro et al. (1996) have ex-
tended the usage of Magnetic Resonance Imaging to examine the geometry of arterial
curvature and branching in casts and in vivo, and to measure the distribution of axial
velocity in the associated flow. They have found that, contrary to a widely held view,
that the geometry is commonly non-planar. Moreover, relatively small values of the
parameters which render the geometry non-planar appear to affect significantly the
velocity distribution. The findings suggest that non-planarity is an important factor
influencing arterial flows, including wall shear.

Many investigators have made insight into the fluid dynamics of curved tubes

with a particular interest in understanding of the blood flow characteristics in the
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aortic arch (Berger et al. 1983). However, concerning this physiological application,
only a few of them (Pedley 1980), Chandran and Yearwood (1979)-(1984), Chang and
Tarbell (1985) and Rindt et al. (1991)-(1996) have considered physiological pressure
gradient or flow boundary conditions in their experiments or numerical simulations.
Swanson et al.(1993) have tried to study experimentally the oscillatory flow through a
180-degrees curved tube applying a flow rate which is constrained to vary sinusoidally
about a non-zero mean at a specified period T', and mean flow rate (). Though this
study is valuable in some industrial applications, it neglects the important temporal
characteristics of the physiological flows, and using its results for estimating flow
characteristics in human arteries is far from justified. More recently, Wood (1999) has
tried to study the entrance effects in steady and unsteady pipe low and compared and
contrasted them, but his study is more concentrating on presenting how Stokes’ first
and second problems illustrate key aspects of unsteady viscous diffusion and boundary
layers in the circulation. The nature of primary and secondary flow in curved vessels
is untouched in his work. In the present work, we will place a particular emphasis
on the sensitivity of the secondary flow to time and spatial boundary conditions that
may be found in physiological situations.

Zabielski & Mestel (1998) investigated fully developed flow in a helical pipe with
a view to modeling blood flow around the commonly non-planar bends in the ar-
terial system. They claimed that medical research suggests that the formation of
atherosclerotic lesions is strongly correlated with regions of low wall shear and it has
been suggested that the observed non-planar geometry may result in a more uniform
shear distribution. They studied helical flows driven by an oscillating pressure gra-
dient analytically and numerically. They were able to derive an expression in the
high-frequency limit for the second-order steady flow driven by streaming from the
Stokes layers. Although they used finite difference methods to calculate flows driven
by sinusoidal or physiological pressure gradients in various geometries, still they were
limited by the fully-developed flow assumption. They suggested the advantage of the
observed helical rather than planar arterial bends in terms of wall shear distribution

and the inhibition of boundary-layer separation. They have studied both steady and
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unsteady flow patterns and supported the Dean flow axisymmetric structure. As
Chen et al. (1992) have noted, a new non-dimensional parameter which is a measure
of torsion enters into the formulation of this problem. Ishigaki (1994) derived an
analogy between the secondary flow of a viscous fluid, caused by the Coriolis force,
through a straight pipe rotating about an axis perpendicular to the pipe axis, to the
flow of a fluid, caused by the centrifugal force, through a stationary curved pipe. He
demonstrated the quantitative analogy between these two fully developed laminar
flows through similarity arguments, computational studies and the use of experimen-
tal data. Similarity considerations result in two analogous governing parameters for
each flow, which include a new one for the rotating flow. When one of these analo-
gous pairs of parameters of the two flows is large, Ishigaki demonstrated that there
are strong similarities between the two flows regarding friction factors, heat trans-
fer rates, flow patterns and flow properties for the same values of the other pair of
parameters.

Another application of oscillatory flows in curved vessels is flow through airways in
the respiratory system. Sharp et al.(1991) studied these types of flows experimentally
and analytically. In their results again only one structure for the secondary flows is
presented which is the Dean double-circulation pattern.

Pedrizzetti (1996) is one of the first researchers who systematically attacked this
problem with a view to the spatial geometry of ascending aorta. He studied analyti-
cally and in detail the unsteady flow in a circular conduit with a smooth expansion by
numerically integrating the equation of motion in the axisymmetric approximation.
In his model the values of governing parameters were chosen such that to be relevant
to medical problems, while the geometry corresponded to a scenario of post-surgical
conditions. The flow determined by an oscillatory volume was characterized by a
sequence of vortex rings moving in the expanded part of the tube. The development
of wall shear stress was found to be governed by the separated translating vorticity
which induced an evolving band of large intensity for about a complete oscillation
cycle. This factor influences the dynamics of unsteady separation whose space-time

development reveals features of some generality which he tried to classify. The time
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variation of the pressure jump was found to be dominated by inertial effects. He
has also investigated systematically the dependence of the flow on the dimensionless
parameters in great detail. Pedrizzetti has demonstrated the relevance of these re-
sults to physiological applications quantitatively by simulating the flow induced by a

pulsatile flow rate.

1.3.1 Effect of the Upstream Boundary Condition

The studies reported in section 1.2 are all done using an upstream boundary condi-
tion of either a fully developed velocity profile or a flat velocity profile, none of which
simulate the physiological conditions in the human aorta. In our work, the main
idea for the design, which resulted in the discovery of new secondary flow patterns in
curved vessels, was inspired because of the anatomy of the human ascending aorta.
At the beginning of the ascending aorta, we see a bulging structure called the Sinus of
Valsalva. The reason for the existence of this cavity is that, because of the watertight
lining of the heart (the endocardium) and the thickness of the myocardium, the heart
cannot depend on the blood contained in its own chambers for oxygen and nourish-
ment. It possesses a vascular system of its own, called the coronary arterial system. In
the most common distribution, this comprises two major coronary arteries, the right
and the left. Normally, the left coronary artery divides soon after its origin into two
major branches, called the left anterior descending and the circumflex coronary arter-
ies. The right, the left anterior descending, and the left circumflex coronary arteries
have many branches and are of almost equal importance. Thus, there are commonly
said to be three main functional coronary arteries rather than two. The right and
left coronary arteries originate from the right and left aortic sinuses (the Sinuses of
Valsalva), which are bulges at the origin of the ascending aorta immediately beyond,
or distal to, the aortic valve. The ostium, or opening, of the right coronary artery
is in the right aortic sinus and that of the left coronary artery is in the left aortic
sinus, just above the aortic valve ring. There is also a non-coronary sinus of Valsalva,

which lies to the left and posteriorly at the origin of the ascending aorta. The left
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Figure 1.6: The geometry of the aortic valve, the sinus of valsalva and the ascending
aorta. from Chandran (1992).

coronary arterial system is more important than the right because it supplies blood
to the larger left ventricle, and because the dimension of the left coronary ostium is
larger than that of the right. The existence of the aortic valve and also the Sinus
of valsalva at the beginning of the aorta represents a drastically different initial con-
dition and boundary condition than the idealized studies of Hamakiotes and Berger
(1990) and others for a fully-developed entry velocity profile. A common path which
has been followed in most of the previous studies on flow in curved vessels. Figure
1.6 shows the geometry of the ascending aorta and its relative dimensions. The aortic
valve orifice opens to the cavity of the Sinus of Valsalva. This prompted us to think
that there can be two possible scenarios which have not been considered in previous

studies. These possibilities are:

e Separation of flow in steady case

e Vortex ring formation in pulsatile case

The mean diameter of the Sinus of Valsalva in human beings is about 50% larger

than the maximum opening diameter of the aortic valve. Therefore, it seems relevant
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that the effect of this cavity be incorporated into the study of the flow in aortic arch.
Surprisingly, the researchers on aortic flow have not considered this factor in their
studies. The current work stresses this factor and tries to study its effect on the flow

in the aorta.

1.4 Objectives and Outline of the Current Work

To study the structure of the primary and the secondary flows in a curved vessel,
with a view to aortic flow, an experimental set up consisting of a U-shaped pipe
was designed to simulate physiological pulsatile flow conditions. Two types of flow
motion have been implemented, a gravity-driven steady flow under a constant head
reservoir, and a pulsatile flow using a pulsatile pump with characteristics close to
those of human cardiac flows. Using Digital Particle Image Velocimetry (DPIV),
quantitative flow measurements were performed in several cross sections along the
180-degree bend. From the analysis of these global flow measurements, it appears
that the secondary flow pattern is highly dependent on the temporal and initial
spatial boundary conditions. Our results indicate that the double vortex structure,
which is the main characteristic of Dean flow, does not exist for constrained upstream
entrance conditions—which is the characteristic of physiological conditions during
cardiac systole. Instead, a single circulation pattern dominates the secondary flow
for the constrained cases. From an analytical point of view our results indicate the
non-uniqueness of the double vortex pattern. This possibility has been theoretically
postulated by Pedley (1980).

For similar values of the frequency parameter—Womersley number a— and Dean
number De, the marked differences between constrained and non-constrained initial
conditions in the secondary patterns lead to very different shear stress distributions
along the vessel wall for physiological applications.

The experimental study in the current work is divided into three stages: First,
flow in the aortic arch model was studied without any upstream constriction. To

understand the effect of entrance condition, we first studied flow in a curved pipe
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similar to the conditions that Berger et al. had used in their studies. This provided
us with a reference flow standard. Then, an orifice with an opening diameter less
than half of the pipe diameter was mounted symmetrically at the entrance of the
arch model. The results of this stage showed a difference between secondary flow
structures and the transition from a double circulation pattern to a single circulation
pattern. The latter pattern had not been observed before. In addition, while for the
Dean type of secondary flows the primary flow shear stress on the vessel walls is about
one order of magnitude higher than the wall shear rate because of the secondary flows,
for the single-circulation patterns the primary and the secondary flows exert about
the same amount of shear stress on the vessel walls.

To further elucidate the nature of the secondary flow patterns, based on the results

of the first stage, the following studies were carried out:

e Designing an in vitro model which allowed reducing the size of the constriction
to determine when the transition from double-circulation to single-circulation

starts

e Designing a model with an asymmetric constriction in different angular and
radial positions to determine the onset of the transition between clockwise and
counterclockwise circulation and also the factors responsible for the sense of

rotation of the circulatory patterns

e Carrying the same experiments with models with different sizes and curvature
ratios in order to investigate the universality of the single circulation pattern

for the secondary flows

In the second stage of this study orifices with different opening diameters were
used to study where the aforementioned transition occurs. In the final stage, an orifice
with an asymmetric opening was used to determine whether the sense of the rotation
depends on the radial position of the constriction. By mounting different orifices in
various positions at the entrance of the arch, we varied considerably the entrance

flow condition, and studied its impact on the downstream flow field. This impact is
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important because it elucidates the possible effect of the aortic valve and the Sinus of
Valsalva on the flow in the aorta. An important motive for this approach is that the
majority of the medical literature lacks any substantial evidence for the existence of
the double circulation pattern. The very fact that the boundary conditions used for
solving the equations of motion in curved vessels do not conform to the reality of the
physiological characteristics of the aortic flow is another incentive to investigate the
effect of this factor.

The objective behind this thesis was to develop a physical understanding of the
aforementioned issues by conducting systematic experiments to elucidate the following
factors in three distinct secondary flow patterns which have been experimentally

observed or discovered in this study:

e The nature of the secondary flow in curved pipes under various boundary con-

ditions, both spatial and temporal
e The effect of periodic flow conditions

e The combined effect of various spatial and temporal flow conditions—position
of constriction, size of constriction and the effect of its angular position on the

direction of secondary circulatory patterns

e The factors determining the secondary flow patterns and their structure, in-

cluding the sense of rotation for circulatory patterns
e The transition threshold from double-circulation to single-circulation pattern

e The change in the values of the wall shear stress and Reynolds stress in different
secondary flow patterns and to analyze the effects of circulatory patterns on the

wall shear stress and turbulent Reynolds stresses in curved vessels
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Chapter 2 Experimental Setup

In this chapter we explain the experimental design and setup used to model the flow

in a 180-degree curved pipe with a view to aortic dimensions.

2.1 The Curved Vessel Model

A glass model of a 180-degree curved vessel was designed with the dimensions about
the size of the human aorta. The inside diameter of the glass tube was 30 mm and the
radius of arch curvature was 80 mm. This corresponds to a curvature ratio (6§ = a/R)
of 0.27 and a Dean number of 2000-7000 depending on the flow rate, which is close
to the range for aortic flow. In order to eliminate the turbulent irregular structures
before entering the test region, at the beginning of the model a structure was provided
for holding honeycomb eddy breakers. Figure 2.1 shows the arch model used for the
experiment. Figure 2.2 shows how the position of the orifice at the entrance and
its opening diameter were varied in order to simulate different upstream boundary

conditions in aortic flow. The stenosis ratio, (3, is defined as:

ﬂzl—% (2.1)

where A, is the opening area and A; is the total cross-sectional area of the ves-

sel(Figure 2.3)



Figure 2.1: The arch model.

2.2 Steady Flow Apparatus

To provide steady flow with minimum incoming disturbance, a steady flow was pro-
vided using an overhead chamber with a constant fluid level. The overflow of this
chamber would return to the main reservoir. Figure 2.6 shows the schematic and the

configuration of this system. Figure 2.7 shows the dimensions of the system.

2.3 Pulsatile Flow

The setup for the pulsatile flow experiment is shown in Figure 2.8. A pulsatile pump
of the Harvard type shown in Figure 2.9, which is typically used to replaée the heart
function during the heart surgery was used to provide the pulsatile flow to the system.
Both the stroke volume and the frequency were adjustable on this device. It also
made possible changing the systolic to diastolic ratio during the pumping, which
in our experiment was kept constant at a physiologically normal level of thirty five
percent. The following picture shows this device and its controls. The flow rate could
be changed both by increasing the stroke volume and by changing the frequency of

the pulsation. In accordance with the main body of literature, in order to simulate
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Figure 2.2: The schematic of the arch model. This figure shows the upstream orifice
used for simulating the constricted flow. The distance [ and the diameter of the orifice
as well as the angular position of the constriction can be varied to simulate different
flow conditions. For the non-constrained flow, the orifice is removed.
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Figure 2.3: The orifice opening has an area of A,.

270

Flow
90

Figure 2.4: The schematic of the arch model with the orifice which has an asymmetric
opening.
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Flow

Figure 2.5: The three dimensional view of the arch model with the assymetric con-

striction.

the actual physiological condition, which uses the change in the heart beat during the

physical exercise, we used the same method for our experiment.
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Figure 2.6: The configuration of the steady flow apparatus.
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Figure 2.7: The dimensions of the steady flow apparatus.
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Figure 2.8: The setup for the pulsatile flow.

Figure 2.9: The pulsatile Harvard pump used for pulsatile flow experiment.
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Chapter 3 Results and Discusion

In this chapter the flow in a 180-degree curved vessel is investigated and our experi-

mental results are presented.

3.1 Results

In order to establish a reference flow standard, we obtained the flow field and sec-
ondary flow patterns for conditions similar to the Dean’s solution which is steady,
non-constrained flow in a curved pipe. The flow rate was chosen around the physi-
ological values of 1.7 — 8 lit/min which corresponds to a Reynolds number between
1700 —8000. The diameter of the test tube is 3.05¢m, and the curvature ratio, a/R, is
0.27, which is close to the curvature ratio of the human aorta. With these conditions
the numerical value of the Dean number of the flow is very close to the Reynolds

number.

3.1.1 Pattern I. Double Circulation Pattern

The first case is steady flow with a flat incoming velocity profile without any upstream
constriction. The secondary flow velocity field for this case is plotted in Figure 3.1.
It shows a double circulation pattern similar to what is obtained from the Dean’s

solution as is plotted in Figure 1.3. The following observations can be drawn from

this plot:
e Double circulation secondary pattern.

e As a result of the asymmetry of circulatory pattern and because of mass-

conservation higher velocities are observed near the inner bend.
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Figure 3.1: The secondary velocity field for the steady flow without upstream con-

striction. De = 3850.

e The secondary flow velocities are about one order of magnitude less than the

primary flow velocities.

e As a result the wall shear stress because of secondary flow is much less than
the wall shear rate because of primary flow. (we will discuss this in more detail

later on.)

The vorticity field corresponding to the flow in Figure 3.1 is plotted in Figure

3.2. The double-circulation pattern corresponds to a Dean type of secondary pattern.

From Figure 3.2 the following observations can be made:

» Double circulation secondary pattern is clearly verified.

o 'T'he center of the circulatory pattern shifts toward the inner bend and, moreover,
the outer bend region and the central part of the cross section have very low

vorticity.
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Figure 3.2: The secondary vorticity field for the steady How without upstream con-
striction. De = 3850.
® A clear separation just at the region near the inner bend is created as a result

of the secondary circulatory patterns.

The Reynolds stresses can be calenlated and normalized w'v” are depicted in Figure
3.3, This plot shows that the maximum Reynolds stress shifts towards the inner
bend. The valies of shear stress alongside the outer bend are negligible comparerd
to the shear stress in regions close to the inner bend. From Figure 3.3 the following

observations can be made:
o w = () where the velocity is maximmun ( w is the vorticity).

o High Reynolds stress is seen near the core of the circulation, close to the region

where w is maximum.

To obtain the value and direction of the shear stress, three velocity profiles along
lines shown in Figure 3.4 are drawn and plotted in Figures 3.5, 3.6 and 3.7. The shear
stress values along the vessel wall and their change of direction (2% ) are noticeable.

The velocity vector has two components, one parallel and one normal to the line. It
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Figure 3.3: The Reynolds stress values for the steady flow without upstream constric-
tion. De = 3850.
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Figure 3.4: The secondary velocity field for the steady flow without upstream con-
striction and the location of lines for velocity profiles depicted in figures 3.5, 3.6 and
3.7. The horizontal axis is along inner-outer wall and the vertical axis is along the
anterior-posterior wall. De = 3850.

is noteworthy here that as the radii are perpendicular to the perimeter of the circle,
then the normal component of the velocity vector with respect to the profile line gives
the u, component and the tangential component gives the w, component. At each
point on the wall, (%} ) can be calculated from the slope of the velocity profile in
order to calculate the shear stress at the wall. The same convention and terminology
will be used consistently throughout the current study, unless stated otherwise.

The velocity and vorticity fields for the pulsatile flow without an upstream con-
striction are depicted in Figures 3.8 and 3.9. Similar double circulation patterns can
be seen for the pulsatile case. The flow signal for the pulsatile flow is plotted in Figure
3.10. To have a time reference for the corresponding phase of the flow a diode signal

is triggered which can be matched with the laser pulse signal and the flow signal on
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Figure 3.5: The velocity profile of the secondary velocity field for the steady flow
without upstream constriction along line 1 as shown in figure 3.4. The velocity vector
is decomposed into its normal and tangential components with respect to the line 1.
De = 3850.
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Figure 3.6: The velocity profile of the secondary velocity field for the steady flow
without upstream constriction along line 2 as shown in figure 3.4. The velocity vector
is decomposed into its normal and tangential components with respect to the line 2.
De = 3830.
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Figure 3.7: The velocity profile of the secondary velocity field for the steady flow
without upstream constriction along line 3 as shown in figure 3.4. The velocity vector
is decomposed into its normal and tangential components with respect to the line 3.
De = 3850.
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Figure 3.8: The secondary velocity field for the pulsatile flow without upstream con-
striction. « = 12.5

the same plot in order to specify the frame corresponding to a particular point on
the flow signal. Hence, three signals-—the flow, the diode and the laser pulse -, are
depicted on this figure. Here again we sce the change of the direction of shear stress
along the inner wall (%= ). The position of the lines along which the velocity profiles
in Figures 3.12; 3.13 and 3.14 are drawn is depicted in Figure 3.11. The Womersley
mimber of this experiment is o« = 12.5, which corresponds to a 40 bpin pulse rate. In
Appendix B all the fignres, Womersley numbers and fow conditions are depicted for

Casy reference.

3.1.2 Pattern II. Single Circulation: Counterclockwise

We study the effect of the upstream constriction on the flow field. Figure 3.15 shows
the secondary flow pattern for the steady flow with upstream constriction. The cor-
responding vorticity field of this case is shown in Figure 3.16. For this case a single-

circulation pattern dominates the secondary flow field. The absence of the double-
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Figure 3.9: The secondary vorticity field for the pulsatile flow without upstream
constriction. o = 12.5.

cireulation pattern is intrigning. For this case the experiment is carried onl. with a
constriction with a 20 percent opening. The transition to a single-circulation patteri
was found to happen independent of the flow rate. The same single-circulation pat-
tern characterizes the constrained pulsatile case (Figures 3.21 and 3.22). Figure 3.17
shows the posilion of the lines across which the velocity profiles depicted in Figures
3.18, 3.19 and 3.20 are obtained.

In the velocity profiles both normal and tangential components of the velocity
with respect to the crossing line are plotted. The maximum slope of the normal
component in these profiles show the value of ‘)r,‘)—‘r“ at the wall, or the shear stress at
the wall. The direction of this shear stress is different for points 1, 2, and 3 in the

double circulation pattern while it is the same for the single circulation pattern.
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Figure 3.10: The flow signal for the pulsatile flow without upstream constriction.
a = 12.5. The two other signals are the laser pulse signal and the time-reference
signal of a manually triggered diode, which enables us to locate the frame position
on the flow signal.
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Figure 3.11: The secondary velocity field for the pulsatile flow without upstream
constriction and the location of lines for velocity profiles depicted in Figures 3.12,
3.13 and 3.14. The horizontal axis is along inner-outer wall and the vertical axis is
along the anterior-posterior wall. a = 12.5.
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Figure 3.12: The velocity profile of the secondary velocity field for the pulsatile flow
without upstream constriction along line 1 as shown in Figure 3.11. The velocity
vector is decomposed into its normal and tangential components with respect to the
line 1.
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Figure 3.13: The velocity profile of the secondary velocity field for the pulsatile flow
without upstream constriction along line 2 as shown in Figure 3.11. The velocity
vector is decomposed into its normal and tangential components with respect to the
line 2. a = 12.5.
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Figure 3.14: The velocity profile of the secondary velocity field for the pulsatile flow
without upstream constriction along line 3 as shown in Figure 3.11. The velocity
vector is decomposed into its normal and tangential components with respect to the
line 3. a = 12.5.
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Figure 3.15: The secondary velocity field for the steady flow with upstream constric-
tion. De = 3850.
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Figure 3.16: The secondary vorticity field for the steady flow with upstream constric-
tion. De = 3850.
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Figure 3.17: The secondary velocity field and the location of lines for velocity profiles
depicted in Figures 3.18, 3.19 and 3.20 for the steady flow with upstream constriction.
The horizontal axis is along inner-outer wall and the vertical axis is along the anterior-
posterior wall. De = 3850.
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Figure 3.18: The velocity profile of the secondary velocity field along the line 1 as
shown in Figure 3.17, for the steady flow with upstream constriction. The velocity
vector is decomposed into its normal and tangential components with respect to the
line 1. De = 3850.
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Figure 3.19: The velocity profile of the secondary velocity field along the line 2 as
shown in Figure 3.17, for the steady flow with upstream constriction. The velocity
vector is decomposed into its normal and tangential components with respect to the
line 2. De = 3850.
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Figure 3.20: The velocity profile of the secondary velocity field along the line 3 as
shown in Figure 3.17, for the steady flow with upstream constriction. The velocity
vector is decomposed into its normal and tangential components with respect to the
line 3. De = 3850.
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Figure 3.21: The secondary velocity field for the pulsatile low with upstream con-
striction 3 = 80%. a = 12.5.

3.1.3 Pattern III. Clockwise Single Circulation

To further determine the effect of the spatial configuration of the upstream constric-
tion on the secondary flow pattern, a series of experiments were carried out with an
orifice which had an asymmetric opening with a constriction ratio, § = 80%. «, the
angular position of the orifice opening, measured as depicted in Figure 2.4 was set for
a = 0°,90°, 180°,270°. For all cases a single circulation pattern was observed. For
a = 180° position the sense of rotation of the circulation changed from a counter-
clockwise to a clockwise circulation. The corresponding flow fields are depicted in the
Appendix B and the results are summarized in the Table 1-3. This pattern turns out
to be the same regardless of the flow type, i.e., for both the steady and the pulsatile
flows, and at different flow rates the same behavior is observed. The velocity field for
the steady flow with an asymmetric constriction with o = 180° with respect to the
posterior wall is depicted in Figure 3.23. The corresponding vorticity field is depicted
in Figure 3.24.
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Figure 3.22: The secondary vorticity field for the pulsatile flow with upstream con-
striction 8 = 80%. « = 12.5.
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Figure 3.23: The secondary velocity field for the steady flow with asymmetric up-
stream constriction at angular position o = 180°. De = 1900.

3.2 Table of Results

The secondary flow patterns and the sense of rotation are summarized in Table 3.1 for
different flow rates, flow signals(steady versus pulsatile) and upstream constriction
conditions. Table 3.2 shows the Dean number and Reynolds number values for the
steady flow case, and Table 3.3 gives the Womersley number, frequency and average

flow rate for the pulsatile flow experiments in the curved vessel.
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No.

Condition

Steady

Pulsatile

10

11

12

13

14

15

16

No Constriction(low)

No Constriction(high)

Small Orifice(low)

Small Orifice(high)

Middle Orifice(low)

Middle Orifice(high)

Large Orifice(low)

Large Orifice(high)
Asymmetric Orifice, 0° (low)
Asymmetric Orifice, 0° (high)
Asymmetric Orifice, 90° (low)
Asymmetric Orifice, 90° (high)

Asymmetric Orifice, 180° (low)

Double Circulation
Double Circulation
CCW Single Circulation
CCW Single Circulation
CCW Single Circulation
CCW Single Circulation
CCW Single Circulation
CCW Single Circulation
CCW Single Circulation
CCW Single Circulation
CCW Single Circulation
CCW Single Circulation

CW Single Circulation

Asymmetric Orifice, 180° (high) ~CW Single Circulation

Asymmetric Orifice, 270° (low)

CCW Single Circulation

Asymmetric Orifice, 270° (high) CCW Single Circulation

Double Circulation
Double Circulation
CCW Single Circulation
CCW Single Circulation
CCW Single Circulation
CCW Single Circulation
CCW Single Circulation
CCW Single Circulation
CCW Single Circulation
CCW Single Circulation
CCW Single Circulation
CCW Single Circulation
CW Single Circulation
CW Single Circulation
CCW Single Circulation

CCW Single Circulation

Table 3.1: Secondary flow patterns and the sense of rotation for steady and pulsatile
flow with different upstream boundary conditions. The angular position of the asym-
metric constriction is measured from the posterior wall of the bend. High and low
refer to the flow rate. CW stands for clockwise rotation and CCW stands for coun-
terclockwise rotation. The numerical values of the Reynolds number and flow rates
are reported in the table 3.2 for the steady case and in table 3.3 for the pulsatile
flow. The angular position of the asymmetric orifice, c, is measured clockwise from
the posterior wall of the bend.
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No. Condition Flow Ra,te(l‘/ m) De Re
1 No Constriction(low) 2.5 1840 1768.5
2 No Constriction(high) 5.0 3680 3537
3 Small Orifice(low) 2.5 1840 1768.5
4 Small Orifice(high) 5.0 3680 3537
5 Middle Orifice(low) 2.5 1840 1768.5
6 Middle Orifice(high) 5.0 3680 3537
7 Large Orifice(low) 2.5 1840 1768.5
8 Large Orifice(high) 5.0 3680 3537
9 Asymmetric Orifice, 0° (low) 2.5 1840 1768.5
10 Asymmetric Orifice, 0° (high) 5.0 3680 3537
11 Asymmetric Orifice, 90° (low) 2.5 1840 1768.5
12 Asymmetric Orifice, 90° (high) 5.0 3680 3537
13 Asymmetric Orifice, 180° (low) 2.5 1840 1768.5
14 Asymmetric Orifice, 180° (high) 5.0 3680 3537
15  Asymmetric Orifice, 270° (low) 2.5 1840 1768.5
16 Asymmetric Orifice, 270° (high) 5.0 3680 3537

Table 3.2: Flow rate values, Dean number and Reynolds number for the steady flow
experiment in the curved vessel model. The angular position of the asymmetric orifice,
«, is measured as depicted in Figure 2.4.
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No. Condition Flow Rate(l/m) w(min™!) a
1 No Constriction(low) 1.7 20 8.6
2 No Constriction(high) 3.4 40 12.5
3 Small Orifice(low) 1.7 20 8.6
4 Small Orifice(high) | 3.4 40 12.5
5 Middle Orifice(low) 1.7 20 8.6
6  Middle Orifice(high) 3.4 0 125
7 Large Orifice(low) 1.7 20 8.6
8 Large Orifice(high) 3.4 40 12.5
9 Asymmetric Orifice, 0° (low) 1.7 20 8.6
10 Asymmetric Orifice, 0° (high) 3.4 40 12.5
11 Asymmetric Orifice, 90° (low) 1.7 20 8.6
12 Asymmetric Orifice, 90° (high) 3.4 40 12.5
13 Asymmetric Orifice, 180° (low) 1.7 20 8.6
14 Asymmetric Orifice, 180° (high) 3.4 40 12.5
15  Asymmetric Orifice, 270° (low) 1.7 20 86
16  Asymmetric Orifice, 270° (high) 3.4 40 12.5

Table 3.3: Flow rate values, frequency and Womersley number for the pulsatile flow
experiment in the curved vessel model. The angular position of the asymmetric orifice,
a, is measured clockwise as depicted in Figure 2.4.
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Figure 3.24: The secondary vorticity field for the steady flow with asymmetric up-
stream constriction at angular position o = 180°. De = 1900.

3.3 Further Investigation of the Sense of Rotation
for Secondary Flow Patterns

To further investigate the parameters that determine the sense of rotation for the
single-circulation patterns, another set of experiments were carried out with the posi-
tion of orifice opening being varied in 45° increments from the posterior and anterior
wall of the vessel. The results are tabulated in Table 3.4. The corresponding sec-
oondary velocity fields are depicted in Figure 3.25, Figure 3.26, Figure 3.27and Figure
3.28. For the sake of brevity only one figure from each is depicted here and the rest
are depicted in the Appendix.
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No. Condition Steady Pulsatile

1 Asymmetric Orifice, 45° (low) CCW Single Circulation CCW Single Circulation
2 Asymmetric Orifice, 45° (high) CCW Single Circulation CCW Single Circulation
3 Asymmetric Orifice, 135° (low) CW Single Circulation CW Single Circulation
4 Asymmetric Orifice, 135° (high) ~CW Single Circulation CW Single Circulation
5 Asymmetric Orifice, 225° (low) ~ CW Single Circulation CW Single Circulation
6 Asymmetric Orifice, 225° (high) ~CW Single Circulation CW Single Circulation
7 Asymmetric Orifice, 315°(low) ~CCW Single Circulation CCW Single Circulation

8  Asymmetric Orifice, 315° (high) CCW Single Circulation CCW Single Circulation

Table 3.4: Secondary flow patterns and the sense of rotation for steady and pulsatile
flow with different upstream boundary conditions. The angular position of the asym-
metric constriction is measured from the posterior wall of the bend. High and low
refer to the flow rate. CW stands for clockwise rotation and CCW stands for coun-
terclockwise rotation. The numerical values of the Reynolds number and flow rates
are reported in the table 3.2 for the steady case and in table 3.3 for the pulsatile
flow. The angular position of the asymmetric orifice, ¢, is measured clockwise from
the posterior wall of the bend.
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Figure 3.25: The secondary velocity field for the steady flow with upstream constric-
tion 8 = 80% mounted in o = 45° position with respect to the posterior wall of the
vessel.

3.4 Longitudinal or Axial Flow

In this section the axial or longitudinal flow for the steady and pulsatile flow, with

and without upstream constriction, are investigated.

3.4.1 Case I. Steady Flow

Figures 3.29, 3.30 and 3.31 show the axial velocity field for the steady flow under the

following upstream conditions:
¢ No upstream constriction
e Upstream constriction with 5 = 80%
e Upstream constriction with 3 = 88%

From these images the following conclusions can be made:
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Figure 3.26: The secondary velocity field for the steady flow with upstream constric-
tion 3 = 80% mounted in o = 135° position with respect to the posterior wall of the
vessel.
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Figure 3.27: The secondary velocity field for the steady flow with upstream constric-
tion A = 80% mounted in o = 225° position with respect to the posterior wall of the

vessel.
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Figure 3.28: The secondary velocity field for the steady flow with upstream constric-

tion 8 = 80% mounted in o = 315 position with respect to the posterior wall of the
vessel.
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Figure 3.29: The axial velocity field for the steady flow without upstream constriction.

De = 3850.
e In the case of upstream constriction, the impingement of the jet on the vessel
wall is accompanied with a flow separation and reversal along the inner wall

just at the beginning of the arch.

e The maximum axial velocity in the down stream flow shifts towards the outer

bend.

e There is no separation in the downstream region of the arch.

3.4.2 Case II. Pulsatile Flow

Figures 3.32 and 3.34 show the pulsatile longitudinal flow field in the curved vessel
model at two different phases of the flow cycle for the constricted flow. As it is seen
the position of maximum axial velocity in the downstream flow shifts towards either

the outer or the inner bend, according to the phase of the flow. This is an important
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Figure 3.30: The axial velocity field for the steady flow with upstream constriction
B = 80%. De = 3850.
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64

tesjb.vel

EARAANNSNCII Gl Lol rtes

0 ~700 ~150 ~100 -50 0
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observation because one of the unsolved issues or controversies regarding the flow in
human aorta has been the position of maximum axial velocity for the longitudinal
or axial flow. The position of maximum axial velocity, which is at the centerline for
pipe flow, is shifted towards the outer bend in open channel flow in a curved conduit.
The same phenomenon is expected in the flow in human aorta. However, there has
been contradicting in vivo evidence regarding this question. Our result shows that

this depends on the phase of the flow. This means that both cases can occur.
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3.5 Discussion

3.5.1 Secondary or Cross-sectional Flow

Our results obviously show that the effect of the incoming structures on the secondary
flow patterns is very important. Even though this result may seem too obvious,
but it has been completely neglected in all previous studies of the flow in curved
vessels in general and aortic flow in particular. The only speculation about the non-
uniqueness of the solution to the governing equations applying to this problem is
by Pedley (1980). He does not go further to prove it theoretically and to find the
other possible solutions. Our results shed light on a very important feature of the
secondary flows in curved vessels, which demands systematic studies of these flow
patterns experimentally and theoretically. This can be epitomized in the discovery of
single circulation pattern for constrained flows, an entrance condition that resembles
the actual physiological situation in aortic flow, as well as many industrial flows.
The inconsistencies in the theories about the effect of the wall shear rate on the
proper functioning of aorta and in the values reported for wall shear rates in aortic
flow arise from this important result that there are at least two different secondary
flow patterns in curved vessels. Our study not only reveals these different structures
and their dependence on the spatial boundary conditions, but also provides detailed
measurements of the location and the value of the maximum wall shear rate. The
radial distributions of the blood cells in response to the flow field differ considerably
in the case of the double circulation models used until now and the single circulation
pattern observed in our studies. Another important factor revealed in the current
study is the dependence of the sense of rotation of the single circulation patterns on
the symmetry of the initial constriction. One important feature of our results is the
difference between the direction of wall shear stress for three observed patterns of

secondary flows. The main issues which our current research has revealed are:

e There is a bifurcation in the secondary flows which results from the spatial

boundary conditions.



68
e The time periodicity of the flow does not change the secondary flow patterns
but changes the location of the maximum secondary velocities towards the inner

vessel wall.

e By putting an upstream constriction, the secondary flow patterns will change
from a double-circulation (in the absence of a constriction) to a single circula-

tion.

e The asymmetry of the upstream constriction will determine the sense of rotation
of the single-circulation pattern. When the asymmetric constriction is moved
from the posterior wall towards the anterior wall of the vessel, the rotation

changes from a counterclockwise to a clockwise one.

e The wall shear stress, 7, is unidirectional for secondary flows with an upstream
constriction, while it changes its direction for the secondary flow without an

upstream constriction. This finding has important pathological consequences.

e For high constriction ratios, the longitudinal flow in the pulsatile flow is char-
acterized by advancing vortex rings in the arch. Also, the position of maximum

axial velocity depends on the phase of the flow.

Of these findings, the last two items have important pathological consequences.
The studies by Malek et al.(1999) have shown that the proper response of the cells
in the endothelial linings of blood vessels depends more crucially on the change of
direction of shear stress than the value of the shear. Malek et al.(1999) claim that
change of direction in the shear values are unfavorable for the endothelial linings of

blood vessels. This is in accordance with our results.

Conjectural Hypothesis on Re-direction of Incoming Jet as the Cause of

Single-circulation Patterns

Based on the fact that an asymmetry in the upstream constriction with respect to

the anterior-posterior vessel wall position will lead to single-circulation patterns with
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Figure 3.35: The clockwise re-direction of the incoming jet after impingement on the
side of the anterior wall.
different sense of rotation, we propose the following scenario for the cause of new

pattens for secondary flows in curved vessels:

e The incoming jet caused by the upstream constriction impinges on the vessel
wall in the arch. The direction of the local curvature of the arch at the impinge-
ment point determines the clockwise and counter-clockwise rotation patterns,

which arise from the helical movement of the jet in the arch.

o If the impingement point is closer to the anterior wall the clockwise scenario is

depicted in Figure 3.35.

e If the impingement point is closer to the posterior wall the counter-clockwise

scenario is depicted in Figure 3.36.

Recent clinical MRI studies by kilner based on the data for longitudinal flow suggest
the possibility of such helical movements in the aortic arch(Mohiaddin 94). The more
recent results by the same group give stronger evidence for such a possibility. In
aortic flow the out of plane curvature of the aortic arch may play an important role

in re-direction of the incoming jet.
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Figure 3.36: The counter-clockwise re-direction of the incoming jet after impingement
on the side of the posterior wall.

3.5.2 Primary or Longitudinal Flow

Regarding the longitudinal or axial velocity field, our study reveals the following

features for the steady flow:

e The flat incoming velocity profile without any upstream constriction leads to

the shifting of the maximum axial velocity towards the outer bend.

e In the case of upstream constriction, the impingement of the jet on the vessel
wall is accompanied with a flow separation and reversal along the inner wall

just at the beginning of the arch.

e There is no separation in the downstream region of the arch.
For the pulsatile flow the longitudinal velocity field shows the following features:

e The flow entering the arch takes the form of vortex rings (Figure 3.33). This
figure shows the vorticity field for the flow depicted in Figure 3.32. The vortex

ring after the orifice is obvious.
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e The position of the maximum axial velocity in the downstream flow depends on

the phase of the flow cycle.

e There is no separation in the downstream region of the arch.

3.6 Further Work

There are still some unresolved issues surrounding the primary and secondary flow
in curved vessels in general and in aorta in particular. Based on the results of the

current work, the issues which need to be addressed in the future are:

e The transition from double-circulation to single-circulation pattern depends on
the stenosis ratio, 5. A novel design which allows the incremental variation of

the upstream constriction will reveal when this transition occurs.

e The asymmetry of the upstream constriction and its effect on the sense of ro-
tation in the arch has an important potential pathological consequences and it

needs to be investigated in detail.

e The spatial resolution of the DPIV technique should be improved for the study
of the behavior of secondary flows near the vessel wall. The mapping of the
flow field near the physical boundaries is a major challenge for the technique of

DPIV.

e The dependence of the sense of the rotation of single-circulation patterns on the
relative position of orifice opening with respect to the anterior-posterior vessel
wall axis suggests that the out of plane curvature of aorta may play an important

role in the re-direction of the incoming jet in the arch. This conjecture needs

careful study.

e The dependence of the position of the maximum axial velocity in the down-
stream flow on the phase of the flow needs careful study. The possible effect of

Womersley number on this should be investigated in further detail.
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e The effect of elastic walls and their interaction with secondary flow patterns is
the next step in the research on aortic flow. Until now, researchers have only
considered the interaction of double-circulation with elastic walls. With the

discovery of new patterns, there is need to investigate this factor again.
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Appendix A

Digital Particle Image Velocimetry (DPIV)

A.1 Principle

The digital particle image velocimetry (DPIV) is a non-intrusive opti-
cal technique that permits the mapping of instantaneous velocity field
through a selected two-dimensional slice of a flow. This method can be
used for mapping of three-dimensional flows as well. However, to study
the secondary flows in the present work, the two-dimensional DPIV
is needed and we confine our description here to the two-dimensional
DPIV. The method is particularly suitable for investigating unsteady
flows, whether periodic or transient. In DPIV, a plane of light is po-
sitioned parallel to the camera’s sensor. Video or photography is used
to record images of seeding particles moving within the laser sheet.
Analysis of the multiple images yields velocity magnitudes and direc-
tions throughout the illuminated flow plane. Quantitative flow visual-
ization has many roots and has taken several approaches. The advent
of digital image processing has made it possible to extract practically
useful information from every kind of flow image. In a direct approach,
the image intensity or color (wavelength or frequency) can be used as

an indication of concentration, density and temperature fields or of gra-
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dients of these scalar fields in the flow (Merzkirch 1987). These effects

can be part of the inherent dynamics of the flow (e.g., gradients of
density are used in shadowgraph and Schlieren techniques) or gener-
ated through the introduction of optically passive or active dye agents
tracers, liquid crystals, or various molecular tagging schemes.

In general, the optical flow or the motion of intensity fields can
be obtained through time sequenced images (Singh 1991). For exam-
ple, the motion of patterns generated by dye, clouds or particles can
be used to obtain such a time sequence. The main problem with us-
ing a continuous-intensity pattern generated by scalar fields (e.g., dye
patterns) is that it must by fully resolved (space/time) and contain
variations of intensity at all scales before mean and turbulent veloc-
ity information can be obtained (Pearlstein 1995). In this respect, the
discrete nature of images generated by seeding particles has made par-
ticle tracking the method of choice for whole field velocimetry. The
technique recovers the instantaneous two and three-dimensional veloc-
ity vector fields from multiple photographic images of a particle field
within a plane or volumetric slab of a seeded flow, which is illuminated
by a light source. Various methods for individual tracking of particles
can be used to obtain the displacement information and subsequently
the velocity fields. The spatial resolution of this method depends on
the number density of the particles. A major drawback in tracking indi-
vidual particles has been the unacceptable degree of manual work that

is required to obtain the velocity field from a large number of traces
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or particle images. Digital imaging techniques have helped to make
particle tracking less laborious (Gharib & Willert 1990). However, be-
cause of the errors involved in identifying particle pairs in high particle-
density images, the design of an automatic particle tracking method,
especially for three-dimensional flows, has been extremely challenging.
Therefore, applications of the automatic particle tracking methods have
been limited to low particle density images. In this respect, an alter-
native method which concentrates on following a pattern of particles
has been implemented by various investigators in order to resolve the
above mentioned issues with a particle tracking method. This method
is known as particle image velocimetry. The method returns to the
fundamental definition of velocity by estimating the velocity from

m [2(to) — x(to + Al)]

Ulto, z) = At—>0 (vAt)

(A1)

where © = z(z,y) describes the position of a particle image, At is
the time separating the two exposures and ~ is a scaling factor. Since
the flow motion is reflected by the motion of visible seeding particles,
velocities cannot be determined at the place where no particles are
present. Thus, high particle seeding density is usually required for
a detailed representation of the velocity field. In DPIV the particle
seeding density is so high that each single particle track can no longer
be recognized. Instead of determining the displacement of each single
particle inside the light sheet, the local particle displacement is defined

as that of a group of particles. This group of particles is usually referred
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to as interrogation area, interrogation spot or spatial sub sample of
two successive video images. The average displacement of this group
of particles is considered to be the local displacement at the geometry
center of the interrogation area. The whole velocity field is obtained
when each desired point in the flow picture has been interrogated.
The correlation function of an image gives a measure of the periodic
nature of that image. The function is computed using two-dimensional
fast Fourier transforms (FFTs) for high efficiency. A typical PIV image
will yield a cross correlation function consisting of one or more peaks
distributed non-symmetrically. The spatial position of the main peak
within the cross-correlation image gives the average frequency of the
multiple particle separation in the DPIV image. This information is
then combined with the time separation to give the average velocity
of the particles in the image. Cross-correlation offers the advantage of
easy directional resolution as there is no 180-degree ambiguity as for
autocorrelation, but requires a high recording rate. Most correlation
functions have more than one frequency peak within the image. These
peaks are due to particles correlating with other particles rather than
themselves. These peaks which are usually of lower amplitude can be
thought of as noise, and can occasionally give spurious results. A high
cross-correlation value near I is observed where many particle images
match up with their corresponding spatially shifted partners. Small
cross-correlation peaks may be observed when individual particle im-

ages match up with other particle images. The highest correlation peak
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Figure A.1: Conceptual arrangement of frame-to-frame sub sampling associated with
digital particle image velocimetry. Division of the displacement by the time scale
between the capture of the images gives the average velocity in the sampled region.

is considered to represent the best match of particle images.

A.2 The Technique of Cross-correlation

A digitized video image may be considered to be a two-dimensional
signal field analogous to a digital time series in one dimension. Many
one-dimensional signal processing techniques can be readily extended
to two dimensions.

In DPIV, two sequential digital images are subsampled at one par-
ticular area via an interrogation window (Figure A.1). Within these
image samples an average spatial shift of particles may be observed
from one sample to its counterpart in the other image, provided a flow
is present in the illuminated plane. This spatial shift may be described
quite simply with a linear digital signal-processing shown in Figure A.2.
One of the sampled regions obtained through an interrogation window,
f(m,n) may be considered the input to a system whose output g(m,n)

corresponds to the sampled region of another image taken a time At
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Figure A.2: The digital signal processing block diagram for DPIV.

later. The system itself consists of two components, a spatial displace-
ment function d(m,n) (also known as the system’s impulse response)
and an additive noise process N(m,n). This noise process is a direct re-
sult of particles moving off the sampling region, particles disappearing
through three-dimensional motions in the laser sheet, the total num-
ber of particles present in the window and other components that may
add to the measurement uncertainty. Of course the original sample
f(m,n) and g(m,n) may be noisy as well. The major task in DPIV is
the estimation of the spatial shifting function d(m,n), but the presence
of noise N(m,n) complicates this estimation. A description of how
the output sample g(m,n) relates to the input sample /f(m,n) can be
given mathematically through the use of the discrete cross-correlation
function.

The technique of deconvolution and cross-correlation in DPIV is

described in detail by Willert and Gharib (1991).
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A.2.1 Peak Finding

Perhaps the most important step in DPIV is locating the position of the
correlation peak to sub-pixel accuracies. Typically, correlation results
without special peak finding schemes are accurate only to within +/-
half pixels. However, with peak finding schemes, it is possible to obtain
accuracies as low as 0.01pixels. Several sub-pixel peak finding schemes
have been studied. Centroiding (Alexander & Ng 1991), defined as
the ratio of the first order moment to the zeroth order moment has
been used initialy, and required that the correlation domain be thresh-
olded in order to define the region containing the correlation peak. For
fractional displacements, this scheme strongly biases the sub-pixel mea-
surements towards integer values (Westerweel 1997); an effect referred
to as " peak-locking.” For particle images in the 2 — 3 pixel range, more
reliable methods such as parabolic and Gaussian curve fits (Wester-
weel 1993; Willert & Gharib 1991) have also been developed. Of these,
the Gaussian three-point curve fit produces the least uncertainty since
the cross-correlation peak itself displays a Gaussian intensity profile

(Westerweel 1993; Raffel, et al. 1998).

A.3 TIllumination System and Seeding Particles

For most fluid flow applications, experiments are performed either in air
or water. Since these fluids are transparent, the flow must be quanti-

tatively visualized through the use and motion of flow markers. Figure
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A.5 shows a standard acquisition setup for DPIV image acquisition. In
water, fluorescent, polystyrene, silver-coated particles, or other highly
reflective particles must be used to seed the flow; while olive oil or alco-
hol droplets are generally used in wind tunnels. Since the fluid velocity
is inferred from the particle velocity, it is important to select markers
that will follow the flow to within acceptable uncertainties without af-
fecting the fluid properties that are to be measured. This implies that
the fluid marker must be small enough to minimize velocity differences
across its dimensions, and to have a density as close as possible to the
density of the fluid being measured. Further discussions of types of
particles, and error analysis associated with particle motion, is given
by Merzkirch (1987), Adrian (1986b, 1991), and Melling (1997). Upon
proper selection, the particles are illuminated with a pulsed laser sheet,
most typically a Nd:YAG laser. The images of the reflected particles
are then acquired with a CCD camera, typically at a 30 frame per sec-
ond video rate, where each image is singly exposed. Though this video
rate may seem too slow, the DPIV technique has overcome this limita-
tion through the evolution of the CCD chip, which shall be discussed
in the following sections. The images are captured onto digital mem-
ory using a computerized data acquisition system. Finally, the shift of
the particle images between sequential image pairs is measured using
a cross-correlation technique. As the process is entirely digital, we re-
fer to this approach as digital particle image velocimetry or DPIV. In
our experiments a pulsed YAG laser (Nd:YAG,\ = 532nm) is used as
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light source to illuminate the flow region. The light sheet is formed by

using a cylindrical lens (focal length f = 6.4mm). This type of laser is
likely to provide the best results since it can produce very high power
(30 J/pulse) over a very short time span, thus freezing the motion of
the particle images. The pulsed Nd:YAG laser requires a high voltage
period of at least 3 us to be externally triggered. Generally, particle im-
ages in video-based DPIV should have good contrast. Suitable exposed
images are obtained by choosing the adequate laser light intensity as
well as the suitable shutter time. Too long exposure time will result
in particle images being blurred and overlapped. The suitable expo-
sure time makes the tracer particle images to appear circular. Since
the fluid flow investigated is water, the tracer particle’s density must
match the density of water. If the particles are fine enough, their mo-
tion is assumed to follow the flow exactly. It is rather easy to satisfy
this condition. However, it is more difficult to satisfy the two other
requirements: small size and high light scattering, 7.e., have as large as
possible surface reflection index. The size deviation of seeding particles
should be as small as possible, otherwise the small particles will con-
tribute to the background noise due to the poor spatial resolution of
CCD chips (see section A.5). This again will result in poor contrast of

particle images. Figure A.3 shows portions of two typical DPIV images.

In vortical flows the shearing action will generate lift on the particle.

Ideally, the seeding particles should be as small as possible, yet scatter



Figure A.3: The images show two sub samples of 768 X480 pixels. The displacement
of the pattern can clearly be identified. A cross-correlation of these interrogation
windows would result in a ’left-downward’ pointing vector at the center of the image.

enough light to provide a good signal-to-noise ratio. In the present
work we use either silver-coated hollow glass spheres with a diameter
of approximately 14um or fluorescent particles with a diameter of 80 —

100 mesh and a specific weight of approximately 1.1.

A.4 Timing

The Nyquist sampling criterion associated with the discrete Fourier
transforms limits the maximum recoverable spatial displacement in any
sampling direction to half the window size in that direction. In reality,
this displacement is often too large for the technique to work properly,
since the signal to noise ratio in the cross-correlation decreases with
increasing spatial shift. That means that the number of particle image
pairings decreases in the sampling region while more particle images are
unpaired. Given a window side of length N, a third of this length (i.e.,
N/3) is an adequate limit for recoverability of the displacement vector.

In the following we try to quantify the time scale between the capture
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of two images. This simple approach gives usually a good estimate of
At. The mean flow velocity of the region of interest is U [em/s] we

then can define the scaling factor (see equation A.1):
~v= N/D pizels/cm (A.2)

where N describes the number of pixels necessary to represent the
length D]cm] on the set-up. The propagation velocity of the particles

Up is
U, = .U pizels/sec (A.3)

The displacement of a tracer particle should not exceed a third of
the sub sample window. Therefore the time between two images corre-

sponding to a pair should satisfy:
t3 =n/U, (A.4)

where 7 is the maximum allowable displacement in pixels (n = N/3)
of the particles. The cross-correlation peak is initialy determined by
finding the highest value in the two-dimensional array of correlation
values. Around this element a parabolic or exponential curve fit in both
the horizontal and vertical direction yields the approximate location of

the correlation peak to sub-pixel accuracy.
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Figure A.4: The timing diagram for the DPIV acquisition sequence.

A.4.1 The Timing Diagram

This section describes the timing sequence of the DPIV acquisition
system.

A pulse generating device (timing box) is used to control the shutter
times, te1,ten, of two consecutive images as well as the time shift Af
between the two exposures. Basically a frame, ¢.e., an image, is con-
stituted of both an odd and an even field. As shown in Figure A.4 the
falling edge of the delay, t4, determines the exposure of the first image
during the frame integration period of the CCD chip. The second de-
lay is the time shift (At) between the two images constituting an image
pair. The CCD camera we use attains exposure times as short as 4 ms.
Section A.5 describes the connection of the timing box to the recording

configuration we use.



91
A.5 Recording and Grabbing of Particle Images

In order to get the original data base, the first step of video-based DPIV
is to record and grab the particle images. As described earlier, images
are acquired with a CCD camera. An understanding of CCD cameras
is therefore imperative in order to be able to take full advantage of
their features. CCD cameras contain an array of photosensitive pixels
that are sensitive to light. Standard CCD video cameras are capable of
acquiring video at 30 frames per second. The full-frame CCD cameras
read out pixel values sequentially in a row-by-row manner, requiring
almost one full frame time (1/30sec) to read out completely. This pre-
sented a severe limitation, as this type of CCD necessitated the light
source to be pulsed at exactly the same location frame. Therefore, ini-
tial applications of DPIV were limited to slow flows, since sequential
images could only be pulsed synchronously at 1/30 second time differ-
ence. To overcome this limitation, Dabiri & Roesgen (1991) suggested
exposing each frame asynchronously. To do so, they suggested using
the frame transfer CCD. This CCD is exactly the same as a full frame
CCD, except that the lower half is masked off and used only for stor-
age. Using the frame transfer CCD marked a significant improvement
as shifting the image from the exposed section to the masked-off section
took 2 milliseconds, making it possible to reduce the time separation
between the laser exposure pulses to 2 milliseconds. This increased

the use of DPIV to study fluid flows that were one order of magnitude
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Figure A.5: System configuration for image grabbing.

faster than what had been previously possible (Willert & Gharib 1997;
Weigand 1996; Weigand & Gharib 1996). Most recently, the full-frame
interline transfer CCD has allowed even shorter pulse separations to
be implemented for DPIV. Rather than use half of the CCD array as
storage, this CCD placed the masked storage area adjacent to the pixel
itself, making the total image shift time into storage approximately 1
microsecond. This vastly broadened the applications of DPIV to study
even faster fluid flows as it reduced the pulse separation by 3 orders
of magnitude with respect to the frame transfer CCD and 4 orders of
magnitude with respect to the full frame CCD.

The raw images are obtained by digitizing the video signals directly

from a CCD (charged coupled device) camera (PULNIX). The objective
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mounted on the camera is a Nikon 70—2 10mm zoom. The camera has
a resolution of 768pixels horizontally and 480 pizels vertically. Each
pixel has a resolution of 8 bits, allowing 256 possible gray levels. These
levels are usually assigned integer values ranging from 0 to 255, with
0 representing the darkest intensity level. The CCDs transfer electric
charge from the light transducer to the electronic circuit that encodes
the resultant current into a video signal. The frame rate of the camera
(30Hz) is input to a timing box that controls the pulse rate of the
YAG:Nd Laser.

Two modes of data acquisition are available. A frame grabber (EPIX
10) installed on a Pentium computer (120 M Hz) digitizes images into
the a frame buffer. This mode (i.e., the buffer, 4 M B) limits the
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number of digitized image to 5 pairs. The system configuration for
this mode is shown in Figure A.5. Continuous recording is achieved
by the use of a Videodisk system (Player-LVR-6000A and Processor-
LVS-6000AP). The Video images can be recorded onto laser videodisks
in frame mode, at 30 frames/second. Images can be downloaded to
the memory of the computer using a serial port RS 170 (see Figure
A.5). The second stage of the experiments was carried on an updated
system, which used a Pentium computer (450 M Hz) with a CORECO
frame grabber. This system also allowed the possibility of real time
downloading of the images, which facilitates the processing and timing

check procedure.

A.6 Error Sources

A.6.1 Particle Seeding

Non homogeneous particle size particle geometry and quality (oxidation
after a few days) density and size (particles following the dynamics of
the fluid motion) low particle density may reduce processing accuracy
(occurrence) strong velocity gradients inside the interrogation area. A
more detailed account of error sources in DPIV can be found in Huang

et al.(1997).

e Not enough particle pairs due to flow components perpendicular

to laser sheet (3D-flow effects).

e The size of the seeding particles are not in conjunction with the
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scale and the resolution of the CCD array.

A.6.2 Image Acquisition

image distortion due to lens error

misalignment of camera

light reflections due to misalignment of optical lenses

image sharpening, exposure time

o different intensity of the particle images (misalignment of the laser

beams)

A.6.3 Image Processing
e noise of the video camera
e noise of ADIO conversion

e bad correlation peak (due to high signal to noise ratio)
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Appendix B. Figures

B.1 Figures for the Curved Vessel Experiment

The velocity and vorticity fields for the curved vessel experiment are
presented in this section. The flow signals for the pulsatile case is also
shown. The Dean number, Reynolds number and Womersley number
(for the pulsatile flow) are shown for each case. Note: Unless explicitly
stated otherwise, in all images in this section the inner bend is located
at the right part of the circle and the outer bend is located at the left

part of the circle.
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upstream constriction. De = 385().
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Figure B.13: The velocity field of the pulsatile low in the eurved vessel model with
upstream constriction 8 = 80% asymmetrically positioned at 180° with respect to the
posterior wall. o = 12.6.



107

S8
~
1

Lk
1

35
33
31
29
2

ol

il dibniba

NN N
W o’
sloohninghehub

i L

R et e e

y-~axis
=
o
]

£

=
2
ul

wun
byssbarb e bbby dd vl oo g ol

S L L L B N R Ry RN RN RN RR NN R IR RNRER A}
5 10 15 20 25 30 35 40

X-axis

Figure B.14: The velocity field of the pulsatile flow in the curved vessel model with

upstream constriction 3 = 80% asymmetrically positioned at 180° with respect to the
posterior wall. « = 8.4. :



108

400 G0 BnG. A000 13003

 nabi 1sbo 1800 2000 7200 2400 gkhg | msec
; : I 200 veonjiiy

Figure B.15: The flow signal for the pulsatile flow without upstream constriction.
a = 12.5. The two other signals are the laser pulse signal and the time-reference
signal to enable locating the frame position on the flow signal.
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Figure B.16: The flow signal for the pulsatile flow without upstream constriction.
a = 8.4. The two other signals are the laser pulse signal and the time-reference signal
to enable locating the frame position on the flow signal.





